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ObESITy 

Obesity is defined as abnormal or excessive fat accumulation. A crude population 
measure of obesity is the body mass index (BMI): a person’s weight (in kilograms) 
divided by the square of his or her height (in metres). A person with a BMI equal to 
or more than 25 is considered overweight and with a BMI of 30 or more is generally 
considered obese. Obesity often leads to, and coincides with, metabolic risk factors, 
such as high blood triglyceride and free fatty acid levels, high blood pressure and 
increased fasting blood sugar level (which may be an early sign for of diabetes), which 
is collectively called ‘metabolic syndrome’. Obesity and the metabolic syndrome are 
major risk factors for a number of chronic diseases, including diabetes, cardiovascular 
disease and cancer (1), and are associated with a large decrease in life expectancy (2). 

In the United States more than 30% of the adult population is obese (3) while in the 
Netherlands, the prevalence of obesity has increased from 5.3% in 1981 to 12% in 2012 
(statline.cbs.nl). Once considered a problem only in high-income countries, overweight 
and obesity are now also dramatically on the rise in low- and middle-income countries, 
particularly in urban settings.

Obesity results from an energy imbalance, i.e. when energy intake exceeds energy 
expenditure. Although homeostatic and regulatory mechanisms that balance energy 
intake and expenditure have been identified to a large extent, it is still unclear why and 
where these mechanisms fail in obese individuals. The increased prevalence of obesity 
over the last few decennia cannot be explained solely by a shift in genetics, because 
our genes have not changed considerably in this short time period. In contrast, our 
environment has changed significantly, whereby foods rich in fat and sugar are available 
abundantly and physical activity levels have dropped considerably. Particularly the 
intake of sugar-sweetened beverages such as soft drinks and juices has clearly increased 
(4). Not only adults, but also children and adolescents have been shown to exceed the 
recommended daily intake levels of saturated fat and sugar-sweetened beverages (5,6). 
It is, therefore, important to further unravel the regulatory mechanisms that control the 
consumption of dietary fat and sugar in solution as well as their role in the development 
of obesity. 

Free-choice high-fat high-sugar diet as an animal model of obesity

Several models have been developed to study obesity in animals. These include both 
genetic-induced and diet-induced obesity models. The percentage of humans that 
are obese due to a known genetic alteration is very small. Instead, the majority of 
humans develop obesity due to increased food intake, and particularly foods that are 
energy dense and rich in fat and sugar. Moreover, current society is characterized by 
an abundance of food choices of readily available energy-dense foods. Strikingly, most 
animal studies use diets that consist of pellets that contain all nutrients in one standard 
pellet (7,8). To incorporate the aspect of choice and to determine the contribution of 
individual food components in the development of obesity, we use a free choice diet in 
which rats are offered two palatable food items (i.e. foods that have a pleasant taste), 
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one in solid and one in liquid form, in addition to the regular rat chow and water (free-
choice high-fat high-sugar (fcHFHS)) (9,10). These palatable items consist of a dish of 
saturated fat and a bottle of 30% sugar water. For control diets, we use a free-choice 
diet in which rats are offered either the saturated fat in addition to chow and water 
(free-choice high-fat (fcHF)) or the bottle of sugar water in addition to chow and water 
(free-choice high-sugar (fcHS))(11,12).

Previous research found that rats on the fcHS and fcHF diet initially overeat but 
then adjust their food intake later on. In contrast, fcHFHS rats also initially overeat but 
remain hyperphagic over time (Fig 2). Changes in peptides in brain regions involved 
in feeding behavior may be associated with and underlie these different feeding 
responses observed in rats on the different choice diets (12), which is discussed more 
in detail below. First, brain pathways involved in food intake will be described.

 

 

Figure 1. Schematic overview of regulation of NPY/AgRP and POMC/CART neurons in the arcuate 

nucleus of the hypothalamus. Modified from (17). 

 

 

The pathway from the ARC to the PVN is important for the regulation of energy balance in 

general (16). It is not only involved in regulating feeding behavior and the activity of the 
sympathetic nervous system, but also for the neuroendocrine response to food restriction via 
the anterior pituitary gland. Lesions of the PVN cause hyperphagia and obesity, whereas 
stimulation of the PVN results in anorexia and weight loss, indicating that the second-order 
neurons in this area are of an anorexigenic character. The PVN contains several downstream 

targets of both the NPY/AgRP and POMC/CART population of neurons. Downstream targets for 
the ARC NPY/AgRP neurons include the corticotropin-releasing factor (CRF) producing neurons 
in the PVN, which in addition to regulating feeding behavior, are important for the regulation of 
the hypothalamic-pituitary-adrenal (HPA) axis and activation of the sympathetic nervous 
system (18). Furthermore, thyrotropin-releasing hormone (TRH) is produced in the PVN, and 

Figure 1. Schematic overview of regulation of NPY/AgRP and POMC/CART neurons in the arcuate 
nucleus of the hypothalamus. Modified from (17).
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NEuRal PaThwayS INvOlvEd IN (OvER) fEEdINg 

Feeding is a complex behavior and its control can be roughly divided into two systems: 
a homeostatic system important for adjusting food intake to biological needs, and a 
non-homeostatic system, accountable for the overconsumption of (palatable) foods, 
which is important in the learning and processing of food-related reward behavior 
and exerting cognitive control over food intake and behavior. Although different 
brain areas are involved in the homeostatic and non-homeostatic control mechanisms 
there is extensive connectivity, communication and integration between the different 
brain areas involved. Although the regulatory mechanisms that balance energy intake 
and expenditure have been identified (discussed below), it is still unclear why these 
mechanisms seem to fail in obese individuals. It has been postulated that the ability 
of the non-homeostatic system to overrule satiety signals from the homeostatic 
system and thereby overconsumption of energy-dense foods (in the face of plentiful 
food availability), was selected for during evolution under conditions when food 
availability was often uncertain and scarce. Indeed, under such conditions, occasional 
overconsumption of energy-dense foods seems an adequate adaptation (13). However, 
in the current society, food, particularly palatable energy-dense food, is abundantly 
available, which has contributed to the increase in the prevalence of obesity.

Brain regions involved in homeostatic feeding 

The major brain regions involved in homeostatic feeding are the hypothalamus 
and brainstem. Important hypothalamic nuclei include the arcuate nucleus (ARC), 
paraventricular nucleus (PVN), lateral hypothalamus (LH), ventromedial (VMH) and 
dorsomedial (DMH) nucleus. In the brainstem the nucleus of the solitary tract (NTS) is 
an important nucleus for homeostatic feeding.

Lesion studies in the late 1940s provided the first evidence for specific hypothalamic 
brain regions involved in controlling hunger and satiety. Bilateral lesions of the LH in rats 
caused anorexia and weight loss, whereas lesions of the VMN resulted in a profound 
increase in food intake (also called hyperphagia) and obesity (14). Early lesion studies 
of the ARC did not elicit a specific outcome and for many years the arcuate nucleus 
was assumed to be unimportant for the control of food intake (15). Eventually, however, 
it became evident that this brain area contains two discrete but important neuronal 
subsets: one that when activated powerfully increases, and one that when activated 
reduces, food intake (16). The neuronal subset that increases food intake contains the 
orexigenic peptides: agouti-related protein (AgRP) and neuropeptide Y (NPY). The 
neuronal subset that decreases food intake contains the anorexigenic neuropeptides: 
pro-opiomelanocortin (POMC) and cocaine- and amphetamine-related transcript (CART). 
Both groups of neurons respond to a number of circulating factors, including insulin and 
leptin. The feeding effects of NPY/AgRP and POMC neurons are exerted via second-
order neurons in other hypothalamic regions including PVN, VMH, DMH, and LH (Fig 1).

The pathway from the ARC to the PVN is important for the regulation of energy 
balance in general (16). It is not only involved in regulating feeding behavior and the 
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activity of the sympathetic nervous system, but also for the neuroendocrine response to 
food restriction via the anterior pituitary gland. Lesions of the PVN cause hyperphagia 
and obesity, whereas stimulation of the PVN results in anorexia and weight loss, 
indicating that the second-order neurons in this area are of an anorexigenic character. 
The PVN contains several downstream targets of both the NPY/AgRP and POMC/CART 
population of neurons. Downstream targets for the ARC NPY/AgRP neurons include the 
corticotropin-releasing factor (CRF) producing neurons in the PVN, which in addition 
to regulating feeding behavior, are important for the regulation of the hypothalamic-
pituitary-adrenal (HPA) axis and activation of the sympathetic nervous system (18). 
Furthermore, thyrotropin-releasing hormone (TRH) is produced in the PVN, and 
implicated in food intake as well as the regulation of the hypothalamic-pituitary-thyroid 
(HPT) axis (19). In addition, the release of TRH increases thermogenesis, sympathetic 
outflow and metabolic rate (20). Lastly, oxytocin and galanin are synthesized in the 
second-order neurons of the PVN. 

The ARC also has dense projections to the LH, including the perifornical area 
(PFA) a well-known feeding center; LH lesions decrease food intake (14) and 
electrical stimulation of the LH results in hyperphagia (21). The LH contains two major 
populations of neuropeptidergic neurons: i.e., the melanin concentrating hormone 
(MCH) and orexin neurons, which are both involved in feeding behavior, but also in 
sleep and arousal (22). Although the LH is clearly part of the hypothalamus, it has been 
hypothesized to be a link between the homeostatic and non-homeostatic feeding 
system, as it receives inputs from and has projections to brain regions involved 
in non-homeostatic feeding (i.e. nucleus accumbens and ventral tegmental area, 
discussed more in detail below) (23). Therefore the LH may serve as a central hub in 
the integration of homeostatic and reward driven feeding behavior.

Finally, also the VMH and DMH play a role in homeostatic feeding regulation 
and are know as satiety centers (14,24): lesions of both VMH and DMH results in 
increased food intake and obesity. In addition to feeding behavior, these nuclei are 
also involved in a wide range of additional functions such as glucose homeostasis, 
temperature regulation and food-entrainable circadian rhythms (25-27). Thus, the 
hypothalamus registers metabolic signals from the periphery and integrates these 
signals further in the brain through its connections with many hypothalamic as well as 
extra-hypothalamic regions.

Hypothalamic regions, such as the PVN, VMH and DMH also have reciprocal 
connections with regions in the hindbrain, such as the NTS, which are important for 
the regulation of meal size and meal termination (28). The NTS receives information 
from the gut (e.g. gastric distension) and pancreas via afferent nerves within the vagus 
nerve, but also via hormones such as cholecystokinin and amylin (29).

Brain regions involved in hedonic feeding 

Several of the so-called higher order areas in the brain, such as the cerebral cortex, 
nucleus accumbens (Acb), hippocampus, VTA and amygdala are involved in the non-
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homeostatic aspects of feeding. These non-homeostatic (or rewarding) aspects of 
feeding relate to 1) motivational aspects of food intake, referring to how hard an animal 
is willing to work for food, and 2) hedonic aspects of food intake, referring to how 
pleasant and tasty the food is (also called palatability) (30,31). In this thesis we focus 
on the hedonic aspects of food intake. In conditions when energy-dense foods (which 
are generally also considered palatable) are readily available, the palatability of a food 
and the variety of foods may overpower homeostatic satiety signals, and may result in 
increased food intake behavior (also called hyperphagia).

An important brain region sensitive to the hedonic aspects of food intake and 
involved in non-homeostatic feeding is the Acb, which is part of the striatum. The Acb 
is part of the mesolimbic dopamine pathway and is one of the main projection sites 
for dopaminergic neurons located in the VTA. Dopamine acts in the Acb to mediate 
motivation and reward for different drugs and foods (32,33). In the Acb, the dopamine 
receptors are expressed on medium spiny neurons (MSN), which comprise the vast 
majority of cells within the Acb (and striatum in general) and almost all of which contain 
GABA as their main neurotransmitter (34). In addition to dopaminergic input from the 
VTA, MSN receive glutamatergic input from the hippocampus, amygdala, and medial 
prefrontal cortex (35). The MSN’s can be divided into two main types with regard 
to their neuropeptide content:  enkephalin (which mainly express the dopamine D2 
receptor), and dynorphin/substance P neurons (which mainly express the dopamine 
D1-receptor).

The main efferent pathway of both subtypes is the basal ganglia, which is a forebrain 
region involved in voluntary motor movements, whereby enkephalin-containing neurons 
project mainly to pallidal regions (the so-called indirect pathway) and the dynorphin/
substance P neurons to the substantia nigra and entopeduncular nucleus (the direct 
pathway). The output in control of feeding behavior involves effector routes to the 
medial ventral pallidum and the LH (23,36). 

Previous research showed that, in contrast to fluctuating preproenkephalin (ppENK) 
levels, Acb prodynorphin mRNA levels do not track any aspect of motivation state, short- 
or long-term. Moreover, food restriction alters ppENK, but not prodynorphin mRNA 
levels (37). Additionally, Acb enkephalin gene expression is affected by consumption of 
the highly palatable Ensure (38), which contains fat and sugar, and Acb D2R-enkephalin 
neurons have been linked to high-fat feeding (39). Lastly, enkephalin binds to mu-opioid 
receptors and local administration of the mu-opioid receptor agonist DAMGO in the 
Acb specifically increases intake of high-fat foods (40). Thus from the two major opioids 
expressed in the Acb, enkephalin and dynorphin, especially enkephalin has been linked 
to the regulation of food intake. 

In summary, the various aspects of feeding behavior, including motivation to eat, 
tastiness, food seeking, actual food intake and satiety, are controlled by different areas 
in the brain such as the hypothalamus, hindbrain, and higher order systems, such as 
the mesolimbic brain areas. Therefore, the interactions between these systems are 
essential for an appropriate coordination of food intake. 
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ThE ROlE Of NEuROPEPTIdE y, MElaNOCORTIN aNd lEPTIN IN 
fEEdINg bEhavIOR

Neuropeptide Y (NPY), melanocortins and leptin are some of the key players involved 
in the control of feeding behavior and energy balance, and consequently play an 
important role in the development of diet-induced obesity. NPY, melanocortins and 
leptin not only act within the hypothalamus, but also at several extra-hypothalamic 
areas. Indeed, increasing amount of data point to their actions in reward related brain 
areas and on their role in non-homeostatic feeding regulation.

Neuropeptide Y

NPY is widely expressed in the brain and implicated in a variety of physiological processes, 
including anxiety, reproduction, circadian rhythms and energy homeostasis. The highest 
cellular levels of NPY mRNA are found in the ARC, in the DMH, in the cerebral cortex, 
and in the hilar region of the hippocampus (21,29). In the ARC, NPY is co-localized with 
AgRP (41) and projects to numerous hypothalamic regions that play a role in energy 
homeostasis, such as the PVN, PFA, LH and DMH, as well as to the  brainstem (42,43).

NPY receptors belong to the family of Gi/Go-protein coupled receptors (44). Eight 
different NPY receptors (YR) are known thus far, of which the Y3 receptor is suggested 
only by pharmacological data and the Y6, Y5 and Y8 have not been identified yet in 
mammals. NPY preferentially binds to the Y1, Y2, and Y5 receptors with reduced affinity 
for the Y4 receptor (45). The Y2 receptors are mainly located pre-synaptically and serve 
as autoreceptors (46). The Y1 and Y5 receptor have mostly been involved in the feeding 
effects of NPY (47-49). In addition to a strong expression in the hypothalamus, many 
extra-hypothalamic areas also express significant levels of NPY receptors, including 
the VTA and Acb (50-52). 

NPY and food preferences

NPY is generally associated with carbohydrate intake, especially when administrated into 
hypothalamic brain regions such as the LH (53,54) or PVN (55-57). However, increases 
in fat consumption have also been observed after chronic administration in the PVN 
or into the lateral ventricle (58,59). Interestingly, Zucker rats, which have increased 
NPY-ergic tone, also show a preference for fat intake (60). Conversely, in a free-choice 
paradigm of a protein, fat and carbohydrate diet, antisense oligonucleotide-mediated 
decreased levels of NPY specifically reduce the intake of the fat and carbohydrate diet, 
while protein intake is not affected (24). Moreover, NPY administration in the PVN has 
been shown to preferentially increase intake of chow in a choice test with access to a 
10% sucrose solution and rat chow (61), whereas when only sucrose is presented NPY 
injected in the LH or Acb increases intake of sucrose (pellets) as well (62). These studies 
suggest that the effect of NPY on food selection may depend on the specific brain area 
affected as well as on the availability of other food components.

ARC, arcuate nucleus; ISH, in situ hybridization; qPCR, quantitative PCR; HF, high-fat; 
HP high-protein; fcHFHS, free-choice high-fat high-sugar; fcHF, free-choice high-fat; fcHS, 
free-choice high-sugar; Caf, cafeteria; SD, Sprague Dawley; Fat %; energy percentage 
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derived from total amounts of fat. Sugar %; energy percentage derived from total 
amounts of sugar. Carb, carbohydrates; energy percentage derived from carbohydrates 
is mentioned when information on sugar % is not given. u, unknown. Inclusion criteria: 
solely rodent studies were included. Exclusion criteria: no studies have been included 
of genetically modified animals, studies where interventions were performed or where 
animals have been chronically fasted. The data are grouped by rodent type/ strain. 

NPY regulation in obesity

Several approaches have been used to study the relationship between NPY and dietary-
induced obesity. In diet-induced obesity models, most studies report no response or a 
downregulation of NPY signaling upon exposure to a high-fat diet (Table 1), probably 
as a counter-regulatory mechanism to reduce intake.  Interestingly, this downregulation 
is also observed in rats subjected to a choice diet of chow and fat (fcHF) for 7 days 
(Fig. 3b), whereas rats on a choice diet of chow and sugar (fcHS) diet do not show 
changes in NPY mRNA levels (Fig. 3c). Strikingly, rats on a combination of fat and sugar 
in addition to chow (fcHFHS) show paradoxically increased NPY mRNA levels after 
7 days on the diet (Fig. 3a), suggesting that diets that differ in composition differently 
affect arcuate NPY levels. Interestingly, these variation are independent of differences 
in caloric intake (Fig 2), plasma leptin, insulin, FFA levels and adiposity (12), but do 
predict subsequent feeding behavior (71).

The increase of NPY mRNA by a combination of fat and sugar components is 
supported by a study in which wild-type rats were subjected to a cafeteria (Caf) diet 
(which consists of a mixture of snack foods)(71), although other studies did not find 
changes in NPY expression in rats on a Caf diet (72,73). Kinzig et al. (77) also showed a 
counterintuitive increase of NPY when feeding rats a high-fat diet for 8 weeks. However, 
the fat content of this diet was 80%, at the expense of the carbohydrates, which were 
minimized to 5%, pointing to an unbalanced diet. Therefore, it is debatable whether the 
paradoxical outcome is really imputable to the high-fat content. In addition to these 
three studies in wild-type rats, the literature shows several other reports of increases 
in ARC NPY mRNA, yet these studies were performed with rodents predisposed to 
develop obesity (DIO-S rodents), with specific strains (e.g. Osborne Mendel rats) or with 
genetically obese models (fa/fa or ob/ob mice). Rats sensitive to developing obesity on a 
high-fat diet (DIO-S) show increased NPY mRNA levels compared to rats that are resistant 
to developing obesity on a high-fat diet (DIO-R) (78). The Osborne–Mendel rat strain 
is a rat strain sensitive to developing obesity, preferring diets high in fat, and showing 
about 50% increased NPY mRNA expression levels compared to S5B/P1 rats, a rat strain 
resistant to high-fat diet-induced obesity that prefers low-fat diets (79). Increased levels 
of NPY mRNA have also been found in animals that have genetic alterations in their leptin 
signaling pathway, such as the fa/fa Zucker rats (80) and ob/ob mice (81), suggesting a 
strong interaction between impaired leptin signaling and increased NPY mRNA levels.

It remains to be determined whether impaired leptin signaling also underlies the 
increased NPY mRNA levels in rats on the fcHFHS diet and what other factors are involved 
in the differential regulation of NPY expression between rats on the fcHF and fcHFHS diet.
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Melanocortins

Melanocortins are a family of peptides derived from the precursor protein POMC, 
which is predominantly expressed in neurons of the ARC and become activated during 
states of positive energy balance (82). Cleavage of POMC leads to the production of 
adrenocorticotropic hormone (ACTH) and α-, β- and γ-melanocyte stimulating hormone 
(MSH), and the opioid peptide β-endorphin (27). Five different melanocortin receptors 
have been identified in both rodents and humans; the melanocortin 1 receptor (MC1R) 
- MC5R, of which MC3R and MC4R are the predominant receptors in the brain and 
implicated in the regulation of energy homeostasis. α-MSH mediates anorexigenic 
responses by binding as an endogenous agonist to MC3R and MC4R. AgRP, expressed 
in another population of ARC neurons and activated during states of negative energy 
balance, functions as an inverse agonist for the MC3/4 receptors (83). Thus the agonist 
and inverse agonist are produced in the same brain nucleus (ARC) and act at the same 
receptor, suggesting a tight regulation of energy balance by the melanocortin system 
(84). Whereas the MC3R is mainly expressed in the hypothalamus, the MC4R is more 
widely distributed in the brain, for example also in amygdala, brainstem, cerebellum, 
cortex, hippocampus, midbrain, thalamus and striatum (85,86).

Melanocortins and food preferences

Melanocortins are generally associated with a preference for fat intake. Rats given AgRP 
show an increased preference for a high-fat diet over a low-fat one (87) and in a three-
choice macronutrient paradigm, Melanotan (MTII), a non-selective MC3/4R agonist, 
specifically reduces intake of fat, but not of protein or carbohydrates (88). MTII-induced 
reductions of sucrose and saccharin intake have been described in literature, but these 
experiments were performed as part of an analysis of feeding behavior using licking 
microstructure analysis, rather than as part of obesity investigations (89,90). 

Melanocortin regulation in obesity

A large number of studies have investigated melanocortin signaling in rodent models 
of diet-induced obesity. In chapter 2 the literature on how the different components of 
the melanocortin system respond to different high energy diets is extensively reviewed 
(91). In short, the data for AgRP are most consistent between studies with AgRP levels 
either being not affected or decreased after consumption of a high-energy diet. These 
observations are consistent with previous data from our own group showing that AgRP 
mRNA levels were not altered in any of the free-choice diet groups (12). POMC mRNA 
levels, on the other hand, have been inconsistent between studies; no differences, 
decreases and increases in POMC mRNA levels have been reported. One of our own 
previous studies showed differences in POMC mRNA levels between rats on the fcHF 
and fcHFHS diet, with fcHF-fed rats showing increased POMC mRNA levels and fcHFHS-
fed rats showing paradoxical decreased levels (Fig. 3) (12). It remains to be investigated 
whether the decreased POMC mRNA levels indicate reduced melanocortin signaling 
and whether this reduction is involved in the sustained hyperphagic behavior of 
fcHFHS-fed rats. 
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Table 1. Effects of high-fat diets on ARC NPY gene expression levels in diet-induced obesity

Rodent type/strain Type of diet
High fat diet 

Fat %
Control diet 

Fat %
High fat diet 

Sugar %
Control diet 

Sugar % Choices
Diet length 

(days) Technique Region Result Ref

C57Bl/6 mice HF 60 10 7 35 1 14, 56, 84 qPCR Whole HT = (63)

C57Bl/6 mice HF 45 10 17 35 1 1,7 or 14/2 qPCR Whole HT =/↓ (64)

C57Bl/6 mice HF 43 4 u u 1 14 qPCR Whole HT = (65)

C57Bl/6 mice HF 23.5 9 48 carb u 1 84 qPCR Whole HT ↓ (66)

C57Bl/6 mice HF 59 9.7 10 10 1 7/56 or 133 ISH ARC =/↓ (67)

C57Bl/6 mice HF 58 10 21 carb 68 carb 1 7 or 49 ISH ARC ↓ (68)

C57Bl/6 mice HF 58 11 12.6 0 1 14 or 128 ISH ARC = (69)

C57Bl/6 mice HF 18.6 16.7 21.4 carb 58.4 carb 1 168 ISH ARC ↓ (70)

SD rats caf 34 14 50 carb 65 carb multiple 77 qPCR Ventral HT ↑ (71)

SD rats caf 12.3 3 61 carb 56 carb multiple 60 ISH ARC = (72,73)

SD rats HP 30 16 5 carb 66 carb 1 28 ISH ARC = (74)

Wistar rats HF 60 5 20 carb 75 carb 1 84 qPCR Whole HT = (75)

Wistar rats HF 40 10 u u 1 42 ISH ARC ↓ (76)

Wistar rats fcHFHS 35 4 15 0 3 7 ISH ARC ↑ (12)

Wistar rats fcHF 50 4 0 0 2 7 ISH ARC ↓ (12)

Wistar rats fcHS 2.2 4 35 0 2 7 ISH ARC = (12)

ARC, arcuate nucleus; ISH, in situ hybridization; qPCR, quantitative PCR; HF, high-fat; HP high-protein; 
fcHFHS, free-choice high-fat high-sugar; fcHF, free-choice high-fat; fcHS, free-choice high-sugar; Caf, 
cafeteria; SD, Sprague Dawley; Fat %; energy percentage derived from total amounts of fat. Sugar %; energy 
percentage derived from total amounts of sugar. Carb, carbohydrates; energy percentage derived from

carbohydrates is mentioned when information on sugar % is not given. u, unknown. Inclusion criteria: solely 
rodent studies were included. Exclusion criteria: no studies have been included of genetically modified 
animals, studies where interventions were performed or where animals have been chronically fasted. The data 
are grouped by rodent type/ strain.

Leptin 

Leptin is a 16 kDa hormone that is synthesized in white adipose tissue (WAT) and 
secreted into the circulation under conditions of high energy availability. Plasma 
concentrations of leptin are directly proportional to the amount of body fat and body 
mass index (92). Leptin modulates a host of physiologic processes and behaviors 
consistent with the need for energy reserves. For instance, adequate fat stores/
leptin concentrations diminish the drive to feed, while enabling energy expenditure 
via a variety of neuroendocrine axes, autonomic outputs, and activities. Conversely, 
inadequate leptin concentrations (e.g., during caloric restriction or stable weight 
reduction) increases the desire to eat, decreases energy utilization, and promotes 
a variety of behavioral adaptations to diminish the usage of energy stores. Leptin 
also supports reproductive competence and immune function and contributes to the 
regulation of metabolic homeostasis (by modulating insulin secretion, hepatic glucose 
production, and lipid metabolism), as well as some aspects of bone biology (93).

Multiple leptin receptor isoforms exist, which are generally divided into three 
classes: secreted, short (Ob-Ra), and long (Ob-Rb). The secreted form only contains an 
extracellular domain that binds circulating leptin, perhaps regulating the concentration 
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of free leptin (86). The Ob-Ra is primarily located in specialized cells in cerebral 
capillaries and is important for leptin transport across the blood brain barrier (BBB) (94). 
Ob-Rb is most crucial for leptin signaling. Many effects of leptin result from actions in the 
CNS, particularly in the hypothalamus, a site of high Ob-Rb mRNA expression. Leptin’s 
actions on NPY/AgRP and POMC neurons in the ARC are particularly well characterized. 
Leptin stimulates the synthesis of POMC and the secretion of αMSH. Leptin inhibits the 
activity of NPY/AgRP neurons and suppresses the expression and secretion of NPY and 
AgRP (16,95,96). Moreover, leptin exerts its inhibitory effects on feeding by changing the 
excitability of the POMC and NPY/AgRP neurons (17). Leptin thus suppresses food intake 
via stimulatory effects on the anorectic neuropeptide POMC and suppressive effect on 
the orexigenic neuropeptides NPY and AgRP (Fig. 1). Conversely, a decrease or deficiency 
in leptin action (e.g. during starvation or in ob/ob and db/db mice or obese Zucker rats) 
leads to a decrease in POMC and increase in NPY and AgRP expression (80,81).

The Ob-Rb belongs to the cytokine receptor family and contains an extracellular 
ligand-binding domain, a single transmembrane domain, and a cytoplasmic signaling 
domain and signals via associated tyrosine kinases of Jak2. Leptin binding alters the 
conformation of the Ob-Rb homodimer, enabling dimerization, transphosphorylation 

Table 1. Effects of high-fat diets on ARC NPY gene expression levels in diet-induced obesity

Rodent type/strain Type of diet
High fat diet 

Fat %
Control diet 

Fat %
High fat diet 

Sugar %
Control diet 

Sugar % Choices
Diet length 

(days) Technique Region Result Ref

C57Bl/6 mice HF 60 10 7 35 1 14, 56, 84 qPCR Whole HT = (63)

C57Bl/6 mice HF 45 10 17 35 1 1,7 or 14/2 qPCR Whole HT =/↓ (64)

C57Bl/6 mice HF 43 4 u u 1 14 qPCR Whole HT = (65)

C57Bl/6 mice HF 23.5 9 48 carb u 1 84 qPCR Whole HT ↓ (66)

C57Bl/6 mice HF 59 9.7 10 10 1 7/56 or 133 ISH ARC =/↓ (67)

C57Bl/6 mice HF 58 10 21 carb 68 carb 1 7 or 49 ISH ARC ↓ (68)

C57Bl/6 mice HF 58 11 12.6 0 1 14 or 128 ISH ARC = (69)

C57Bl/6 mice HF 18.6 16.7 21.4 carb 58.4 carb 1 168 ISH ARC ↓ (70)

SD rats caf 34 14 50 carb 65 carb multiple 77 qPCR Ventral HT ↑ (71)

SD rats caf 12.3 3 61 carb 56 carb multiple 60 ISH ARC = (72,73)

SD rats HP 30 16 5 carb 66 carb 1 28 ISH ARC = (74)

Wistar rats HF 60 5 20 carb 75 carb 1 84 qPCR Whole HT = (75)

Wistar rats HF 40 10 u u 1 42 ISH ARC ↓ (76)

Wistar rats fcHFHS 35 4 15 0 3 7 ISH ARC ↑ (12)

Wistar rats fcHF 50 4 0 0 2 7 ISH ARC ↓ (12)

Wistar rats fcHS 2.2 4 35 0 2 7 ISH ARC = (12)

ARC, arcuate nucleus; ISH, in situ hybridization; qPCR, quantitative PCR; HF, high-fat; HP high-protein; 
fcHFHS, free-choice high-fat high-sugar; fcHF, free-choice high-fat; fcHS, free-choice high-sugar; Caf, 
cafeteria; SD, Sprague Dawley; Fat %; energy percentage derived from total amounts of fat. Sugar %; energy 
percentage derived from total amounts of sugar. Carb, carbohydrates; energy percentage derived from

carbohydrates is mentioned when information on sugar % is not given. u, unknown. Inclusion criteria: solely 
rodent studies were included. Exclusion criteria: no studies have been included of genetically modified 
animals, studies where interventions were performed or where animals have been chronically fasted. The data 
are grouped by rodent type/ strain.
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and activation of the intracellular Ob-Rb-associated Jak2 (97,98). The activated Jak2 
molecule then phosphorylates other tyrosine residues within the Ob-Rb/Jak2 complex. 
There are three conserved tyrosine residues on the intracellular domain of Ob-Rb: 
Tyr985, Tyr1077, and Tyr1138, all three of which are phosphorylated and contribute to 
downstream leptin signaling. Phosphorylation of Tyr1138 recruits STAT3 to the Ob-Rb/
Jak2 complex, resulting in phosphorylation and nuclear translocation of STAT3 to 
mediate transcriptional regulation (99). Among the STAT3-regulated genes is the 
feedback inhibitor SOCS3 (suppressor of cytokine signaling 3). Following its STAT3-
dependent production during leptin stimulation, SOCS3 binds to Tyr985 and Jak2 of the 
Ob-Rb to mediate the inhibition of Ob-Rb signaling, and serves as a negative feedback 
inhibitor to switch off or dampen leptin signal transduction (99,100). The Tyr1138 - STAT3 
component plays a crucial role the feeding effects of leptin (and less so in other leptin 
functions) and affects POMC mRNA levels, but not NPY levels (101). Instead, leptin 
inhibits NPY/AgRP gene expression via a mechanism that requires PI3K signaling (102). 

Although the leptin receptor-expressing ARC neurons generally produce powerful 
appetitive signals, they may not constitute the majority of the leptin-mediated anorectic 
signal (103). The aggregate leptin signal is likely mediated in concert with many other 
populations of leptin receptor-expressing neurons, both within the hypothalamus (such 
as those in the VMH) and in extra-hypothalamic areas (such as those in the VTA).

Leptin action in extra-hypothalamic brain areas

Since leptin receptors are widely spread throughout the central nervous system (CNS), 
other brain areas, including brain stem, hippocampus and VTA, may also play a role 
in leptin’s control of food intake, in addition to the well-described feeding regulatory 
effects in the hypothalamus. Within the VTA, leptin receptors are found on tyrosine 
hydroxylase (TH, an enzyme involved in the synthesis of dopamine) positive neurons 
(104-106). TH neurons project to the Acb and are important for food motivated behavior 
(107). Indeed, leptin modulates dopamine-dependent measures of food and drug 
reward (105) and has been shown to affect VTA dopamine content (108), firing rate 
(104) and high-fat food preferences (109). Moreover, leptin-induced changes in TH 
levels have been observed (105,110,111). Thus the VTA may be another important site 
for leptin signaling in the regulation of food intake.

Leptin resistance

In states of leptin insufficiency, administration of exogenous leptin mitigates the 
increased appetite, decreased energy expenditure and neuroendocrine dysfunction. 
However, the ability of exogenous leptin to reduce food intake/body weight (and to 
modulate metabolism and endocrine function) in the face of replete adipose stores, 
especially in obese individuals, has proven to be limited (112). In fact, an absolute deficit 
of leptin does not underlie most cases of obesity. Indeed, commensurate with their 
large adipose mass, obese individuals exhibit elevated circulating leptin concentrations 
relative to lean subjects (92), and these elevated leptin concentrations fail to return 
body adiposity to within the normal range. This failure is also known as leptin resistance. 

Chapter 1

18



The exact mechanism underlying the development of leptin resistance and why 
the elevated leptin levels are not able to decrease feeding and thus prevent obesity 
has remained unresolved. Understanding the mechanisms that underlie this leptin 
resistance may be crucial for both determining the causes of obesity and identifying 
potential mechanisms that can be targeted for therapy. 

There is some ambiguity on the definition of leptin resistance (93), yet in this thesis 
the term leptin resistance will be used in relation to its feeding and body weight–altering 
effects. Specifically, the impaired reduction of food consumption in response to peripheral 
or central administration of leptin is considered to reflect a state of leptin resistance.

At least 2 major biological mechanisms have been defined that potentially may mediate 
leptin resistance in vivo in relation to energy balance. The first mechanism is reduced 
transport of leptin over the BBB as shown by a decreased serum/CSF ratio of leptin 
(113,114) and the decreased uptake of radioactive labeled leptin (115,116). The second 
mechanism involves alterations in leptin receptor expression and second messenger 
signaling in the ARC and other areas of the CNS, which act to reduce or inhibit leptin’s 
normal feeding and body weight regulatory signals. For instance, it has been suggested 
that a progressive increase of plasma leptin levels may result in the down-regulation of 
leptin receptor expression (117). Additionally, long-term stimulation of the leptin receptor 
may lead to a progressive desensitization of the leptin receptor, which may be reflected 
by markers of cellular mechanisms of leptin resistance, such as increased SOCS3 levels 
and decreased STAT3 phosphorylation. Indeed, several studies show that animal models 
of obesity or high-fat feeding have increased SOCS3 expression and that leptin-induced 
STAT-3 phosphorylation is completely blocked in the ARC, but not in other brain areas 
(96,118). Other mechanisms that may underlie attenuated responsiveness to leptin include 
changes in the amount of circulating leptin-binding proteins, the provocation of other 
processes that diminish cellular leptin signaling such as inflammation and ER stress (119). 
Each of these mechanisms may contribute to the totality of leptin resistance.

Dietary factors involved in development of leptin resistance 

Leptin transport rate over the BBB is modified by a number of nutrient factors, including 
fasting, insulin, glucose and triglycerides (120,121). Data are emerging that specific 
types of dietary sugars or fats may affect the development of leptin resistance (121-
124). These data suggest that leptin resistance does not always coincide with increased 
plasma leptin levels or increased fat mass. Therefore, it is important to further study 
how dietary components are involved in the development of leptin resistance.

ObESITy INduCEd IN RaTS ON ThE fChfhS dIET RESEMblES 
MaNy aSPECTS Of huMaN ObESITy

The obesity in rats induced by the fcHFHS diet mimics several features of human obesity 
and the metabolic syndrome. Unlike many of the diet-induced obesity models, rats on 
the fcHFHS diet are persistently hyperphagic ((10,12) and Fig. 2A) and show increased 
food motivation when sated (10), two main characteristics of human obesity (125,126). 
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Moreover, rats on the fcHFHS diet show glucose intolerance and signs of beta cell 
failure, a feature associated with obesity rarely observed in other obesity models (11).

Another characteristic of human obesity is frequent snacking in between meals (for 
example through consumption of sugar-sweetened beverages). Snacking behavior has 
been proposed to contribute to obesity (127,128). The hyperphagia observed in fcHFHS 
rats is characterized by an increase in meal frequency without compensation in meal 
size. The increase in meal frequency is a result of increased sugar drinking in between 
meals, representing snacking behavior (129). Another component of this increased 
meal frequency (due to increased sugar drinking) is the consumption of liquid sugar 
during the light phase (i.e., the rest or sleeping phase) (129), which reflects nighttime 
consumption in humans. This nighttime food consumption, i.e. during the sleep phase, 
has been proposed to be disadvantageous in humans (130). 

Given the large correspondence of several behavioral aspects between obese 
humans and fcHFHS-fed rats, this model is well suited to investigate the neural 
components involved in the development of obesity. Major players in the regulation 
of feeding behaviors are NPY, melanocortins and leptin, which all mainly exert their 
actions at the level of the CNS. Given the difficulty in studying these neural mechanisms 
in humans, the fcHFHS diet is an appropriate model to further investigate the role of 
the NPY, melanocortin and leptin systems in the development of diet-induced obesity. 

OuTlINE aNd aIM Of ThE ThESIS

Exposure to a diet containing chow and sugar (fcHS), chow and fat (fcHF) or chow, 
sugar and fat (fcHFHS) differentially affects feeding behavior and caloric intake over 
the course of 4 weeks of diet exposure (Fig. 2). Moreover, these diets result in different 
ARC NPY and melanocortin expression levels (Fig. 3) after 1 week diet. Rats on the fcHS 
diet for 1 week show slightly increased food intake, but no significant changes of NPY 
and POMC levels. Caloric intake does not change after 1 week diet (Fig. 2C), probably 
because of the lack of change in ARC mRNA expression. Rats on the fcHF diet for 
1 week show an adaptive response to the increased caloric load with NPY mRNA levels 

these neural mechanisms in humans, the fcHFHS diet is an appropriate model to further investigate 

the role of the NPY, melanocortin and leptin systems in the development of diet-induced obesity.  

 

 

 

Figure 2. Caloric intake of rats on the free-choice high-fat high-sugar (fcHFHS) (a), free-choice high-fat 

(fcHF) (b) or the free-choice high-sugar (fcHS) diet (c). Solid circles: free-choice diet, open circles: CHOW 

diet. Data are mean ± SEM.; *P<0.01 vs CHOW control group. Modified from (12) 

 

 

 

Figure 3. mRNA expression of NPY and POMC (as a percentage of the expression of rats on the CHOW 

diet) in rats on the (a) free-choice high-fat high-sugar (fcHFHS), (b) free-choice high-fat (fcHF) or (c) free-

choice high-sugar (fcHS) diet for 1 week. White bars: CHOW diet, black bars: fcHFHS diet; dark gray bar: 

fcHF; light gray bars: fcHS diet. Data are mean ± SEM. AU = arbitrary units. *Shows significant difference 

between diet group and CHOW control group (P<0.05). Modified from (12) 

 

Outline and aim of the thesis 

Figure 2. Caloric intake of rats on the free-choice high-fat high-sugar (fcHFHS) (a), free-choice 
high-fat (fcHF) (b) or the free-choice high-sugar (fcHS) diet (c). Solid circles: free-choice diet, open 
circles: CHOW diet. Data are mean ± SEM.; *P<0.01 vs CHOW control group. Modified from (12)
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being decreased, and POMC mRNA being increased. After this initial hyperphagia, 
fcHF-fed rats adjust their food intake, consistent with the reduced NPY and increased 
POMC expression levels, and after 4 weeks diet, caloric intake levels are down again 
and comparable to those of the CHOW group (Fig. 2B). Rats on the fcHFHS-fed diet 
for 1 week show strong hyperphagia, yet their ARC shows paradoxical changes in NPY 
and POMC mRNA levels, with NPY expression being increased and POMC expression 
being decreased. Consistent with their ARC expression levels, fcHFHS-fed rats do not 
adjust their hyperphagia, and after 4 weeks diet they are still hyperphagic (Fig. 2A) 
(12). These differences in feeding behavior and neuropeptide gene expression levels 
at 1 week of diet in the different free-choice diets formed the basis for this thesis and 
the start of a series of experiments to further investigate the metabolic and neural 
consequences of adding a fat component, sugar component, or both in addition to a 
regular chow component.

The overall aim of this thesis is to unravel which brain areas, neuropeptides and 
neural pathways are involved and may underlie the differences in feeding behavior 
evoked by the different free-choice diets. Based on previous work, we focused on the 
NPY, melanocortin and leptin systems in brain regions controlling homeostatic and 
hedonic feeding.

NPY and POMC mRNA levels at 1 week diet seemed to predict subsequent caloric 
intake, but it remained to be determined how NPY and POMC mRNA levels developed 
during 4 weeks diet, as after 4 weeks diet rats on the fcHF or fcHS diet have caloric 
intake levels similar to rats on the CHOW diet, whereas rats on fcHFHS diet remained 
hyperphagic. Therefore in chapter 3 and 4, we examined ARC NPY and POMC mRNA 

these neural mechanisms in humans, the fcHFHS diet is an appropriate model to further investigate 

the role of the NPY, melanocortin and leptin systems in the development of diet-induced obesity.  
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Figure 3. mRNA expression of NPY and POMC (as a percentage of the expression of rats on the 
CHOW diet) in rats on the (a) free-choice high-fat high-sugar (fcHFHS), (b) free-choice high-fat 
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levels after 4 weeks diet in rats on the fcHS, fcHF or fcHFHS diet. In contrast to week 1, 
after week 4, ARC expression levels for the melanocortin genes POMC and AgRP and 
NPY no longer differed from the CHOW group. For the fcHF and fcHS groups these 
results are in line with their feeding behavior, yet for the fcHFHS group these results 
do not explain the sustained hyperphagia in these rats. Therefore, we hypothesized 
that in the fcHFHS diet group the sensitivity of the NPY or melanocortin system might 
have changed and that this alteration may underlie the sustained hyperphagia. Indeed, 
previous studies from others had shown changes in NPY and melanocortin sensitivity 
in the face of unchanged Arc NPY and melanocortin expression levels (131-133). 
Therefore we next tested the sensitivity to the melanocortin receptor agonist MTII 
(chapter 3) and NPY (chapter 4) in rats on the CHOW, fcHS, fcHF and fcHFHS diets 
after 4 weeks. 

Leptin is a strong and well-described regulator of NPY and melanocortin signaling 
and mainly inhibits feeding by downregulating ARC NPY mRNA levels and by 
upregulating POMC mRNA levels. However, in rats on the fcHF or fcHFHS diet, plasma 
leptin levels and adiposity are equally increased, whereas ARC expression levels are 
opposite. Therefore, we hypothesized that not basal leptin levels, but rather leptin 
sensitivity is different between these groups, explaining the different ARC mRNA levels. 
Thus in chapter 4, we examined peripheral leptin sensitivity after 1 and 4 weeks of diet 
exposure by measuring feeding responses in the different diet groups upon peripheral 
leptin injections.

We found that indeed rats on the fcHFHS diet are resistant to peripheral leptin. 
Peripheral leptin resistance has been described to precede central leptin resistance 
and despite resistance to peripheral leptin, central leptin may still reduce food intake 
(134,135). Therefore, in chapter 5, we examined whether rats on the fcHFHS diet for 
1 week are also resistant to central leptin. In addition, we measured gene expression 
levels in the ARC and the mesolimbic brain regions Acb and VTA. 

A previous study (129) showed that the choice component of the fcHFHS diet is 
important for the sustained hyperphagia observed in these rats. Because fcHFHS-fed 
rats also show paradoxical increased ARC NPY levels at 1 week diet, we next tested 
(in chapter 6) if the choice component of the fcHFHS diet is also important for the 
increased ARC NPY mRNA levels observed in these animals.

In chapter 4 we showed that NPY administered in the lateral ventricle increased the 
intake of fat and chow, but not sugar. Therefore, the next two studies were directed at 
identifying the sites where NPY may exert its effect on fat and chow intake, focusing on 
the LH and Acb. In chapter 7 and 8 we examined the effect of intra-LH and intra-Acb 
NPY, respectively, on total caloric intake and the intake of chow, fat and sugar after 
1 week of diet. In chapter 8, we additionally investigated the effects of NPY on Acb 
neuronal firing and enkephalin signaling, as well as which brain areas provide the NPY 
projections to the Acb.
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ABSTRACT

High-energy diets are used to model the obesity epidemic. Moreover, from a variety of 
genetic studies, it has become clear that the melanocortin system plays an important 
role in the regulation of energy metabolism. Since most dietary interventions are not 
standardized, fat/sugar-induced effects on the melanocortin system vary distinctly 
among different studies. How components of the melanocortin system are affected by 
high-energy diets remains unclear. Therefore, in this review, we first present an overview 
of the effects of high-energy diets on different elements of the melanocortin system 
in both mice and rats. The effects of a high-energy diet are most consistent for agouti 
related protein levels, which were either not affected or decreased after consumption 
of a high-energy diet, whereas for pro-opiomelanocortin and the melanocortin receptor 
expression (and binding) it was difficult to define an overall response to a high-energy 
diet. Because of the complexity of the melanocortin system, it is important to measure 
more than one element of the system. Only a few studies measured both melanocortin 
peptide and receptor expression and show that a high-fat diet consumed for a longer 
period of time starting at an early age increases melanocortin signaling, whereas in 
adulthood a very high-fat diet decreases melanocortin signaling. Finally, we review our 
own data on diet-induced changes in peptide expression and melanocortin binding and 
show that short-term exposure to a free-choice high-fat high-sugar diet also decreases 
melanocortin signaling which supports hyperphagia observed in this model.

Chapter 2

26



INTRoDuCTIoN

The prevalence of obesity has dramatically increased over the last few decades, 
which cannot solely be explained by a shift in genetics, but rather by changes in 
life style. Contemporary Western diets are frequently high in fats and sugars and 
are increasingly consumed in addition to sweetened liquid drinks, such as sodas. In 
fact, the consumption of sugar-sweetened soft drinks by children has been shown 
to be more than doubled between 1965 and 1996 (4). The Western Style diet, may, 
therefore, contribute to the increasing obesity epidemic. It is, therefore, important 
to understand the regulation of the intake of food containing high amounts of fat 
and sugar.

Multiple players are involved in the regulation of food intake. One key player 
is leptin, an adipose tissue-derived hormone that is released into the circulation 
proportional to increased energy stores in fat and acts via its receptors (OB-Rb) on 
several regulatory centers including the arcuate nucleus of the hypothalamus (ARC) 
(136). During a positive energy balance, concomitant with increased plasma leptin, a 
percentage of pro-opiomelanocortin (POMC) neurons become activated (82,137). The 
precursor POMC may be cleaved into α-melanocyte-stimulating hormone (α-MSH), 
β-MSH and γ-MSH, and acts as endogenous agonists for the main brain melanocortin 
receptors 3 and 4 (MC3R and MC4R respectively). Agouti-related protein (AgRP), 
also expressed in the ARC neurons and activated during negative energy balance, 
functions as an inverse agonist. So the agonist and inverse agonist acting at the same 
receptor suggest a tight regulation of the melanocortin system in energy balance (84).

The underlying mechanisms by which overconsumption of energy dense foods 
and liquids result in overt hyperphagia, obesity and metabolic disorders still remain 
unclear. Several animal models have been developed to study diet-induced obesity 
aiming to unravel its physiological and molecular consequences. However, the dietary 
interventions are far from standardized and the experimental designs vary considerably. 
Moreover the resulting animal phenotypes and melanocortinergic expression patterns 
do not always correspond among the diet-induced obesity models. For instance, the 
energy content between ‘high-fat’ diets vary considerably with fat contents ranging 
from 20 to 80%. Also the fat macronutrient can be derived from different sources as 
extensively reviewed (138).

The response of the melanocortin system to a high-fat diet may be dependent 
on type of diet, duration and composition. However, it has not been clarified in what 
way the type of (high-fat) diet affects the responsiveness of the melanocortin system. 
Therefore, this review is aimed to provide an overview on the influence of high-energy 
diets on the hypothalamic melanocortin system.

PoMC and AgRP gene activation upon high-fat diets

When consuming a diet that increases caloric intake and fat mass, the melanocortin 
system, in order to counter the obesity, is expected to increase its activity and thus 
decrease food intake and increase energy expenditure. Therefore, one would expect 
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POMC mRNA to be increased and/or the AgRP expression to be decreased. Indeed, 
several studies in which rats or mice were subjected to a high-fat diet ranging from 
1 day to 7 weeks reported a decrease of AgRP expression, albeit no changes in POMC 
expression (details from different studies are depicted in Table 1) (64,68,69,139,140). 
Increased leptin levels have been proposed as a possible underlying reason for 
decreased AgRP levels, but do not explain the lack of POMC activation. Also, it is not 
clear why the response of AgRP seems to occur earlier than POMC and whether this 
is an important compensation for the attempted resistance to diet-induced obesity. 
In addition, many studies were not able to detect a difference in AgRP expression 
levels between the diets (65,70,75,77,141,142). The reason for this lack of difference 
is not explained by differences in species, fat content, sugar or a multiple palatable 
component. It could be that leptin resistance is causal to this effect, however not 
many studies have measured responses to leptin injections in the same animals as the 
expression levels were determined.

High-fat diet feeding results in a non-consistent POMC gene activation pattern. 
Considering all studies with all time points included (Table 1), the expression was either 
increased (64,71,73,77,143), decreased (12,67,77,144,145) but mostly unaffected (65,68-
70,76,135,140-142,146,147). Because POMC is the precursor of melanocyte-stimulating 
hormone, a potent inhibitor of food intake, the increase of POMC may resist the effect 
of high-fat diet to promote increased food intake in an effort to maintain energy 

Table 1. Effects of high-fat diets on melanocortin gene expression levels (Continued)

Rodent type/strain Type of diet
High-fat diet  

Fat %
control diet  

Fat %
Choice 

components
diet length  

(days) Technique Region Result Refs

POMC C57Bl/6 mice HF 36 3,1 1 56 / 112 qPCR Whole HT ↓ / = (144)

C57Bl/6 mice HF 59 9,7 1 7 or 56 ISH ARC = (67)

C57Bl/6 mice HF 59 9,7 1 133 ISH ARC ↓ / ↑ (67,143)

C57Bl/6 mice HF 58 10 1 7, 14, 49 or 126 ISH ARC = (68,69)

C57Bl/6 mice HF 45 10 1 1, 2 or 7 / 14 qPCR Whole HT = / ↑ (64)

C57Bl/6 mice HF 19 17 1 168 ISH ARC = (70)

C57Bl/6 mice HF 43 4 1 14 qPCR Whole HT = (65)

C57Bl/6 mice HF-DIO 40 10 1 154 ISH ARC ↓ (145)

Long-Evans rats HF 41 11 1 56 qPCR Whole HT = (142)

Sprague-Dawley rats HE / HE-EN 33 12 1 / 2 35 ISH ARC = (146)

Sprague-Dawley rats EN-C / HE-EN-C 22 12 2 / 3 35 ISH ARC = (146)

Sprague-Dawley rats HE-EN 301 33 2 91 ISH ARC = (141)

Sprague-Dawley rats HE 33 12 1 ½, 1, 2, 14 or 35 ISH ARC = (140,147)

Sprague-Dawley rats caf 28 8,3 multiple 56 ISH ARC ↑ (73)

Sprague-Dawley rats HF 30 8,3 1 42 ISH ARC = (73)

Sprague-Dawley rats HF 60 3 1 14 or 35 qPCR Whole HT = (135)

Sprague-Dawley rats caf 34 14 multiple 77 qPCR Ventral HT ↑ (71)
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homeostasis and to counteract obesity. Yet, the downregulation of the POMC gene upon 
an obesogenic diet seems paradoxical, and might be a counterintuitive response. It is 
not clear what the origin is of this response, but apparently it seems specific for POMC as 
AgRP has not been shown to deviate from its ‘expected’ behavior upon caloric excesses.

The diets that showed the paradoxical POMC change lasted at least 8 weeks 
(67,77,144,145). Although this could suggest that timing is an important part of this 
paradoxical finding, we observed that this paradoxical POMC response occurred already 
at 1 week in rats that were subjected to a free-choice high-fat high-sugar (fcHFHS) 
diet (12)  (Fig.1). Moreover, we showed that also neuropeptide Y (NPY) expression 
exhibited a counterintuitive response; i.e. it was elevated after 1 week on the fcHFHS 
diet (12). Since we did not observe this response in rats on a free-choice high-sugar 
diet (fcHS), we proposed that the choice component, and not the sugar, accounted for 
these paradoxical results. The other studies did not have a choice component, so this 
conclusion cannot be extrapolated to those studies. Still the choice component can still 
account for the fact that this paradoxical result was already visible after 1 week diet.

Besides our own study (12), also  Kinzig et al. (77), showed this counterintuitive 
increase of NPY when feeding rats a high-fat diet for 8 weeks. The fat content of this 
diet was 80%, at the expense of the carbohydrates, which were minimized to 5%, 
pointing to an unbalanced diet. It is debatable whether the paradoxical outcome is 
really imputable to the high-fat content.

Table 1. Effects of high-fat diets on melanocortin gene expression levels (Continued)

Rodent type/strain Type of diet
High-fat diet  

Fat %
control diet  

Fat %
Choice 

components
diet length  

(days) Technique Region Result Refs

POMC C57Bl/6 mice HF 36 3,1 1 56 / 112 qPCR Whole HT ↓ / = (144)

C57Bl/6 mice HF 59 9,7 1 7 or 56 ISH ARC = (67)

C57Bl/6 mice HF 59 9,7 1 133 ISH ARC ↓ / ↑ (67,143)

C57Bl/6 mice HF 58 10 1 7, 14, 49 or 126 ISH ARC = (68,69)

C57Bl/6 mice HF 45 10 1 1, 2 or 7 / 14 qPCR Whole HT = / ↑ (64)

C57Bl/6 mice HF 19 17 1 168 ISH ARC = (70)

C57Bl/6 mice HF 43 4 1 14 qPCR Whole HT = (65)

C57Bl/6 mice HF-DIO 40 10 1 154 ISH ARC ↓ (145)

Long-Evans rats HF 41 11 1 56 qPCR Whole HT = (142)

Sprague-Dawley rats HE / HE-EN 33 12 1 / 2 35 ISH ARC = (146)

Sprague-Dawley rats EN-C / HE-EN-C 22 12 2 / 3 35 ISH ARC = (146)

Sprague-Dawley rats HE-EN 301 33 2 91 ISH ARC = (141)

Sprague-Dawley rats HE 33 12 1 ½, 1, 2, 14 or 35 ISH ARC = (140,147)

Sprague-Dawley rats caf 28 8,3 multiple 56 ISH ARC ↑ (73)

Sprague-Dawley rats HF 30 8,3 1 42 ISH ARC = (73)

Sprague-Dawley rats HF 60 3 1 14 or 35 qPCR Whole HT = (135)

Sprague-Dawley rats caf 34 14 multiple 77 qPCR Ventral HT ↑ (71)
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Table 1. Effects of high-fat diets on melanocortin gene expression levels (Continued)

Rodent type/strain Type of diet
High-fat diet  

Fat %
control diet  

Fat %
Choice 

components
diet length  

(days) Technique Region Result Refs

Sprague-Dawley rats HF 60 / 80 16 1 56 ISH ARC ↑ / ↓ (77)

Wistar rats HF 40 10 1 42 ISH ARC = (76)

Wistar rats HFHS 35 4 3 7 ISH ARC ↓ (12)

Wistar rats HF/HS 50 / 2 4 2 7 ISH ARC = (12)

AgRP C57Bl/6 mice HF 36 3,1 1 56 / 112 qPCR Whole HT ↓ / = (144)

C57Bl/6 mice HF 58 10 1 7 or 49 ISH ARC ↓ (68)

C57Bl/6 mice HF 45 10 1 1, 7 or 14/ 2 qPCR Whole HT = / ↓ (64)

C57Bl/6 mice HF 58 11 1
1 or 2 or 126 

/ 14
ISH ARC =  / ↓ (69)

C57Bl/6 mice HF 19 17 1 168 ISH ARC = (70)

C57Bl/6 mice HF 60 10 1 14 or 56 / 84 qPCR Whole HT = / ↓ (63)

C57Bl/6 mice HF 43 4 1 14 qPCR Whole HT = (65)

C57Bl/6 mice HF-DIO 40 10 1 154 ISH ARC / BST ↓ / ↑ (145)

Long-Evans rats HF 41 11 1 56 qPCR Whole HT = (142)

Sprague-Dawley rats HE 33 12 1 ½,1, 2 or 14 / 35 ISH ARC =  / ↓ (140,147)

Sprague-Dawley rats HE / HE-EN 33 12 1 / 2 35 ISH ARC = (146)

Sprague-Dawley rats HE-EN-C 22 12 3 35 ISH ARC = (146)

Sprague-Dawley rats EN-C 18 12 2 35 ISH ARC ↓ (146)

Sprague-Dawley rats HE-EN 31 33 2 91 ISH ARC = (141)

Sprague-Dawley rats HF 60 or 80 16 1 56 ISH ARC = (77)

Wistar rats HF 60 5 1 84 qPCR Whole HT = (75)

Wistar rats HFHS / HF / HS 35 / 50 / 2 4 3  / 2 / 2 7 ISH ARC = (12)

MC4R C57Bl/6 mice HF 36 3 1 56 / 112 qPCR Whole HT = / ↑ (144)

C57Bl/6 mice HF 58 11 1 2, 14 or 126 ISH PVN ↓ (69)

C57Bl/6 mice HF-DIO 40 10 1 154 ISH VMH / MePD ↓ / ↑ (145)

Long-Evans rats HF 41 11 1 56 qPCR Whole HT = (142)

Sprague-Dawley rats HE 33 12 1 ½, 2, 14 or 35 / 1 ISH PVN = / ↑ (147)

Sprague-Dawley rats caf 34 14 multiple 77 qPCR Dorsal HT = (71)

Sprague-Dawley rats HF 60 / 80 16 1 56 ISH PVN = / ↑ (77)

Wistar rats HF 60 5 1 84 qPCR Whole HT = (63)

MC3R Sprague-Dawley rats HE 33 12 1 ½, 1, 2 or 14 / 35 ISH ARC = / ↓ (140,147)

Sprague-Dawley rats HE 33 12 1 35 ISH VMH = (140)

ARC, arcuate nucleus; VMH, ventromedial part of hypothalamus; DMH, dorsomedial part of hypothalamus; 
PVN, paraventricular nucleus; BST, bed nucleus of stria terminalis; MePD, medial amygdaloid nucleus; ISH, 
in situ hybridization; qPCR, quantitative PCR; HF, high-fat; HE, high-energy; Caf, cafeteria; HF-DIO, animals 
that have been selected as prone to develop obesity (as opposed to diet resistant animals) Fat %; energy 
percentage derived from total amounts of fat. Inclusion criteria: solely rodent studies were included. 

Reports in which diet induced obesity (DIO i.e. prone to develop obesity) and diet resistant rats were used 
only the effect in DIO animals are included. Exclusion criteria: no studies have been included of genetically 
modified animals, studies where interventions were performed or where animals have been chronically 
fasted. The data are grouped by rodent type/ strain.
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Table 1. Effects of high-fat diets on melanocortin gene expression levels (Continued)

Rodent type/strain Type of diet
High-fat diet  

Fat %
control diet  

Fat %
Choice 

components
diet length  

(days) Technique Region Result Refs

Sprague-Dawley rats HF 60 / 80 16 1 56 ISH ARC ↑ / ↓ (77)

Wistar rats HF 40 10 1 42 ISH ARC = (76)

Wistar rats HFHS 35 4 3 7 ISH ARC ↓ (12)

Wistar rats HF/HS 50 / 2 4 2 7 ISH ARC = (12)

AgRP C57Bl/6 mice HF 36 3,1 1 56 / 112 qPCR Whole HT ↓ / = (144)

C57Bl/6 mice HF 58 10 1 7 or 49 ISH ARC ↓ (68)

C57Bl/6 mice HF 45 10 1 1, 7 or 14/ 2 qPCR Whole HT = / ↓ (64)

C57Bl/6 mice HF 58 11 1
1 or 2 or 126 

/ 14
ISH ARC =  / ↓ (69)

C57Bl/6 mice HF 19 17 1 168 ISH ARC = (70)

C57Bl/6 mice HF 60 10 1 14 or 56 / 84 qPCR Whole HT = / ↓ (63)

C57Bl/6 mice HF 43 4 1 14 qPCR Whole HT = (65)

C57Bl/6 mice HF-DIO 40 10 1 154 ISH ARC / BST ↓ / ↑ (145)

Long-Evans rats HF 41 11 1 56 qPCR Whole HT = (142)

Sprague-Dawley rats HE 33 12 1 ½,1, 2 or 14 / 35 ISH ARC =  / ↓ (140,147)

Sprague-Dawley rats HE / HE-EN 33 12 1 / 2 35 ISH ARC = (146)

Sprague-Dawley rats HE-EN-C 22 12 3 35 ISH ARC = (146)

Sprague-Dawley rats EN-C 18 12 2 35 ISH ARC ↓ (146)

Sprague-Dawley rats HE-EN 31 33 2 91 ISH ARC = (141)

Sprague-Dawley rats HF 60 or 80 16 1 56 ISH ARC = (77)

Wistar rats HF 60 5 1 84 qPCR Whole HT = (75)

Wistar rats HFHS / HF / HS 35 / 50 / 2 4 3  / 2 / 2 7 ISH ARC = (12)

MC4R C57Bl/6 mice HF 36 3 1 56 / 112 qPCR Whole HT = / ↑ (144)

C57Bl/6 mice HF 58 11 1 2, 14 or 126 ISH PVN ↓ (69)

C57Bl/6 mice HF-DIO 40 10 1 154 ISH VMH / MePD ↓ / ↑ (145)

Long-Evans rats HF 41 11 1 56 qPCR Whole HT = (142)

Sprague-Dawley rats HE 33 12 1 ½, 2, 14 or 35 / 1 ISH PVN = / ↑ (147)

Sprague-Dawley rats caf 34 14 multiple 77 qPCR Dorsal HT = (71)

Sprague-Dawley rats HF 60 / 80 16 1 56 ISH PVN = / ↑ (77)

Wistar rats HF 60 5 1 84 qPCR Whole HT = (63)

MC3R Sprague-Dawley rats HE 33 12 1 ½, 1, 2 or 14 / 35 ISH ARC = / ↓ (140,147)

Sprague-Dawley rats HE 33 12 1 35 ISH VMH = (140)

ARC, arcuate nucleus; VMH, ventromedial part of hypothalamus; DMH, dorsomedial part of hypothalamus; 
PVN, paraventricular nucleus; BST, bed nucleus of stria terminalis; MePD, medial amygdaloid nucleus; ISH, 
in situ hybridization; qPCR, quantitative PCR; HF, high-fat; HE, high-energy; Caf, cafeteria; HF-DIO, animals 
that have been selected as prone to develop obesity (as opposed to diet resistant animals) Fat %; energy 
percentage derived from total amounts of fat. Inclusion criteria: solely rodent studies were included. 

Reports in which diet induced obesity (DIO i.e. prone to develop obesity) and diet resistant rats were used 
only the effect in DIO animals are included. Exclusion criteria: no studies have been included of genetically 
modified animals, studies where interventions were performed or where animals have been chronically 
fasted. The data are grouped by rodent type/ strain.
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Effect of different diets on the melanocortin 4 receptor expression

Overconsumption of excess calories is expected to enhance signaling through the 
melanocortin system, which, when activated, signals satiety and restores body weight 
towards normal levels. Deletion of the MC4R results in hyperphagia and obesity (148), 
and thus changes in the expression level of the MC4R or melanocortin binding (as an 
indirect way to study melanocortin receptor availability) due to consuming a high-
energy diet could alter energy metabolism.

Expression of MC4R mRNA after exposure to a diet does not provide a clear 
consistent view. One study found a downregulation of the MC4R gene in the 
paraventricular nucleus of the hypothalamus (PVN) after feeding mice a high-fat diet 
for as little as 48 h. Also after 2 and 18 weeks this downregulation remained present 
(69). On the contrary, an increase in PVN MC4R gene expression was found after 
as little as 24 h of feeding high-fat diet (147) and the same pattern was visible in 
the ventromedial hypothalamus (VMH) and amygdala or whole hypothalamus after 
22 or 16 weeks high-fat feeding, respectively (144,145) (Table 1). In addition, some 
other feeding studies were not able to find any effect on the expression of the MC4R 
(71,75,140,142). Although the fat percentage or the sugar amount within the diets 
used in these studies does not explain the different outcome, one interesting finding 
is worth to mention: rats were subjected for 8 weeks to two exact similar diets, except 
that 1 diet contains an additional 20% fat content (80% compared to 60%), but lower 
sucrose content (0% compared to 7%). This extra 20% fat increase has been shown to 
be sufficient to trigger a response to increase the MC4R gene expression levels (77). 
This change in MC4R is probably due to a decrease in POMC mRNA observed in the 
same rats whereas AgRP did not change (77).

Binding studies, however, give information on the availability of the receptor, 
and may indirectly show melanocortin signaling in a better way than only receptor 
expression levels. Eight weeks of feeding a highly palatable cafeteria diet consisting 
of powdered lab chow, condensed milk and sucrose resulted in a decrease of MC4R 
protein binding in multiple hypothalamic regions, including ARC, median eminence, 
VMH and dorsomedial part of the hypothalamus (DMH) (149). In a separate experiment, 
the same MC4R binding in the PVN, but found no effect on the binding capacities in this 
region, nor in the other hypothalamic nuclei, apart from the lateral hypothalamus (LH), 
albeit comparable diet length, animal strain and a higher fat and sugar content (150) (an 
overview is depicted in Table 3). In addition, also our own data show that diet-induced 
hyperphagic rats (when on the fcHFHS diet) show decreased melanocortin binding in 
the ARC and VMH, whereas in the PVN it was not affected (Fig. 1). This change was 
not explained by the intake of fat in this paradigm, because on a free-choice high-fat 
(fcHF) diet, rats did not show changes in melanocortin binding in these areas (however 
were also not hyperphagic, although obese) (Fig. 1). Thus, in models in which rats 
are hyperphagic, melanocortin binding decreases in areas within the hypothalamus 
pointing towards a decrease in melanocortin signaling and thus in more feeding and 
less energy expenditure resulting in obesity and continued hyperphagia.
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Figure 1. Arcuate nucleus POMC and AgRP mRNA levels and melanocortin binding in rats that 
were subjected for 1 week to a free-choice high-fat (fcHF) diet, or a free-choice high-fat high-
sugar (fcHFHS) diet compared to rats on the CHOW diet. Melanocortin signaling is enhanced in 
rats on the fcHF diet (with an increase in POMC mRNA and no changes in melanocortin binding), 
whereas in rats on the fcHFHS diet melanocortin signaling is decreased (with a decrease in arcuate 
nucleus POMC mRNA and a decrease in melanocortin binding). Data adapted from (12) (POMC 
and AgRP mRNA). Melanocortin binding was performed as described earlier (155). 

where each of the several components such as the receptor types, agonist, reverse agonists exerts a 

distinct role in regulating the melanocortin signaling. Moreover, only a subpopulation of the 

melanocortin system, as opposed to the melanocortin system as a whole, may respond to a high-

energy diet treatment, since for instance only 35% of POMC neurons are activated by leptin, as has 

been recently shown (137). In addition, considering the complexity of the melanocortin system, it is 

important to measure more than one element of the system. Only a few studies measured both 

melanocortin peptide and receptor expression and show that a high-fat diet consumed for a longer 

period of time starting at an early age increases melanocortin signaling (either by decreasing AgRP 

and/or MC4R and/or increasing POMC) (69,71,77,140,144,147) whereas in adulthood a very high-fat 

diet decreases melanocortin signaling (77). This same inhibition of melanocortin signaling was 

observed in rats on the fcHFHS. This paradoxically reduced melanocortin signaling could well 

contribute to the observed hyperphagia and increased food-motivated behavior (10,12). 

 
 
 
 
 

 
 
 
 

Agonist binding to G-protein-linked receptors may down-regulate that receptor. 
Therefore, an explanation for the diminished MC4R density is increased or decreased 
levels of α-MSH or AgRP protein, respectively. However, most reports that determined 
α-MSH or POMC protein levels in response to high-fat feeding in either whole 
hypothalamus or separate hypothalamic regions, including anterior hypothalamus, 
ARC and PVN, did not find any difference between diets (73,133,149). Yet, one study 
(151) that used much younger rats (5 weeks old) and fed for a longer time (20 weeks) 
compared to the other mentioned studies, found selectively reduced α-MSH content 
in the PVN. Such a reduction after 20 weeks on a high-fat diet was also observed in the 
ARC of mice (96). Since this reduction in the normal endogenous melanocortinergic 
inhibitory tone was not visible until 20 weeks of diet feeding. This change in α-MSH 
peptide content likely reflects long-term adaptive responses to increased weight rather 
than an acute mechanism to restore energy balance (151). Despite a lack of α-MSH 
response, Harrold et al. (152) were able to show an effect on AgRP, whereby the protein 
was increased after both 2 and 8 weeks of cafeteria diet feeding (Table 2). This is 
apparently paradoxical, as this orexigenic peptide is not expected to be elevated after 
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Table 2. Effects of high-fat diets on melanocortin protein levels

Rodent type/strain Type of diet
High-fat diet 

Fat %
control diet 

Fat %
Choice 

components diet length (days) Technique Region Result Refs

POMC Wistar rats HE 13 9 1 14 or 56 RIA Whole HT = (149)

AgRP Wistar rats HE 13 9 1 14 or 56 RIA Whole HT ↑ (149)

a-MSH C57Bl/6 mice HF 45 12 1 140 RIA ARC ↓ (96)

Sprague-Dawley rats caf 28 8 multiple 56 IHC PVN = (73)

Sprague-Dawley rats caf 30 5 multiple 14 or 84 / 140 RIA PVN = / ↓ (133,151)

Sprague-Dawley rats caf 30 5 multiple 14, 84 or 140 RIA
ARC or anterior 

HT
= (133,151)

Wistar rats HE 13 9 1 14 or 56 RIA Whole HT = (149)

Table 3. Effects of high-fat diets on melanocortin receptor binding

Rodent type/strain Type of diet
High-fat diet  

Fat %
control diet 

Fat %
Choice 

components diet length (days) Technique Region Result Refs

MC4R Wistar rats HE 13 9 1 14 or 56 autoradiography ARC, VMH, DMH or ME ↓ (152,156)

Sprague-Dawley rats HE-DIO 31 4,5 1 49 autoradiography PVN, ARC, VMH or DMH / LH = / ↓ (150)

MC3R Wistar rats HE 13 9 1 56 autoradiography ARC, VMH, DMH or ME = (152)

Sprague-Dawley rats HE-DIO 31 4,5 1 49 autoradiography PVN, ARC, VMH or DMH / LH = / ↓ (150)

ARC, arcuate nucleus; HT, hypothalamus; VMH, ventromedial part of hypothalamus; DMH, dorsomedial part of 
hypothalamus; PVN, paraventricular nucleus; BST, bed nucleus of stria terminalis; MePD, medial amygdaloid 
nucleus; ISH, in situ hybridization; qPCR, quantitative PCR; HF, high-fat; HE, high-energy; Caf, cafeteria; HF-DIO, 
animals that have been selected as prone to develop obesity (as opposed to diet resistant animals); Fat%, 
energy percentage derived from total amounts of fat. Inclusion criteria: solely rodent studies were included. 

Reports in which diet induced obesity (DIO i.e. prone to develop obesity) and diet resistant rats were used, 
only the effect in DIO animals are included. Exclusion criteria: no studies have been included of genetically 
modified animals, studies where interventions were performed or where animals have been chronically fasted. 
The data are grouped by rodent type/strain. 

increased caloric intake. Moreover, increased AgRP availability at the MC4R would 
be expected to upregulate the receptor, rather than downregulate it. The most likely 
explanation, as was proposed by Harrold et al. (152) is reduced synaptic release of AgRP 
leading to increased storage in nerve terminals. Overall, altered energy balance leads 
to a downregulation of MC4R, in the absence of changes in α-MSH concentrations, but 
with increased availability of the endogenous MC4R antagonist, AgRP.

The role of the melanocortin 3 receptor in diet-induced obesity

Melanocortin3 receptors (MC3Rs) are expressed in the brain and are involved in energy 
homeostasis. In contrast, MC3R deficient mice are not hyperphagic, have a normal 
metabolic response to increased energy consumption, and do not develop diabetes, 
thus the role of MC3R in regulating food intake remains controversial (153). Only a few 
studies have investigated the effect of a high-fat diet on the MC3R gene expression 
levels or receptor binding activities. With respect to gene activation, to our knowledge 
solely the group of Archer et al. (140) and (147), studied the effect of a high-energy 
diet on MC3R gene expression. Whereas the mRNA levels of MC3R in the ARC were 
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unaffected in rats subjected to a high-energy diet fed for up to 2 weeks, feeding the 
rats the same high-energy diets for 5 weeks resulted in a downregulation of MC3R in 
the ARC with leaving the MC3R in the VMH unaffected (see also Table 1). Regarding 
protein binding, a high-energy diet for 7 weeks in rats that are genetically predisposed 
to develop diet-induced obesity did not lead to any change in the receptor density 
in any of the hypothalamic regions except the LH (150). A cafeteria diet (recognized 
as highly palatable) for 8 weeks was not able to affect protein binding in either of the 
hypothalamic regions, although in this study the LH region was not included (149) 
(Table 3). Based on these limited studies, it does not seem likely that MC3R plays a 
major role in the response to a high caloric diet.

Palatability among obesogenic diets

The different diets described in this review all differ in macronutrient content (specifically, 
in the relative amounts of fat and carbohydrate), and they may also differ with respect 
to palatability or hedonic components. POMC is posttranslationally not only cleaved 
in α-MSH but also γ-MSH and β-endorphins, where β-endorphin signals the positive 

Table 2. Effects of high-fat diets on melanocortin protein levels

Rodent type/strain Type of diet
High-fat diet 

Fat %
control diet 

Fat %
Choice 

components diet length (days) Technique Region Result Refs

POMC Wistar rats HE 13 9 1 14 or 56 RIA Whole HT = (149)

AgRP Wistar rats HE 13 9 1 14 or 56 RIA Whole HT ↑ (149)

a-MSH C57Bl/6 mice HF 45 12 1 140 RIA ARC ↓ (96)

Sprague-Dawley rats caf 28 8 multiple 56 IHC PVN = (73)

Sprague-Dawley rats caf 30 5 multiple 14 or 84 / 140 RIA PVN = / ↓ (133,151)

Sprague-Dawley rats caf 30 5 multiple 14, 84 or 140 RIA
ARC or anterior 

HT
= (133,151)

Wistar rats HE 13 9 1 14 or 56 RIA Whole HT = (149)

Table 3. Effects of high-fat diets on melanocortin receptor binding

Rodent type/strain Type of diet
High-fat diet  

Fat %
control diet 

Fat %
Choice 

components diet length (days) Technique Region Result Refs

MC4R Wistar rats HE 13 9 1 14 or 56 autoradiography ARC, VMH, DMH or ME ↓ (152,156)

Sprague-Dawley rats HE-DIO 31 4,5 1 49 autoradiography PVN, ARC, VMH or DMH / LH = / ↓ (150)

MC3R Wistar rats HE 13 9 1 56 autoradiography ARC, VMH, DMH or ME = (152)

Sprague-Dawley rats HE-DIO 31 4,5 1 49 autoradiography PVN, ARC, VMH or DMH / LH = / ↓ (150)

ARC, arcuate nucleus; HT, hypothalamus; VMH, ventromedial part of hypothalamus; DMH, dorsomedial part of 
hypothalamus; PVN, paraventricular nucleus; BST, bed nucleus of stria terminalis; MePD, medial amygdaloid 
nucleus; ISH, in situ hybridization; qPCR, quantitative PCR; HF, high-fat; HE, high-energy; Caf, cafeteria; HF-DIO, 
animals that have been selected as prone to develop obesity (as opposed to diet resistant animals); Fat%, 
energy percentage derived from total amounts of fat. Inclusion criteria: solely rodent studies were included. 

Reports in which diet induced obesity (DIO i.e. prone to develop obesity) and diet resistant rats were used, 
only the effect in DIO animals are included. Exclusion criteria: no studies have been included of genetically 
modified animals, studies where interventions were performed or where animals have been chronically fasted. 
The data are grouped by rodent type/strain. 
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hedonic value of food. Moreover melanocortin receptors are expressed in brain centers 
that relay information on taste and palatability, such as the amygdala, nucleus of the 
tractus solitarius and parabrachial nucleus (84). Palatability consists of several factors, 
including fat and sugar content, and variability and result in a higher hedonic impact. 
An obesogenic diet comprising a choice and/or liquid component is proposed to be 
highly palatable, yet only a few studies used such diet types. An example of a choice 
diet is the cafeteria diet in which rats are subjected to sweetened condensed milk, 
sucrose, sausages, biscuits and cakes. A limitation of this type of diet however may be 
the perhaps too heterogeneous and variable composition, which makes it difficult to 
accurately measure the caloric and macronutrient intake (154). A solution is providing 
a choice diet of defined dietary constituents (10,12,141). Part of these choice diets is 
a liquid component representing the contemporary increased consumption of sugar 
solutions such as sodas.

The fcHFHS diet has been shown to be a very efficient obesity diet resulting after 
1 week in increased food motivated behavior (10) and promoting hyperphagia by 
a paradoxical increase in NPY and decrease in POMC mRNA (12)  (Fig. 1). Whereas 
the liquid component used in the former diet consists of a 30% sugar solution, the 
liquid component used by (154)  represents a complete liquid diet (Ensure). The 
supplementation of Ensure to a high-energy diet resulted in increased weight gain 
and body weight, but did not affect the central melanocortin system. Nevertheless, 
subsequently transferring rats back to a chow diet triggered neuropeptide responses, 
but this was independent of previous dietary history (141), a response also observed 
in rats on the fcHFHS diet when they are transferred back to chow (la Fleur et al., 
unpublished data).

The majority of reports investigating diet-induced obesity provide commercial 
pellet diets with all the components in one pellet, preventing choice and may oblige 
the animal to consume an unbalanced diet or consume fat at a time of the day that 
it is not preferred. The commercial pellet diets are available with a wide range of 
macronutrient compositions including control diets for the high-energy diets. In these 
control diets the fat has been replaced by carbohydrates, which not only consists of 
polysaccharides as starch but also comprises monosaccharides as sucrose. Therefore, 
although these low fat/control diets have a much lower fat content, the sucrose content 
may be substantially higher instead.

Examples are diets from ‘Research Diets’ with number D12451 and D12450B. The 
former diet (serving as the experimental high-fat diet) contains 17% sucrose, the 
latter diet (control diet) although containing less fat, contains as much as 35% sucrose 
which makes the control diet probably nearly as palatable as the high-fat diet itself. 
This high sugar content clearly also affects the development of obesity and probably 
hyperinsulinemia as we have shown in our fcHS diet (11). Thus, the majority of studies 
focus on the fat content in the diet, although the palatability of a diet also depends 
on a sugar component. Therefore caution should be taken in not underestimating 
the contribution of sugar to the diet. Lastly, not only the obesogenic diets differ in 
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composition, also chow/control diets itself differ substantially. Whereas the majority 
of chow/control diets consist of about 4% fat, chow diets of 16% fat have been 
described as well. Apart from the fat content, protein and carbohydrate contents also 
vary considerably. As the effects of the melanocortin system upon high-fat diets are 
compared with chow diets with varying fat degrees, the outcome may be changed using 
another control diet. In other words, the control diets might almost be as important as 
the high-fat diet itself and for accurate and reliable results a well chosen control diets 
should be taken into account.

The overall melanocortin system in response to a high-fat diet

Taken together, the effects of a high-energy diet are most consistent for AgRP levels, 
which were either not affected or decreased after consumption of a high-energy 
diet, whereas for POMC and the melanocortin receptor expression (and binding) it 
was difficult to define an overall response to a high-energy diet. One of the reasons 
might be the heterogeneity within the melanocortin system where each of the several 
components such as the receptor types, agonist, reverse agonists exerts a distinct 
role in regulating the melanocortin signaling. Moreover, only a subpopulation of the 
melanocortin system, as opposed to the melanocortin system as a whole, may respond 
to a high-energy diet treatment, since for instance only 35% of POMC neurons are 
activated by leptin, as has been recently shown (137). In addition, considering the 
complexity of the melanocortin system, it is important to measure more than one 
element of the system. Only a few studies measured both melanocortin peptide and 
receptor expression and show that a high-fat diet consumed for a longer period of time 
starting at an early age increases melanocortin signaling (either by decreasing AgRP 
and/or MC4R and/or increasing POMC) (69,71,77,140,144,147) whereas in adulthood 
a very high-fat diet decreases melanocortin signaling (77). This same inhibition of 
melanocortin signaling was observed in rats on the fcHFHS. This paradoxically 
reduced melanocortin signaling could well contribute to the observed hyperphagia 
and increased food-motivated behavior (10,12).
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ABSTRACT

Conflicting data exist on sensitivity changes of the melanocortin system during diet-
induced obesity, as both increased and decreased sensitivity has been reported. 
We hypothesized that melanocortin sensitivity depends on the availability of diet 
components. Therefore, the aim of this study was to determine the influence of diet 
composition on feeding responses to a melanocortin receptor agonist, using choice 
diets that differ in food components. Male Wistar rats were subjected to a free-choice 
(fc) diet of either chow, saturated fat and liquid sugar (fcHFHS), chow and saturated fat 
(fcHF) or chow and liquid sugar (fcHS) for 4 weeks. Melanocortin sensitivity was tested 
by measuring food intake following administration of the melanocortin 3/4 receptor 
agonist melanotan II (MTII) or vehicle in the lateral ventricle. In a separate experiment, 
pro-opiomelanocortin (POMC) and agouti-related protein (AgRP) mRNA levels were 
determined in the arcuate nucleus with in situ hybridization in rats subjected to the 
free-choice diets for 4 weeks. Rats on the fcHFHS diet for 4 weeks showed increased 
caloric intake and body weight gain compared to rats on the CHOW, fcHS and fcHF diet. 
Caloric intake and body weight gain was comparable between rats on the fcHF, fcHS 
and CHOW diet. After 4 weeks diet, POMC and AgRP mRNA levels were not different 
between diet groups. Although MTII inhibited caloric intake in all diet groups, caloric 
intake in rats on the fcHF diet was inhibited to a larger extent compared to rats on 
the CHOW, fcHS or fcHFHS diet. MTII inhibited all components in rats on the CHOW, 
fcHS, fcHF and fcHFHS diet, although sugar intake was less inhibited compared to chow 
and saturated fat. In conclusion, rats on the fcHF diet showed stronger food intake 
inhibition to the melanocortin receptor agonist MTII than rats on the CHOW, fcHS and 
fcHFHS diet, which was independent of caloric intake and body weight gain. Our data 
point towards an important role for the fat content in the diet in the sensitivity of the 
melanocortin system. 
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INTRoDuCTIoN

Energy homeostasis is regulated by the brain through a complex neural network with 
an important role for the arcuate nucleus (ARC) of the hypothalamus. Within this neural 
network the melanocortin system plays a critical role in maintaining stable energy 
balance. Separate populations of neurons within the ARC of the hypothalamus express 
the precursor of melanocortin receptor agonists, pro-opiomelanocortin (POMC), and a 
melanocortin receptor inverse agonist, agouti-related protein (AgRP). Furthermore, two 
melanocortin receptors (MC3R and MC4R) are expressed in the brain and have both 
been implicated in the regulation of energy balance. Interestingly, whereas disruption 
of the MC4R results in obesity and hyperphagia, mice with a disruption in the MC3R 
are obese but hypophagic (for review: see (84)).

A large number of studies showed that central administration of alpha-MSH and 
Melanotan II (MTII), a non-selective melanocortin 3/4 receptor agonist, strongly reduce 
food intake and increase energy expenditure. Interestingly, in animal models of obesity, 
conflicting data have been described, as both decreased (142) and increased (151) 
responses to MTII have been shown, but the exact cause of these different responses 
remains unclear. One reason could be that the MTII response is dependent on diet 
composition (77,157) and particularly dependent on the consumption of fat (142). In 
addition, central administration of AgRP increases and MTII decreases fat intake (87,88). 
We, therefore, hypothesized that when obesity is due to consuming more fat, and 
not more sugar, melanocortin receptor activation would result in greater inhibition of 
caloric intake. We thus determined the influence of diet composition on melanocortin 
response, using choice diets that differ in food components. Rats were either subjected 
to a control chow diet (CHOW), a diet of chow and saturated fat (free choice high fat 
diet (fcHF)), chow and 30% liquid sugar (free choice high sugar diet (fcHS)) or chow 
with saturated fat and 30% liquid sugar (free-choice high fat high sugar (fcHFHS)). After 
showing that 4 weeks on these diets did not affect POMC and AgRP mRNA expression 
in the ARC, we next turned to the role of the melanocortin receptors and determined 
the response to MTII on total caloric intake and diet components. 

MATERIAL AND METHoDS

Animals and dietary intervention

Male Wistar rats (250-280g) were individually housed in a temperature (21–23ºC) and 
light-controlled room (lights on 0700–1900). The diets used in this study comprised 
three free-choice diets in which rats could unrestrictedly eat any of the diet components: 
1) Free-choice high-fat high-sugar diet (fcHFHS): a dish of saturated fat (Beef tallow 
(Ossewit/Blanc de Boeuf), Vandemoortele, Belgium), a bottle of 30% sugar water 
(mixed from commercial grade sugar and tap water), normal standard chow (special diet 
service (SDS), England) and normal tap water. 2) Free-choice high-fat diet (fcHF): a dish 
of saturated fat in addition to normal standard chow and tap water. 3) Free-choice high-
sugar diet (fcHS): a bottle of 30% sugar water in addition to normal standard chow and 
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tap water. The rats on the control diet remained on normal standard chow and tap water 
(CHOW). Body weight and 24 hour caloric intake (kcal) were monitored at least once 
a week. Total caloric intake was the sum of each individual food component of which 
the caloric intake was determined as follows: chow: 3.31 kcal/g; fat: 9 kcal/g and sugar 
solution: 1.2 kcal/g. Animal experiments were approved by the Committee for Animal 
Experimentation of the Academic Medical Center of the University of Amsterdam and 
the University Medical Center Utrecht, the Netherlands.

Surgery and procedure for intracerebroventricular (ICV) injections

Rats were implanted with a permanent 22-gauge guide cannula (Plastics One, Bilaney, 
Germany) placed into the lateral ventricle (coordinates 0.8mm posterior from bregma, 
1.4mm lateral from midline, 5.0mm below the surface of the brain). Guide cannulas 
were secured to the skull using three anchor screws and dental cement and occluded 
by a 28-gauge stainless steel dummy cannula (Plastics One, Bilaney Consultants GmbH, 
Düsseldorf, Germany) extending 0.5mm beyond the guide. Immediately after surgery, 
rats received an analgesic subcutaneously (Carprofen, 0.5mg/100g BW) and were 
housed individually. After recovery from surgery, rats received a vehicle injection and 
two days later were randomly assigned to either of the diet groups (CHOW, fcHS, fcHF 
or fcHFHS) and were maintained on their respective diets throughout the remainder 
of the experiment. All ICV injections were delivered in a volume of 3 µl manually with 
a Hamilton syringe over 45 sec. Cannula placement was checked by inspecting post-
mortem thionin-stained brain sections (35 µm) under a low-power microscope. Data 
from animals with incorrectly placed cannulas were not included in the analysis.

Feeding responses to MTII 

After 4 weeks on either diet (CHOW (n=5), fcHS (n=5), fcHF (n=5) or fcHFHS (n=6)) rats 
received an ICV injection of Melanotan II acetate salt (MTII) (Sigma-aldrich, Netherlands, 
M8693) or vehicle (PBS). On the experimental day, all food components except water 
were removed and weighed at the beginning of the light phase (10AM). Between 2 
and 1 hour before the dark phase, the rats were injected with either MTII or vehicle in 
randomized order using the same procedure as described previously (158). MTII was 
administered prior to the dark phase in order to measure an inhibition of physiological 
food intake. Food was returned at lights off and food intake was measured 15 hours 
later. Each rat received MTII in counterbalanced order, separated by a week, due to 
the long-lasting anorectic effects of MTII. Due to the strong anorectic effect of MTII, 
separate experiments were performed for 1 nmol and 0.3 nmol MTII. 

Fat mass and hormone analysis

Rats were killed between 0900 and 1000 hours within 10 s after they had been taken 
from their home cages. Brains were quickly frozen and stored at -80 °C. Individual 
mesenteric-omental, epididymal, subcutaneous (inguinal) and perirenal white adipose 
tissues were dissected, cleaned and weighed. Trunk blood was centrifuged and plasma 
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was stored at -20 °C. Plasma concentrations of leptin were determined as previously 
described (158).

PoMC and AgRP in situ hybridization 

In a separate study, using the same dietary protocol, rats were subjected to the CHOW 
(n=7), fcHS (n=7), fcHF (n=7) or fcHFHS (n=7) for 4 weeks. Food intake and body weight 
were monitored at least once a week. After 4 weeks rats were decapitated brains were 
quickly frozen on dry ice and used for in situ hybridization. Coronal sections of 20 µm 
were labeled with 33P antisense RNA probes for POMC and AgRP mRNA according to 
the protocol previously described (49). The films were developed and POMC and AgRP 
expression levels in ARC were quantitatively analyzed using an Epson-Perfection 4990 
Photo-flatbed-scanner. All images (800 dpi) were analyzed using ImageJ (Rasband, 
WS, NIH, Bethesda, MD, USA, http://rsbweb.nih.gov/ij/, 1997–2005). Gray values 
were determined in regions of interest and measured bilaterally. Specific signal was 
calculated by the subtraction of the background value.

Statistical analysis

All results are presented as means±SEM. One-way analysis of variance (ANOVA) 
was performed to determine the difference in body weight, caloric intake and gene 
expression levels. If the ANOVA was significant, post hoc analysis was performed 
to detect individual group differences (Tukey). Feeding responses to MTII were first 
analyzed using two-way ANOVA to determine effects of drug and diet. When significant, 
percentage suppression from baseline was calculated and data were analyzed by 
one-way ANOVA when groups were compared. If the AVOVA was significant, post 
hoc analysis was performed to detect individual group differences (Tukey). Significance 
was set at P<0.05.

RESuLTS

Energy balance

After 4 weeks diet caloric intake in rats on the fcHFHS diet was significantly higher 
compared to rats on the CHOW, fcHS and fcHF diet (F(3,20)=21,17; P<0.01 (Table 1). 
Four weeks body weight gain was increased in rats on the fcHFHS diet compared with 
rats on the CHOW, fcHS and fcHF diet (F(3,20)=5.08; P<0.05 (Table 1).

Arcuate nucleus PoMC and AgRP expression levels

After 4 weeks diet, POMC and AgRP mRNA levels in the ARC of the hypothalamus were 
determined in rats on the CHOW, fcHS, fcHF and fcHFHS diet. No significant differences 
were found between the diet groups for POMC mRNA levels (ANOVA (F(3,27)=0.27; 
P=0.85); CHOW 100 ± 8, fcHS 107 ± 10, fcHF 98 ± 4, fcHFHS 102 ± 8 in arbitrary units 
and as percentage of CHOW. No significant differences were found between the diet 
groups for AgRP mRNA levels (ANOVA (F(3,27)=0.57; P=0.64); CHOW 100 ± 11, fcHS 
101 ± 12, fcHF 102 ± 13, fcHFHS 84 ± 7 in arbitrary units and as percentage of CHOW.
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Table 1. Characteristics of rats on the CHOW, free-choice high-sugar (fcHS), free-choice high-fat (fcHF), 
or free-choice high-fat high-sugar (fcHFHS) diet.

CHoW fcHS fcHF fcHFHS

N 5 5 5 6

Body weight (g) 387 ± 14 a 395 ± 8 a 401 ± 13 a 423 ± 11 b

Body weight gain (g) 54.0 ± 5.2 a 61.6 ± 5.4 a 59.0 ± 3.8 a 86.2 ± 5.7 b

Caloric intake, kcal/day 80.4 ± 3.7 a 83.2 ± 5.5 a 89.8 ± 3.7 a 111.1 ± 3.6b

       chow (kcal/day) 80.4 ± 3.7 36.6 ± 2.9 40.7±4.6 44.6 ± 4.8

       sugar kcal/day) - 46.6 ± 3.2 - 36.8 ± 3.3

       fat kcal/day) - - 49.1 ± 5.5 29.7 ± 3.4

       % chow 100 43.9 ± 3.6 50.4 ± 7.7 40.2 ± 3.6

       % sugar - 56.1 ± 2.2 - 33.1 ± 2.3

       % fat - - 49.6 ± 3.3 26.7 ± 1.9

Caloric content (kcal/g) 3.1 2.1 6.1 4.9

       % fat in diet 4 2.2 50 35

       % sugar in diet 0 35 0 15

Values are mean ± SEM. Different letters represent significant differences between groups.

Feeding response to central MTII

After 4 weeks of diet exposure, caloric intake was determined 15 hours after 
administration of 1.0 nmol or 0.3 nmol MTII in the lateral ventricle. The dose of 1 nmol 
resulted in a uniform downregulation with no differences in food intake suppression 
between the groups (data not shown). We next tested a lower dose of 0.3 nmol, which 
also decreased caloric intake in all diet groups (Fig 1A), but showed differences in 
food intake suppression between the groups (Fig 1B). Two-way ANOVA on the raw 
data of MTII and vehicle showed an effect of Diet (F(3,58)=15.22; P<0.01, effect of 
MTII (F(1,58)=11.88; P=0.001, and an Interaction effect (F(3,58)=3.37; P=0.025. The 
percentage increase from baseline vehicle was calculated and MTII was shown to 
significantly decrease food intake in all diet groups (Fig. 1B). Additionally, significant 
differences in feeding responses to MTII between the groups were observed 
(F(3,30)=3.1; P=0.041) and food intake suppression in rats on the fcHF diet was shown 
to be significantly different from that of the other diet groups (Fig. 1B). 

MTII significantly decreased intake of the chow component in all diet groups 
(Fig. 2A). The intake of chow after MTII (as percentage of vehicle) was 26±6.4% (P<0.01) 
in CHOW-fed rats, 25±5.6% (P<0.01) in fcHS-fed, 18±8.1% (P<0.05) in fcHF-fed and 
27±15.4% (P<0.01) in fcHFHS-fed rats (Fig. 2B), and was not significantly different between 
diet groups (F(3,20)=0.22; P=0.88). MTII strongly inhibited fat intake in rats on the fcHF 
and fcHFHS diet (Fig. 2C). The intake of fat after MTII (as percentage of vehicle) was 
10±2.4% (P<0.001) in fcHF-fed rats and 27±14.4% (P<0.001) in fcHFHS-fed rats (Fig. 2D), 
and was not significantly different between diet groups (P=0.26). MTII inhibited sugar 
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intake in rats on the fcHFHS diet and on the fcHS diet (Fig E). The intake of sugar after MTII 
(as percentage of vehicle) was 65±10.2% (P<0.05) in fcHS-fed rats and 59±8.5% (P<0.01) 
in fcHFHS-fed rats (Fig. 2D), and was not significantly different between diet groups 
(P=0.68). One day after MTII administration, all groups significantly lost body weight. The 
body weight loss was not significantly different between diet groups (data not shown).

DISCuSSIoN

Although MTII inhibited all diet components, and thus total caloric intake, in all diet 
groups, MTII inhibited caloric intake to a larger extent in rats on the fcHF diet compared 
to rats on the CHOW, fcHFHS or fcHS diet. As rats on the fcHF diet consumed more 
calories from fat compared to rats on the fcHFHS diet, and fat intake was the most 
inhibited after MTII administration, these data point towards an important role for the 
fat content in the diet in sensitivity to melanocortins. As fcHF-fed rats had similar caloric 
intake, body weight, adiposity and plasma leptin concentrations as rats on the fcHS diet 
(12,158), the stronger feeding suppression in response to MTII in rats on the fcHF diet 
does not depend on the developed obesity or changes in leptin, but further supports the 
hypothesis that caloric intake inhibition by melanocortins depends on diet composition. 

  

Figure 1. Feeding response to MTII in rats on the CHOW, fcHS, fcHF or fcHFHS diet. Absolute caloric 

intake (A) and as percentage of vehicle (B) 15h after MTII ICV (0.3nmol) upon 4 weeks diet exposure. 

Food intake was significantly inhibited in all diet groups. The extent of inhibition was significantly 

greater in in fcHF rats. *Significantly different from vehicle injection in the same diet (P < 0.05). $ 

Significantly different from other diet groups (P<0.05). 

 

 

 

 

Figure 1. Feeding response to MTII in rats on the CHOW, fcHS, fcHF or fcHFHS diet. Absolute 
caloric intake (A) and as percentage of vehicle (B) 15h after MTII ICV (0.3nmol) upon 4 weeks diet 
exposure. Food intake was significantly inhibited in all diet groups. The extent of inhibition was 
significantly greater in in fcHF rats. *Significantly different from vehicle injection in the same diet 
(P < 0.05). $ Significantly different from other diet groups (P<0.05).
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MTII inhibited all components in rats on the CHOW, fcHS, fcHF and fcHFHS diet, 
although sugar intake was less inhibited compared to chow and saturated fat. This 
difference in inhibition by MTII of the three different components could also underlie 
the finding that total caloric intake was most reduced by MTII in rats on the fcHF diet, as 
they did not consume sugar. As the melanocortin system has been linked to preference 
for fat intake (87,88), the enhanced feeding inhibition to MTII in fcHF-fed rats may be 
due to the increased fat content of the fcHF diet compared to the fcHFHS diet. Both the 
average percentual (49.6% fcHF vs 26.7% fcHFHS) and the absolute (49.1 kcal/day fcHF 

Figure 2. Effect of MTII on diet components chow (A,B), fat (C,D) and sugar (E,F) 15h after MTII ICV 
(0.3nmol) upon 4 week diet exposure depicted as absolute intake (kcal) (A,C,E) and as % of vehicle 
intake (B,D,F). *Significantly different from vehicle injection in the same diet (P < 0.05).
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vs 29.7 kcal/day fcHFHS) basal intake of fat in rats on the fcHF diet was twice as high as 
the average in rats on fcHFHS diet. This suggests that the response of the melanocortin 
system depends on diet composition and particularly on the basal fat intake, which is 
supported by other studies showing that the response of the melanocortin system is 
different according to dietary fat and carbohydrate content (77,157).

Although we showed that after administration of MTII, total caloric intake was 
most reduced in rats on the fcHF diet, the reduction of chow intake and of sugar 
intake in rats on the fcHF diet after MTII administration was similar as in rats on the 
CHOW, fcHS and on fcHFHS diet. The reduction of fat intake, however, after MTII 
administration in fcHF-fed rats was double that of the inhibition of fat intake in fcHFHS-
fed rats. Interestingly, the fat intake upon vehicle administration was two times higher 
in fcHF-fed rats than in fcHFHS-fed rats, whereas MTII reduced fat intake to nearly 
zero in both groups. Given the preferential effects of MTII on fat intake as opposed to 
carbohydrate and protein, the increased fat intake suppression in fcHF-fed rats may 
therefore also be due to the higher fat intake under vehicle administration in fcHF rats. 

The enhanced response in rats on the fcHF diet might be due to alterations in 
melanocortin signaling as a result of diet exposure. As there were no differences in 
hypothalamic POMC and AgRP mRNA levels, differences in melanocortin receptors 
could underlie this difference (152,156). Although we have not measured melanocortin 
receptor availability at 4 weeks diet, we previously showed that melanocortin binding 
in rats exposed to the fcHFHS diet for 1 week was decreased in hypothalamic regions 
compared to that in rats on the fcHF diet. It could thus well be that changes in receptor 
density underlie the differences between inhibition of fat in rats on the fcHF or on the 
fcHFHS diet. Another possibility is that neuropeptides downstream of the receptor are 
altered due to diet exposure and thus mediate fat intake differentially. For example, 
both galanin (159,160) and opioids (87) have been proposed to be involved in the 
melanocortin-induced changes in fat intake.

We here administered MTII in the lateral ventricle, which would reach all areas of the 
brain including those involved in reward (88). These specific effects of melanocortins 
on fat intake have also been observed after third ventricle and peripheral melanocortin 
administration as well as after local administration in several brain regions, including 
PVN and amygdala (161), pointing towards a role of multiple brain areas in the effects 
of MTII on fat feeding. In the current experiments, responses to MTII were measured 
with food components according to their prior diet. In future experiments, rats need to 
receive only one food component (preferably only chow or fat) when investigating the 
response of the melanocortin system in the different diet groups, in order to exclude 
potential differences in the preference for certain food components.

We previously showed that rats on the fcHFHS diet, but not on the fcHS or the 
fcHF diet, are resistant to peripheral leptin (158). Despite this leptin resistance in rats 
on the fcHFHS diet, we show that the feeding response in rats on the fcHFHS diet 
to MTII was as strong as the response in rats on the CHOW control diet, suggesting 
that the downstream targets are still active. This is in correspondence with other DIO 
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models (162) and models of leptin resistance such as aging related and leptin-induced 
leptin resistance that also show normal functioning of the melanocortin pathway upon 
MTII treatment, despite the existence of leptin resistance (163,164). By inference, 
melanocortin activation in areas involved in feeding behavior might therefore still 
be an important way to help obese individuals with a preference for fat to control 
their food intake to fight obesity, but no observations in humans are available on this 
particular point.

In conclusion, the composition of the diet, and particularly the fat content, is 
important in the feeding responses of the melanocortin system. The increased response 
in rat on the fcHF diet may act as a compensatory response to the initial increased 
caloric load as shown previously (11) and may prevent further obesity development. 
The persistent hyperphagia observed in rats on the fcHFHS diet is not explained by 
decreased melanocortin sensitivity.
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ABSTRACT 

Rats on different free-choice (fc) diets for 1 week of either chow, saturated fat and 
liquid sugar (fcHFHS), chow and saturated fat (fcHF), or chow and liquid sugar (fcHS) 
have differential levels of neuropeptide Y (NPY) mRNA in the arcuate nucleus (ARC). 
Because these differences were not explained by plasma leptin levels, but did predict 
subsequent feeding behavior, in the present study we first examined whether leptin 
sensitivity could explain these differences. Second, we focused on the role of NPY on 
feeding behavior, and measured NPY mRNA levels and sensitivity to NPY after 4 weeks 
on the different choice diets. To determine leptin sensitivity, we measured food intake 
following intraperitoneal leptin or vehicle injections in male Wistar rats subjected to 
the fcHFHS, fcHS, fcHF, or CHOW diets for 7 days. Next, we measured levels of ARC 
NPY mRNA with in situ hybridization in rats subjected to the choice diets for 4 weeks. 
Finally, we studied NPY sensitivity in rats subjected to the fcHFHS, fcHS, fcHF, or CHOW 
diet for 4 weeks by measuring food intake following administration of NPY or vehicle in 
the lateral ventricle. Leptin decreased caloric intake in rats on CHOW, fcHS, and fcHF, 
but not in rats on the fcHFHS diet. After 4 weeks, rats on the fcHFHS diet remained 
hyperphagic, whereas fcHS and fcHF rats decreased caloric intake to levels similar to 
rats on CHOW. In contrast to 1 week, after 4 weeks, levels of NPY mRNA were not 
different between the diet groups. Lateral ventricle administration of NPY resulted in 
higher caloric intake in fcHFHS rats compared with rats on the other choice diets or 
rats on CHOW. Our data show that consuming the combination of saturated fat and 
liquid sugar results in leptin resistance and increased NPY sensitivity associated with 
persistent hyperphagia.
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Sensitivity alterations in obesity

INTRoDuCTIoN

The dramatically increased prevalence of obesity in the last few decades is not only 
linked to reduced energy expenditure, but also to the (over)consumption of saturated 
fat and (liquid) sugars. Strikingly, the consumption of soft drinks has increased sharply 
over the last few decades (4), and children and adolescents (as well as adults) have 
been shown to exceed the recommended daily levels of fat and sugar-sweetened 
beverages (5,6). The impact of overconsumption of individual dietary components such 
as saturated fat and liquid sugar on the molecular determinants of eating behavior 
remain largely unclear at present. 

The hypothalamus is an important brain area for feeding regulation and there is 
substantial evidence to indicate that NPY plays a central role in hypothalamic mechanisms 
that increase food intake (165). NPY is a 36 amino acid peptide, predominantly 
synthesized in neurons whose cell bodies lie in the arcuate nucleus (ARC). NPY regulates 
food intake by acting mainly through the Y1 and Y5 receptors (166). Hypothalamic NPY-
containing neurons express leptin receptors and leptin strongly decreases ARC NPY 
mRNA expression (167). The importance of leptin in the regulation of NPY is further 
supported by the finding that genetic deletion of NPY reduces the obese phenotype 
of the leptin-deficient ob/ob mouse (168).

Under conditions of negative energy balance, when energy input is reduced or energy 
demand is increased, expression of NPY mRNA and NPY peptide are increased. This 
suggests that the NPY signaling is strongly influenced by nutritional status (169). The 
effect of obesity on NPY signaling is more ambiguous. The leptin resistant obese fa/
fa Zucker rat and the leptin deficient ob/ob mouse have elevated NPY concentrations 
in the ARC consistent with their hyperphagia (165). In rodents rendered obese through 
dietary intervention, selective up- (78,170) and down-regulation (171) of hypothalamic NPY 
mRNA levels have been reported, yet the exact nature of these changes remains unclear.

To add to these ambiguous data on the role of NPY in diet-induced obesity, we 
recently found differential responses in NPY mRNA expression in the ARC in rats on 
3 different free-choice diets with either added saturated fat and/or liquid sugar to a 
complete chow diet (12). We showed that at 1 week, rats on a free-choice (fc) diet of 
either chow, saturated fat and liquid sugar (fcHFHS) or chow and saturated fat (fcHF) 
both increased food intake and increased plasma leptin concentrations; however, only 
rats on the fcHF diet decreased NPY mRNA expression in the ARC. Surprisingly, rats 
on the fcHFHS diet showed increased NPY mRNA expression compared to CHOW 
controls. In addition, a free-choice high-sugar (fcHS) diet did not alter food intake, 
plasma leptin concentrations, or NPY mRNA expression levels. Interestingly, the NPY 
mRNA expression levels predicted food intake after the first week, because at 4 weeks, 
rats on the fcHF diet have reduced their caloric intake levels to the level of rats on the 
CHOW diet, caloric intake levels of fcHS rats were unchanged and rats on the fcHFHS 
diet remained hyperphagic (12). 

In the present study, we addressed two questions related to these earlier findings. 
As, at 1 week, rats on the fcHF and fcHFHS show equally increased plasma leptin levels, 
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but opposite arcuate NPY mRNA expression responses, we first examined whether 
leptin sensitivity at 1 week could explain these different arcuate NPY mRNA responses 
in fcHF and fcHFHS diets. Next, we focused on the role of NPY in the feeding behavior 
at 4 weeks diet, because at 4 weeks, rats on the fcHFHS diet remained hyperphagic 
whereas rats on the fcHF or fcHS diet have caloric intake levels similar to rats on 
CHOW diet. We first found that, in contrast to what we showed for 1 week, after 
4 weeks, NPY mRNA expression was similar in fcHFHS, fcHF, fcHS, and CHOW animals. 
Because NPY mRNA levels were not different between groups at 4 weeks diet, and rats 
fed the fcHFHS diet remained hyperphagic, we hypothesized that sensitivity to NPY 
might have increased and mediate the hyperphagia shown in rats on the fcHFHS diet 
(131). Therefore, we finally examined sensitivity to centrally-applied NPY and measured 
whether feeding responses were different between the diet groups.

MaTERIal aNd METhOdS

Animals and dietary intervention

A total of 89 (25 for exp 1; 28 for exp 2, 36 for exp 3) male Wistar rats (250-280g, 
10-12 weeks) (Harlan, Horst, the Netherlands) were individually housed in a temperature 
(21-23ºC) and light-controlled room (lights on: 0700-1900). The diets used in this study 
comprised 3 free-choice diets in which rats could unrestrictedly eat any of the diet 
components: 1) Free-choice high-fat high-sugar diet (fcHFHS): a dish of saturated fat 
(Beef tallow (Ossewit/Blanc de Boeuf), Vandemoortele, Belgium), a bottle of 30% sugar 
water (mixed from commercial grade sugar and tap water), normal standard chow 
(special diet service (SDS), England) and normal tap water. 2) Free-choice high-fat 
diet (fcHF): a dish of saturated fat in addition to normal standard chow and tap water. 
3) Free-choice high-sugar diet (fcHS): a bottle of 30% sugar water in addition to normal 
standard chow and tap water. The rats on the control diet remained on normal standard 
chow and tap water (CHOW). Rats were weight matched prior to allocation to the diet 
groups. Body weight and 24-hour caloric intake (kcal) were monitored at least once a 
week, except for experiment 3 in which we had more frequent measures; i.e. 3 times 
a week. Total caloric intake was the sum of each individual food component of which 
the caloric intake was determined as follows: chow: 3.31 kcal/g; fat: 9 kcal/g and sugar 
solution: 1.2 kcal/g. Animal experiments were approved by the Committee for Animal 
Experimentation of the Academic Medical Centre of the University of Amsterdam and 
the University Medical Centre Utrecht, the Netherlands.

Experiment 1: Leptin sensitivity 

5 days after arrival, rats were randomly divided into 4 diet groups: CHOW (n=7), fcHS 
(n=6), fcHF (n=6), or fcHFHS (n=6), and placed on the diets for 4 weeks. Leptin sensitivity 
was tested after 1 week and 4 weeks diet (see Supporting Data for details). Food was 
removed in the morning (0700) and 5 hours later half of the rats in each diet group 
received an intraperitoneal (ip) injection of rat leptin (National hormone and peptide 
program, NIDDK) with a dose of 1 mg/kg (172) while the other half in each diet group 
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received a bolus of saline vehicle as a control. Food intake was measured 2, 5, and 
24 hours later. The experiment was repeated 3 days later according to a crossover design. 

Experiment 2: NPY in situ hybridization 

5 days after arrival, rats were randomly divided into 4 diet groups: CHOW (n=7), fcHS 
(n=7), fcHF (n=7), or fcHFHS (n=7), and placed on the diets for 4 weeks. After 4 weeks, 
rats were killed between 0900 and 1000 hours within 10 seconds after they were 
removed from their home cages. Brains were quickly frozen on dry ice and stored at 
-80°C. Coronal sections of 20 µm were labeled with 33P antisense RNA probes for NPY 
mRNA according to the protocol previously described (49). The films were developed 
and NPY expression levels in ARC and the dorsomedial hypothalamic nucleus were 
quantitatively analyzed using an Epson-Perfection 4990 Photo-flatbed-scanner. All 
images (800 dpi) were analyzed using ImageJ (Rasband, WS, NIH, Bethesda, MD, USA, 
http://rsbweb.nih.gov/ij/, 1997–2005). In each section grey values were determined in 
a boxed area around the ARC or the dorsomedial hypothalamic nucleus, measured 
bilaterally and subtracted from background. The average of the bilateral measurements 
produced a single mean value for each section and the average of 3 sections yields 
the mean density signal per brain structure and animal.

Experiment 3: Surgery and procedure for intracerebroventricular (ICV) 
injections

week after arrival, rats were implanted with a permanent 22-gauge guide cannula 
(Plastics One, Bilaney, Germany) placed into the lateral ventricle (coordinates from 
bregma: AP: +0.8, ML: +/-1.4 mm, DV: -5 mm. Guide cannulae were secured to the 
skull using 3 anchor screws and dental cement, and occluded by a 28-gauge stainless 
steel dummy cannula (Plastics One, Bilaney Consultants GmbH, Düsseldorf, Germany). 
Immediately after surgery, rats received an analgesic subcutaneously (Carprofen, 
0.5mg/100g BW) and were housed individually. After 1 week recovery from surgery, 
rats received a vehicle injection and 2 days later were randomly assigned to 1 of the 
diet groups (CHOW, fcHS, fcHF, or fcHFHS) and were maintained on their respective 
diets throughout the remainder of the experiment. All ICV injections were delivered 
in a volume of 3 µl manually with a Hamilton syringe over 45 sec. 

NPY sensitivity testing

Before rats were subjected to the different diets, a dose-response was performed in which 
the effect of ICV vehicle, 1 µg NPY, and 3 µg NPY on food intake was measured at t=2, 5, 
and 24 hours. Both 1 µg and 3 µg NPY increased chow intake at t=2h, but not at 5 hours 
or 24 hours. Because we were interested in sensitivity changes, the lowest dose (1 µg) 
was chosen for the following experiments and food intake only measured after 2 hours 
upon ICV injection. Rats were then switched to the CHOW (n=9), fcHS (n=7), fcHF (n=8), 
or fcHFHS (n=9) diet for 4 weeks. Three rats were excluded from the experiment due to 
loss of their head stage. After 4 weeks of diet exposure, NPY (1µg, Bachem, Switzerland 
(H6375)) or vehicle (PBS) was administered in randomized order in the beginning of the 
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light phase (between 1000 and 1100), in order to detect any increase in food intake above 
the low basal food intake at this time of the day. Before the start of the experiment, all 
food components (except water) were removed from the cage. Injections were confirmed 
by monitoring movement of fluid in the tubing. After injection was complete, the injector 
was left in place for 1 minute to allow for diffusion. Upon completion of all infusions, food 
was returned to the cages and all individual food components were measured 2 hours 
later and caloric intake (kcal) for each individual food item and total caloric intake was 
calculated. The experiment was repeated 3 days later according to a crossover design. 
Three days later rats were killed between 0900 and 1000 hours by decapitation within 
10 seconds after they were removed from their home cages and trunk blood was collected. 
Individual mesenteric-omental, epididymal, subcutaneous (inguinal), and perirenal white 
adipose tissues were dissected, cleaned, and weighed. Trunk blood was centrifuged and 
plasma was stored at -20°C. Plasma leptin concentrations were determined by RIA (Linco 
Research, Inc., St. Charles, MO). Samples were assayed in duplicate. Amounts of sample, 
standards, label, antibody, and precipitating reagent as described in the procedures of 
the assay were divided by 4. The detection limit was 0.5 ng/ml, and inter- and intraassay 
coefficients were 8% or less. Cannula placement was checked by inspecting post-mortem 
thionin-stained brain sections (35 µm) under a low-power microscope.

Statistical analysis

For differences in caloric intake and body weight gain, repeated measures analysis 
of variance (ANOVA) with multiple groups was performed to determine effects of 
time and of diet (CHOW, fcHS, fcHF, and fcHFHS) and interaction effects (time*diet). 
When significant effects were detected, post hoc analysis was performed to detect 
individual group differences (Tukey). For fat mass, leptin, and gene expression 
levels, analyses of variance were performed for overall effects between groups, and 
if significant, post hoc tests for individual group differences were performed (Tukey). 
Feeding responses to leptin and NPY were assessed using a cross over design. The 
order of injection did not affect the data significantly and thus all data were analyzed 
as 1 group. Next, the feeding responses were analyzed using two-way ANOVA to 
determine effects of drug and diet. When significant, percentage suppression from 
baseline was calculated and data were analyzed by one-way ANOVA when groups 
were compared. If the AVOVA was significant, post hoc analysis was performed to 
detect individual group differences (Tukey). Significance was set at P<0.05.

RESulTS

Energy balance 

Over the first week, rats on fcHS, fcHF, and fcHFHS diets showed increased caloric intake 
compared with rats on the CHOW diet (experiment 3; Fig. 1). Rats on the fcHFHS diet 
maintained this high caloric intake for the remainder of the study, whereas rats on fcHS 
and fcHF diets decreased caloric intake to CHOW levels (Fig. 1A). Figs 1B–D show the 
intake of the different food components that were presented to the rats. The chow intake 
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 Fig. 1. Average daily total caloric intake (A) and intake of the food components chow (B), fat 

(C) and sugar (D) in rats on the CHOW diet, free-choice high-sugar (fcHS), free-choice high-fat (fcHF) 

or free-choice high-fat high-sugar (fcHFHS) diet for 4 weeks (data from experiment 3). Data are 

mean ± SEM of 7 to 9 rats per group. Different letters represent significant differences between bars 

(P<0.05) as indicated by repeated measures analysis of variance (ANOVA). Details on statistics are 

given in Supporting Data S1. 

Figure 1. Average daily total caloric intake (A) and intake of the food components chow (B), fat 
(C) and sugar (D) in rats on the CHOW diet, free-choice high-sugar (fcHS), free-choice high-fat 
(fcHF) or free-choice high-fat high-sugar (fcHFHS) diet for 4 weeks (data from experiment 3). 
Data are mean ± SEM of 7 to 9 rats per group. Different letters represent significant differences 
between bars (P<0.05) as indicated by repeated measures analysis of variance (ANOVA). Details 
on statistics are given in Supporting Data S1.
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for rats on the CHOW, fcHF, and fcHFHS diets did not significantly change over time, yet 
rats on the fcHS diet decreased their CHOW intake from week 2 forward. The overall 
intake of saturated fat was not significantly different between rats on fcHF and fcHFHS 
diets. There was, however, a small but significant decrease over time for saturated fat 
intake in rats on fcHF and fcHFHS diets. The intake of the sugar solution in rats on fcHFHS 
was significantly less (consuming ~35 kcal/day) compared with rats on the fcHS diet 
(~45 kcal/day), yet the intake of sugar of both diets did not change over time (Fig. 1D).

Body weight at 4 weeks was increased in rats on the fcHFHS diet compared with 
rats on the CHOW, fcHS, and fcHF diets (Fig. 2). Fat mass accumulation and plasma 
concentrations of leptin were increased significantly in rats on the fcHS, fcHF, and 
fcHFHS diets compared with rats on the CHOW diet (Fig. 3). Moreover, fat mass in 
rats on fcHFHS diet was significantly higher compared to rats on the fcHS and fcHF 
diet (Fig. 3). Details on statistics for data presented in Figs 1, 2 and 3 are provided in 
Supporting Data S1, S2 and S3.

Experiment 1: Feeding response to peripheral leptin

Caloric intake and body weight data over the first week before leptin exposure were 
consistent with data from rats from experiment 3 and earlier findings (11). After 1 week 
of diet exposure, leptin sensitivity was tested by measuring caloric intake 2 hours after 
ip injection of leptin or vehicle. Two-way ANOVA on the raw data of leptin and vehicle 
injections revealed an effect of Diet (F(3,42)=24,25; P<0.01), effect of Leptin (F(1,42)=4.70; 
P=0.036), and no interaction (F(3,42)=0.51; P=0.68). The percentage suppression from 
baseline vehicle was calculated and demonstrated that leptin significantly inhibited 
2 hours food intake in rats on CHOW, fcHS, and fcHF diets, but not in rats on the 

 

Fig. 2. Body weight gain over 4 weeks in rats on CHOW, free-choice high-sugar (fcHS), free-choice 

high-fat (fcHF), or free-choice high-fat high-sugar (fcHFHS) diets. Rats on the fcHFHS diet gained 

more weight compared with rats on CHOW, fcHS, or fcHF diets (data from experiment 3). Open 

circles: CHOW diet; light grey circles: fcHS diet; dark grey circles: fcHF diet; black circles: fcHFHS diet. 

Data are mean ± SEM of 7 to 9 rats per group. Repeated measures analysis of variance (ANOVA) 

revealed significant effects of Time and Time x Diet. *Significantly different from CHOW diet 

(P<0.05). Details on statistics are given in Supporting Data S2. Absolute body weight at the beginning 

of diet switch was: CHOW: 332±11 g, fcHS: 335±6 g, fcHF: 342±9 g and fcHFHS: 339±8 g, and at the 

end was: CHOW: 387±14 g, fcHS 395±8, fcHF: 401±13 g, and fcHFHS: 423±11g 

Figure 2. Body weight gain over 4 weeks in rats on CHOW, free-choice high-sugar (fcHS), free-
choice high-fat (fcHF), or free-choice high-fat high-sugar (fcHFHS) diets. Rats on the fcHFHS diet 
gained more weight compared with rats on CHOW, fcHS, or fcHF diets (data from experiment 3). 
Open circles: CHOW diet; light grey circles: fcHS diet; dark grey circles: fcHF diet; black circles: 
fcHFHS diet. Data are mean ± SEM of 7 to 9 rats per group. Repeated measures analysis of variance 
(ANOVA) revealed significant effects of Time and Time x Diet. *Significantly different from CHOW 
diet (P<0.05). Details on statistics are given in Supporting Data S2. Absolute body weight at the 
beginning of diet switch was: CHOW: 332±11 g, fcHS: 335±6 g, fcHF: 342±9 g and fcHFHS: 339±8 
g, and at the end was: CHOW: 387±14 g, fcHS 395±8, fcHF: 401±13 g, and fcHFHS: 423±11g
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Fig. 3. Plasma leptin concentrations (A), abdominal fat stores (B) and abdominal fat stores corrected 

for body weight (C) in rats on the CHOW, fcHS, fcHF, or fcHFHS diet for 4 weeks (data from 

experiment 3). Data are mean ± SEM. White bars: CHOW; light grey bars: fcHS diet; dark grey bars: 

fcHF diet; black bars: fcHFHS diet. Different letters represent significant differences between bars 

(P<0.05) after ANOVA indicated a significant group effect (P<0.05). Details on statistics are given in 

Supporting Data S3. 

Figure 3. Plasma leptin concentrations (A), abdominal fat stores (B) and abdominal fat stores 
corrected for body weight (C) in rats on the CHOW, fcHS, fcHF, or fcHFHS diet for 4 weeks (data 
from experiment 3). Data are mean ± SEM. White bars: CHOW; light grey bars: fcHS diet; dark 
grey bars: fcHF diet; black bars: fcHFHS diet. Different letters represent significant differences 
between bars (P<0.05) after ANOVA indicated a significant group effect (P<0.05). Details on 
statistics are given in Supporting Data S3.

fcHFHS diet (Fig. 4). Additionally, significant differences in leptin sensitivity between 
the groups were observed (F(3,24)=6.37; P=0.003) and sensitivity in the fcHFHS group 
was significantly different from the other diet groups (Fig. 4A; details on statistics are 
provided in Supporting Data S3). Although leptin did inhibit total caloric intake in rats on 
the fcHS and fcHF diets, this was not due to the inhibition of any single food component 
(Table 1). Comparable to 1 week, after 4 weeks diet, leptin significantly inhibited 2 hours 
food intake in rats on CHOW, fcHS, and fcHF diets, but not in rats on the fcHFHS diet 
(F(3,21)=3.30; P=0.044) (Fig. 4B; details on statistics are provided in Supporting Data S3). 4
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Figure 4. Leptin sensitivity in rats on the CHOW, fcHS, fcHF, or fcHFHS diet. Caloric intake as a 
% of vehicle intake 2 hours after leptin (1 mg/kg) injection ip upon 1 week (A) and 4 weeks (B) 
of diet exposure. Food intake was inhibited by leptin in rats on the CHOW, fcHS, or fcHF diet, 
but not in rats on the fcHFHS diet (data from experiment 1). Data are mean ± SEM of 5 to 7 rats 
per group. *Significantly different from vehicle injection in the same diet (P < 0.05). Different 
letters represent significant differences between groups (P<0.05). Details on statistics are given 
in Supporting Data S3.

Figure 5. NPY mRNA levels in the arcuate nucleus in rats on the CHOW, fcHS, fcHF, or fcHFHS 
diet for 4 weeks. NPY mRNA levels are not different between the diet groups after 4 weeks (data 
from experiment 2). Data are expressed as percentage of CHOW and depicted as mean ± SEM 
of 7 rats per group. AU = arbitrary units

 

Fig. 5: NPY mRNA levels in the arcuate nucleus in rats on the CHOW, fcHS, fcHF, or fcHFHS diet for 4 

weeks. NPY mRNA levels are not different between the diet groups after 4 weeks (data from 

experiment 2). Data are expressed as percentage of CHOW and depicted as mean ± SEM of 7 rats per 

group. AU = arbitrary units 
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Experiment 2: NPY expression levels

After 4 weeks of diet manipulation, NPY mRNA levels in the ARC of the hypothalamus 
were determined in rats on CHOW, fcHS, fcHF, and fcHFHS diets. No significant 
differences were found between the diet groups in the ARC (ANOVA: F(3,27)=0.87; 
p=0.47) (Fig. 5) and dorsomedial hypothalamic nucleus (ANOVA: F(3,27)=0.35; p=0.79) 
(data not shown).

Experiment 3: Feeding response to central NPY

After 4 weeks of diet exposure, NPY sensitivity was tested by measuring caloric intake 
2 hours after a subphysiological dose of 1µg NPY. Two-way ANOVA on the raw data 
of NPY and vehicle revealed an effect of Diet (F(3,58)=15.22; P<0.01), effect of NPY 
(F(1,58)=11.88; P=0.001), and an interaction (F(3,58)=3.37; P=0.025). The percentage 
increase from baseline vehicle was calculated and NPY was shown to significantly 
increase 2-hour food intake in rats on the fcHFHS diet, but not in rats on CHOW, fcHS 
or fcHF diets (Fig. 6). Additionally, significant differences in NPY sensitivity between 
the groups were observed (F(3,30)=3.1; P=0.041) and sensitivity in the fcHFHS group 
was shown to be significantly different from the other diet groups (Fig. 6). Details on 
statistics are provided in Supporting Data S3. The increased total caloric intake in rats 
on the HFHS diet was mediated by increased intake of chow and fat (P < 0.05 and 
P < 0.01, respectively), but not sugar intake (Table 2).

Table 1. Total caloric intake and intake of the individual food components 2 hours after ip leptin 
injection in rats on the CHOW, free-choice high-sugar (fcHS), free-choice high-fat (fcHF), or free-choice 
high-fat high-sugar (fcHFHS) diet for 1 week (experiment 1).

VEH Leptin

CHOW   n 7 7

           Total CI 14.4 ± 0.7 11.8 ± 0.7*

fcHS n 6 6

           Total CI 24.8 ± 2.3 20.3 ± 1.1*

                  chow 14.8 ± 1.7 10.5 ± 1.8 (*)

                  sugar 9.9 ± 1.2 9.4 ± 1.0

fcHF   n 6 6

           Total CI 26.2 ± 2.5 20.4 ± 2.4*

                  chow 11.7 ± 1.5 9.6 ± 1.3 (*)

                  fat 14.5 ± 2.6 10.8 ± 2.1*

fcHFHS   n 6 6

           Total CI 31.6 ± 5.4 32.6 ± 3.7

                  chow 11.1 ± 1.8 11.3 ± 2.2

                  fat 13.3 ± 2.9 13.6 ± 1.8

                  sugar 7.3 ± 1.9 7.7 ± 1.8

Values are mean ± SEM. * P < 0.05 compared to vehicle group. (*) indicates a trend towards significant (P<0.1)
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Fig. 6: NPY sensitivity in rats on the CHOW, fcHS, fcHF, or fcHFHS diet. Caloric intake as a % of vehicle 

intake 2 hours after NPY ICV (1 µg) upon 4 weeks of diet exposure. NPY significantly increased food 

intake in rats on the fcHFHS diet, but not in rats on the CHOW, fcHS, or fcHF diet (data from 

experiment 3). Data are mean ± SEM of 7 to 9 rats per group. *Significantly different from vehicle 

injection in the same diet (P < 0.05). Different letters represent significant differences between 

groups (P<0.05). Details on statistics are given in Supporting Data S3. 

 

 

 

 

 

 

 

 

 

Figure 6. NPY sensitivity in rats on the CHOW, fcHS, fcHF, or fcHFHS diet. Caloric intake as a % 
of vehicle intake 2 hours after NPY ICV (1 µg) upon 4 weeks of diet exposure. NPY significantly 
increased food intake in rats on the fcHFHS diet, but not in rats on the CHOW, fcHS, or fcHF diet 
(data from experiment 3). Data are mean ± SEM of 7 to 9 rats per group. *Significantly different 
from vehicle injection in the same diet (P < 0.05). Different letters represent significant differences 
between groups (P<0.05). Details on statistics are given in Supporting Data S3.

Table 2. Total caloric intake and intake of the individual food components 2 hours after NPY ICV 
injection in rats on the CHOW, free-choice high-sugar (fcHS), free-choice high-fat (fcHF), or free-choice 
high-fat high-sugar (fcHFHS) diet for 4 weeks (experiment 3).

VEH NPY

CHOW   n 9 9

           Total CI 4.6 ± 0.9 5.9 ± 0.8

fcHS   n 7 7

           Total CI 7.7 ± 0.9 9.5 ± 1.3

                  chow 3.58 ± 0.72 4.40 ± 1.63

                  sugar 4.18 ± 0.98 5.08 ± 1.86

fcHF   n 8 8

           Total CI 5.8 ± 1.3 8.0 ± 1.4

                  chow 2.7 ± 0.6 3.7 ± 1.0

                  fat 3.1 ± 0.9 4.0 ± 1.0

fcHFHS   n 9 9

           Total CI 8.8 ± 1.3 16.7 ± 1.7*

                  chow 3.0 ± 0.8 5.8 ± 0.8*

                  fat 2.4 ± 0.8 4.9 ± 1.1*

                  sugar 3.8 ± 1.7 5.4 ± 1.0 (*)

Values are mean ± SEM. * P < 0.05 compared to vehicle group. (*) indicates a trend towards significant (P<0.1)
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DISCuSSIoN

Previously, we showed that rats on the fcHF or fcHFHS diet for 1 week had differential 
arcuate NPY mRNA expression responses compared with rats on CHOW or the fcHS diets. 
Rats on the fcHF diet showed decreased NPY mRNA levels and adjusted food intake, 
whereas rats on the fcHFHS diet showed increased NPY mRNA levels and remained 
hyperphagic (12). These opposite NPY mRNA expression levels were not explained by 
plasma leptin levels or adiposity. This raised the question of whether changes in leptin 
sensitivity could explain these different NPY expression responses to the free-choice 
diets. Indeed, a peripheral leptin challenge revealed that leptin decreased food intake 
significantly when rats were on the CHOW, fcHF, or fcHS diets, whereas rats did not 
respond to peripherally administered leptin when on the fcHFHS diet. Thus, the leptin 
system is still active and functional in rats on the CHOW, fcHS, and fcHF diets, but 
impaired in rats on the fcHFHS diet after 1 week. Because we demonstrated that the 
leptin sensitivity patterns at 1 week could be replicated at 4 weeks, and rats on fcHFHS 
remained hyperphagic whereas rats on fcHF adapted food intake (which follows their 
1 week NPY mRNA levels), we tested whether the NPY mRNA levels at 4 weeks still 
showed a similar pattern compared to 1 week on the diet. Despite sustained leptin 
resistance and hyperphagia in rats on fcHFHS, we did not detect differences in NPY 
mRNA levels between the diet groups after 4 weeks diet. We therefore hypothesized 
that mechanisms downstream of NPY are altered in rats on the fcHFHS diet to maintain 
the persistent hyperphagia. Indeed, food intake after an ICV injection of NPY was similar 
in rats on the fcHF and fcHS diets, compared with rats on the CHOW diet, whereas rats 
on the fcHFHS diet showed an increased feeding response to NPY, which further points 
to a dysregulation of the NPY system in this group of animals.

Short-term effects of diet

As hypothesized, differences in leptin sensitivity did (in part) explain the differential 
response in NPY mRNA levels when rats were exposed to either the fcHFHS or fcHF diets. 
Rats on fcHFHS did not respond to the peripheral leptin injections, whereas animals of all 
other diet groups did. These data confirm the results described by Apolzan and Harris, 
who also found leptin resistance in rats on the fcHFHS diet (123). In contrast, Apolzan 
and Harris also demonstrated leptin resistance in animals on the fcHS diet, whereas we 
show that animals on the fcHS diet are still responsive to leptin, even at the 4-week time 
point. The main difference between their study and ours is that our animals on the fcHS 
diet do not overeat persistently, increase weight gain, or develop hyperlipidemia (11). 
Although it is clear that leptin resistance explains the fact that rats on the fcHFHS diet 
did not adjust feeding behavior after the first week, it only partly explains the response 
shown for NPY mRNA. If leptin is responsible for the downregulation of NPY mRNA, 
leptin resistance would predict no change in NPY mRNA, thus, an additional factor 
must be involved in the upregulation of NPY mRNA after 1 week on the fcHFHS diet. 
Given the increasing evidence that obesity is also associated with inflammation in the 
hypothalamus, one of these additional factors might involve inflammation, which could 
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act in concert with leptin resistance to increase NPY mRNA expression. Thaler et al, for 
example, showed that TNF-alpha is upregulated after a few days on an obesogenic diet 
(173), and it has been shown that TNF-alpha can upregulate NPY mRNA in enteric cells 
(174); whether this is also true for cells in the hypothalamus remains to be investigated.

Long-term effects of diet
Leptin effects on NPY mRNA 

Although leptin levels and sensitivity explained the decrease in NPY mRNA in rats on the 
fcHF diet after 1 week, after 4 weeks diet, however, NPY mRNA levels were no longer 
reduced. Furthermore, after 4 weeks, NPY mRNA levels were not different in rats on 
either the fcHFHS or fcHS diets, compared with rats on the CHOW diet, despite increased 
basal levels of leptin and differences in leptin sensitivity. Thus, it seems that when rats 
demonstrate stable feeding behavior, which is true for all diet groups after the first week 
on the diet, basal NPY mRNA levels return to levels observed in rats on the CHOW diet and 
are not related to leptin status anymore. The combination of high leptin levels with normal 
NPY mRNA levels is in line with findings in several other studies (69,147). For example, 
Ziotopoulou et al. measured NPY mRNA levels at 4 different time points after high-fat 
diet exposure and showed only a down regulation after 2 days and normal NPY mRNA 
levels thereafter (64). It could thus be that after feeding has reached a new set point, and 
leptin levels have reached a stable (high) level, NPY mRNA levels are normalized. It is to 
be expected that when leptin is provided acutely above a certain threshold, levels of NPY 
will decrease in leptin-sensitive rats (such as rats on the fcHF diet) whereas in rats on the 
fcHFHS diet, which are leptin resistant, NPY mRNA levels will not change. 

NPY sensitivity

It was surprising to find normalized NPY mRNA expression levels in rats on the fcHFHS 
diet after 4 weeks on the diet, because they were still hyperphagic, obese, and leptin 
resistant. However, we also found that, despite the relatively lower NPY mRNA level, 
rats on the fcHFHS diet are more sensitive to NPY injections and demonstrate greater 
feeding responses, which is consistent with other studies (131,175). Moreover, this could 
point towards an up-regulation of hypothalamic NPY receptors, which is supported by 
the finding in rats fed a high calorie diet (176), or obesity-prone Osborne-Mendel rats (79) 
or rats hyperphagic due to colchicine injections in the VMN (177). Although it has been 
postulated that increased NPY receptor expression could be due to hyperleptinemia (178), 
we were unable to relate changes in NPY or NPY sensitivity to leptin levels as both rats on 
the fcHF and on the fcHFHS diet are hyperleptinemic, whereas only rats on the fcHFHS diet 
are more sensitive to NPY (and also leptin resistant). Further study is needed to determine 
the extent of the correlation between (resistance to) leptin and NPY receptor levels.

It was surprising to find that, with the dose of NPY used, rats on CHOW, fcHF or fcHS 
diets did not respond with an increase in feeding behavior (Fig. 5). However, we chose a 
very low dose of NPY to prevent a possible ceiling effect in the sensitivity changes. Our 
dose of 1 µg (0.23 nmol) is even lower than the dose used in a previous study (0.5 nmol) 
that also demonstrated hyper-sensitivity to NPY (131). A higher dose of NPY can also reveal 
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differences in sensitivity, yet this may be dependent on length of diet exposure (131,151). 
Most studies showing effects of 1 µg NPY on food intake involved administration of NPY 
directly into hypothalamic nuclei (179-181) or the third ventricle (182,183). The majority of 
studies involving administration of NPY into the lateral ventricle use a (much) higher dose 
than 1 µg (180,181,184). Here, we show that a dose of 1 µg is high enough to differentiate 
feeding responses between rats on the CHOW, fcHS, fcHF, and fcHFHS diets.

NPY and food components

We observed that NPY specifically increased the intake of chow and fat, whereas it 
did not affect sugar intake. In contrast, the majority of studies associate NPY with 
carbohydrate intake (56,57,181), although an increase in fat consumption has also been 
reported (58,59). Interestingly, Zucker rats, which have an increased NPY-ergic tone, 
also show a preference for fat intake (60). 

This discrepancy between our study and the existing literature could be related to 
the fact that NPY is often administered in the third ventricle (or directly into nuclei), 
targeting hypothalamic areas. Therefore, we hypothesize that the effect of NPY on 
chow intake may be mediated by hypothalamic nuclei. The effect of NPY on fat intake, 
however, may be mediated by brain regions involved in palatable feeding and fat 
intake in particular, such as in the striatum (40), which has also been shown to express a 
significant number of NPY receptors (51). Therefore, future experiments will be directed 
at identifying the sites where NPY exerts its effects on fat and chow intake.

Although the 30% sugar solution in our fcHFHS diet contains only carbohydrates, 
the lack of effect of NPY on the sugar solution intake in our free-choice model is 
consistent with another study that found preferential increase intake of chow in a choice 
test with access to a 10% sugar solution and rat chow (61).

CoNCLuSIoN

In conclusion, consistent with an adaptive and counter-regulatory mechanism to the 
increased caloric intake and obesity, rats on the fcHF or fcHS diet for 1 week downregulate 
NPY signaling, increase plasma leptin levels and retain leptin sensitivity, and after 4 weeks 
on the diets, their NPY-induced feeding response is similar to that of CHOW-fed rats. 
However, in the case of fcHFHS-fed rats; NPY mRNA expression is increased at 1 week 
diet, they develop leptin resistance, and NPY sensitivity is significantly increased after 
4 weeks, indicating a profound disturbance of the whole NPY system. This increased 
NPY-ergic tone in fcHFHS-fed rats likely contributes to the sustained hyperphagia, which 
is consistent with other animals with impaired leptin signaling, such as fa/fa and ob/ob 
models (80,81), wherein hyperphagia is associated with increased NPY signaling. 
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ABSTRACT

Leptin resistance is a common hallmark of obesity. Rats on a free-choice high-fat 
high-sugar (fcHFHS) diet are resistant to peripherally administered leptin. The aim 
of this study was to investigate feeding responses to central leptin as well as the 
associated changes in mRNA levels in hypothalamic and mesolimbic brain areas. Rats 
on a CHOW or fcHFHS diet for 8 days received leptin or vehicle intracerebro(lateral)
ventricularly (ICV) and food intake was measured 5h and 24h later. Four days later, 
rats were sacrificed after ICV leptin or vehicle and mRNA levels were quantified 
for hypothalamic pro-opiomelanocortin (POMC) and neuropeptide Y (NPY) and for 
preproenkephalin (ppENK) in nucleus accumbens (Acb) and tyrosine hydroxylase (TH) 
in ventral tegmental area (VTA). ICV leptin decreased caloric intake both in CHOW 
and fcHFHS-fed rats. In fcHFHS, leptin preferentially decreased chow and fat intake. 
Leptin increased POMC and decreased NPY mRNA in CHOW, but not in fcHFHS rats. 
In CHOW rats, leptin had no effect on ppENK mRNA and decreased TH mRNA. In 
fcHFHS, leptin decreased ppENK mRNA and increased TH mRNA. Despite peripheral 
and arcuate leptin resistance, central leptin suppresses feeding in fcHFHS rats. As the 
VTA and Acb are still responsive to leptin, these brain areas may therefore, at least 
partly, account for the leptin-induced feeding suppression in rats on the fcHFHS diet.
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INTRoDuCTIoN

Since the discovery of leptin in 1994 (136) a wealth of studies has been generated 
on leptin’s role in feeding behavior and metabolism. Leptin is secreted from adipose 
tissue and exerts several metabolic functions in the body, including the regulation of 
satiety via the brain. Although initially considered as a potential anti-obesity drug, the 
development of leptin resistance in obesity has limited this perspective so far. Leptin 
resistance is the process occurring in human obesity and in several models of rodent 
obesity in which synthesis and secretion of leptin are increased, while inhibition of 
feeding or activation of energy expenditure by leptin are decreased (123,185). The 
underlying mechanisms of this resistance have not been completely elucidated yet.

Leptin’s actions in the brain have been best characterized in the arcuate nucleus of the 
hypothalamus (ARC), where leptin suppresses feeding by acting on leptin receptors on 
neuropeptide Y (NPY)/Agouti related protein (AgRP) neurons and pro-opiomelanocortin 
(POMC) neurons. Both NPY and AgRP stimulate feeding, whereas alpha-MSH, which is a 
product of the POMC gene after splicing, suppresses feeding. Leptin exerts its inhibitory 
effects on feeding by changing the excitability of the POMC and NPY/AgRP neurons 
and by increasing and decreasing their expression levels, respectively (17). 

Although the emphasis for leptin’s action concerning its effect on feeding behavior 
has mainly been on the hypothalamus and brainstem (186,187), leptin receptors are 
more widely spread throughout the central nervous system including the hippocampus 
and ventral tegmental area (VTA). Within the VTA, leptin receptors are colocalized with 
tyrosine hydroxylase (TH, a precursor in the synthesis of dopamine) neurons (104-106), 
which project to the nucleus accumbens (Acb) and are important for food motivated 
behavior (107). Leptin modulates dopamine dependent measures of food and drug 
reward (105) and has been shown to affect VTA dopamine content (108), firing rate 
(104) and high fat food preferences (109). Moreover, leptin-induced changes in TH 
levels have been observed, although the exact nature of these changes remains to be 
elucidated, as selective up-regulation (105,110) and downregulation (111) of TH levels 
have been reported.

Previous research showed that rats offered saturated fat and a sugar solution in 
addition to a chow diet (a free-choice high-fat high-sugar (fcHFHS) choice diet) for only 
8 days are peripherally leptin resistant (123). Peripheral leptin resistance is defined as a 
lack of feeding suppression upon peripherally (intraperitoneally) injected leptin (123). 
The first aim of this study was to investigate whether central administered leptin in rats 
on the fcHFHS diet would exert an effect on food intake. Since we did observe food 
intake inhibition after ICV leptin in rats on the fcHFHS diet comparable to that for rats on 
CHOW, we next aimed to determine the response to ICV leptin at the gene level in rats 
on the fcHFHS and CHOW diet, focusing on hypothalamic and mesolimbic brain areas.

As leptin did exert effects when injected centrally but not peripherally ((123) and 
our own unpublished observations), we first focused on leptin’s central effects on ARC 
NPY and POMC expression. As leptin did not affect neuropeptide expression in the 
ARC in rats on the fcHFHS diet but leptin did specifically inhibit chow intake and fat 
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intake, we next focused on the midbrain dopaminergic system as part of the reward 
pathway and determined TH mRNA levels in the VTA. Additionally, as leptin has been 
shown to affect Acb dopamine flux (110), opioid neurons are influenced by dopamine 
and fat intake is linked to Acb opioid regulation (40), we determined ppENK (precursor 
for enkephalin) expression in the Acb as well.

METHoDS AND PRoCEDuRES

Animals and dietary intervention

Male Wistar rats (Harlan, Horst, the Netherlands) weighing 250-280g were individually 
housed in Plexiglas cages in a temperature (21–23 ºC) and light-controlled room (lights 
on 0700–1900). Rats were subjected to either a free-choice high-fat high-sugar diet 
(fcHFHS) diet or a control diet (CHOW), as has previously been described (12). The 
experiments were approved by the Committee for Animal Experimentation of the 
Academic Medical Center of the University of Amsterdam.

Surgery and procedure for intracerebroventricular (ICV) injections

One week after arrival, rats received a cannula aimed at the lateral ventricle. Rats were 
anaesthetized with an intraperitoneal (ip) injection of 80 mg/kg Ketamin (Eurovet Animal 
Health, Bladel, the Netherlands), 8 mg/kg Xylazin (Bayer Health Care, Mijdrecht, the 
Netherlands) and 0.1 mg/kg Atropin (Pharmachemie B.V., Haarlem, the Netherlands), 
and fixed in a stereotaxic frame. A permanent 22-gauge stainless steel guide cannula 
(Plastics One, Bilaney Consultants GmbH, Dusseldorf, Germany) was implanted into the 
right lateral ventricle with coordinates: 0.8 mm posterior from Bregma, 1.4 mm lateral 
from midline and 5 mm below the surface of the brain. The guide cannula was secured 
to the skull using three anchor screws and dental cement. A 28-gauge stainless steel 
dummy cannula, extending 0.5 mm beyond the guide, was used to occlude the guide 
cannula. Immediately after surgery, rats received an analgesic (Carprofen, 0.5mg/100g 
BW) and were housed individually.

Rat leptin was obtained from Dr. Parlow (NIDDK, http://www.humc.edu./hormones) 
and was dissolved in phosphate buffered saline (PBS), which also served as the vehicle 
control solution. All ICV injections were delivered in a volume of 3 µl. The day before 
each ICV injection at 5 PM, all rats were food restricted O/N and received 10 grams 
of chow. The next morning, in the beginning of the light phase (between 10AM and 
11AM), rats received an ICV injection of leptin or vehicle in randomized order. All 
individual food components were measured after 5h and 24h and caloric intake (kcal) 
for each individual food item and total caloric intake calculated. Cannula placement 
was validated by inspection of coronal serial sections subjected to thionin staining. 

Effect of central leptin administration on food intake and gene expression levels 

After performing a dose response with 10µg and 15µg leptin one week after the 
stereotactic operation, rats were randomly divided into two groups (CHOW or 
fcHFHS) and were maintained on their respective diets throughout the remainder of 
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the experiment. After 7 days on the diet, rats were food restricted O/N (as described 
above) and the next morning (on day 8), rats received ICV injection of 15µg leptin 
or vehicle in randomized order and food intake was measured 5h and 24h later. In a 
separate experiment, the effect of leptin on gene expression levels was determined. 
To allow the first leptin dose (of day 8) to completely fade out, we waited three days 
after the first experiment. Subsequently, rats were again food restricted on day 11 
and received ICV leptin or vehicle on day 12. Between ICV and decapitation 2 hours 
later, food was not returned. Decapitation occurred under CO2/O2 and brains were 
quickly removed and frozen on dry ice and used for in situ hybridization. Individual 
mesenteric-omental, epididymal, subcutaneous (inguinal) and perirenal white adipose 
tissues were dissected, cleaned and weighed. Trunk blood was centrifuged and plasma 
was stored at -20 °C. Plasma concentrations of leptin were determined as previously 
described (188).

In situ hybridization

Coronal sections (20 µm) were used for radioactive in situ hybridization and sections 
were obtained according to Paxinos and Watson, 4th edition (1998). Sections were 
defrosted and fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 
10 min, washed in PBS, pretreated with 0.25% acetic anhydride in 0.1 M triethanolamine, 
washed again in PBS and dehydrated in graded ethanol followed by 100% chloroform 
and 100% ethanol. A 33P-labeled RNA probe (33P-UTP, Perkin Elmer) was made using a 
287 bp rat NPY, 350 bp rat POMC, 800 bp rat ppENK or 1200 bp TH cDNA fragment. 
The sections were hybridized overnight at 72 °C with 106 cpm probe in buffer containing 
50% deionized formamide, 2× standard saline citrate (SSC), 10% dextrane sulphate, 
1× Denhardt’s solution, 5 mM EDTA and 10 mM phosphate buffer, after 5 min heating 
at 80 °C. After hybridization, the sections were washed in 5 × SSC (short, 72 °C) and 
0.2 × SSC (2 h, 72 °C) and dehydrated in graded ethanol in 0.3M ammonium acetate. 
Sections were exposed to X-ray film (Kodak Bio-Max MR) for 5 days for POMC and 
4 days for NPY, ppENK and TH. The films were developed and expression levels were 
quantitatively analyzed using an 8800F Canon scanner. All images (600 dpi) were 
analyzed using ImageJ (Rasband, WS, NIH, Bethesda, MD, USA, http://rsbweb.nih.gov/
ij/, 1997–2005). In each section gray values were determined in the region of interest, 
measured bilaterally and subtracted from background, producing a single value for 
each brain area on each section.

Statistical analysis

Data are presented as mean ± standard error of the mean (SEM). The effect of leptin 
on caloric intake was analyzed using a two-way repeated-measures analysis of variance 
(ANOVA) with time (5hour and 24hour) as within-animal variable and diet (fcHFHS-
CHOW) and drug (Leptin-PBS) as between-animal factors. To determine the effects of 
diet and leptin on gene expression analysis, a two-way ANOVA was performed. Data 
were analyzed by one-way ANOVA when single outcome measurements or separate 
time points between the groups were compared. A significant (P<0.05) global effect 
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of the repeated-measurements or one-way ANOVA was followed by post hoc tests for 
individual group differences (Fisher’s protected least significant difference). Significance 
was defined at P<0.05.

RESulTS

Body weight and feeding behavior

Rats on the fcHFHS diet were significantly heavier than rats on the CHOW control 
diet (Table 1, Fig. 1A, P<0.05). Average daily total caloric intake in rats on the fcHFHS 
diet was higher than in rats on the CHOW diet (Table 1, Fig. 1B, P<0.05). There were 
no significant differences in food intake and body weight between day 8 and day 12.

Effect of central leptin on food intake after 8 days fcHFHS or CHoW diet

We here show effects of leptin administered in the lateral ventricle, thus providing leptin 
to all brain areas. We started with testing two leptin doses (10µg and 15µg) and showed 
that a dose of 15µg leptin significantly decreased cumulative chow intake at t=24h (P<0.05)
(Fig. 2). Therefore, in the following experiments the dose of 15µg leptin was used. This 
dose is comparable to studies showing ICV leptin administrations for multiple successive 
days (10µg for four (189) or five (190) successive days) or leptin’s effects on food intake 
when applied in third ventricle (3.5µg (191,192)). As was shown by Smagin et al (193) a five 

Table 1. Effect of free-choice high-fat high-sugar diet (fcHFHS) on body weight and adiposity

CHoW fcHFHS

n 15 18

Body weight (g) 396 ± 12 434 ± 11*

∆ Body weight (g) 53 ± 4.4 68 ± 4.8*

       % chow intake 100 44.2

       % sugar intake 28.6

       % fat intake 27.2

Mesenteric fat (g) 2.68 ± 0.14 4.82 ± 0.36*

Mesenteric fat (% of BW) 0.67 ± 0.03 1.06 ± 0.08*

Perirenal fat (g) 2.43 ± 0.17 4.55 ± 0.31*

Perirenal fat (% of BW) 0.57 ± 0.04 0.94 ± 0.06*

Epididymal fat (g) 2.93 ± 0.10 4.55 ± 0.31*

Epididymal fat (% of BW) 0.79 ± 0.04 1.15 ± 0.08*

Subcutaneous fat (g) 2.64 ± 0.14 4.66 ± 0.45*

Subcutaneous fat (% of BW) 0.64 ± 0.02 0.98 ± 0.12*

Total fat (g) 10.70 ± 0.46 19.18 ± 1.38*

Total fat (% of BW) 2.67 ± 0.13 4.13 ± 0.31*

Leptin, ng/ml 2.48 ± 0.53 6.76 ± 1.55*

Values are mean ± SEM. * P < 0.05 compared to CHOW control group.
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time higher dose as used for third ventricle injection will yield similar effects for lateral 
ventricle injections. Therefore our dose of 15µg is in the same range as previous studies.

After 8 days diet exposure to fcHFHS or CHOW diet, the effect of ICV leptin or vehicle 
on caloric intake after 5h and 24h was determined. A two-way repeated-measures 
ANOVA showed an effect of Time (F(1,25)=470.4; p<0.01, Diet (F(1,25)=75.0; P<0.001, 
and Leptin (F(1,25)=8.3; P=0.008, and an interaction of Diet*Time: (F(1,25)=15.9; 
P=0.001 and Leptin*Time: (F(1,25)=9.1; P=0.006. No interaction was found for the 
effect of Diet*Leptin: (F(1,25)=0.22; P=0.65, or Leptin*Diet*Time: (F(1,25)=0.14; P=0.71. 
Comparisons within single time point groups showed no effect of leptin on 5h food 
intake in CHOW or fcHFHS diet, but leptin did suppress feeding in both CHOW and 
fcHFHS diet after 24h (P<0.05, Fig. 3A). The degree of inhibition was comparable 
between rats on the CHOW and fcHFHS diet (-23.1±8.1% vs -19.7±4.5%, P= 0.68).
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Figure 2. Determination of effective dose of ICV leptin to suppress feeding. A) The dose of 10 µg 
leptin did not elicit food intake suppression at any of the time points measured. B) 15 µg leptin 
significantly suppressed food intake 24 hours after administration. Therefore a dose of 15 µg was 
used in the following experiments. *P < 0.05, vehicle vs. leptin. Data are mean ± SEM.
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Figure 3. Effect of leptin ICV on caloric intake in rats on the CHOW and fcHFHS diet. A) ICV 
leptin suppressed feeding in rats on the CHOW diet and in rats on the fcHFHS diet 24 hours after 
ICV leptin administration. B) In the fcHFHS group leptin suppressed intake of the chow and fat 
component, but not sugar. Data are mean ± SEM; *P < 0.05, leptin vs. vehicle

As leptin reduced total caloric intake, the effects on the individual food components 
were calculated (Fig. 3B). The anorectic response of leptin was mainly due to the 
suppression of fat (P<0.05) and chow intake (P<0.05). Sucrose intake was not 
significantly affected by leptin. Body weight gain was also reduced 24 hours after ICV 
leptin (F(1,25)=4.43; P=0.046 (data not shown).

Effect of leptin on hypothalamic expression levels in fcHFHS vs CHoW diet

In rats on the CHOW diet, leptin significantly decreased NPY mRNA levels in the ARC 
(-29±5.2%; P<0.05). In rats of the fcHFHS diet, leptin did not decrease ARC NPY mRNA 
levels (Fig. 4A). Basal NPY mRNA levels were not different between vehicle injected 
rats on the fcHFHS diet and vehicle injected rats on the CHOW diet. 

Basal POMC mRNA levels were not different between vehicle injected rats on the 
fcHFHS diet and vehicle injected rats on the CHOW diet. Whereas leptin increased 
POMC mRNA levels in rats on the CHOW diet (34±7.8%; P<0.05), leptin did not change 
POMC mRNA in rats on the fcHFHS diet (Fig. 4B). We found a slight, but non-significant, 
increase in plasma levels after leptin ICV (data not shown).
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suppressed feeding in rats on the CHOW diet and in rats on the fcHFHS diet 24 hours after ICV leptin 
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not sugar. Data are mean ± SEM; *P < 0.05, leptin vs. vehicle 
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Effect of leptin on mesolimbic expression levels in fcHFHS vs CHoW diet

Tyrosine hydroxylase (TH) mRNA was measured in the VTA and substantia nigra. In the 
VTA, leptin had a differential effect on TH mRNA expression in rats on the CHOW and 
fcHFHS diet. In rats on the CHOW diet leptin decreased TH mRNA (-30±3.3%; P<0.01). 
In rats on the fcHFHS diet leptin increased TH mRNA (22±3.1%; P<0.05, Fig. 5A). Without 
leptin treatment, TH mRNA in fcHFHS was significantly lower compared to TH mRNA in 
rats on CHOW. (CHOW-veh vs fcHFHS-veh: -21±3.0%, P<0.05). In the substantia nigra 
(pars compacta) a similar pattern was observed for TH mRNA, Two-way ANOVA (Diet 
* Leptin) P=0.003.

Preproenkephalin (ppENK) mRNA was measured in the Acb and dorsal striatum. 
ppENK mRNA was not affected by leptin in rats on the CHOW diet, but was significantly 
decreased by leptin in rats on the fcHFHS diet (-37±7.8% P<0.05, Fig. 5B). In the dorsal 
striatum, a trend towards a similar pattern was observed for ppENK mRNA, Two-way 
ANOVA (Diet * Leptin) P=0.06.

 

Figure 4. Leptin decreases NPY mRNA and increases POMC mRNA in rats on the CHOW diet, but 

not in rats on the fcHFHS diet. A) NPY and B) POMC gene expression levels and representative 

images in the arcuate nucleus of the hypothalamus after ICV dose of vehicle or leptin in rats fed the 

CHOW or fcHFHS diet. Two-way ANOVA (Diet * Leptin) for NPY P=0.035, for POMC P=0.032. Box 

represents magnification of the arcuate nucleus gene NPY (a) or POMC (b). Values are means ± SEM 

of seven to nine rats per group. *P < 0.05 

Figure 4. Leptin decreases NPY mRNA and increases POMC mRNA in rats on the CHOW diet, but 
not in rats on the fcHFHS diet. A) NPY and B) POMC gene expression levels and representative 
images in the arcuate nucleus of the hypothalamus after ICV dose of vehicle or leptin in rats fed 
the CHOW or fcHFHS diet. Two-way ANOVA (Diet * Leptin) for NPY P=0.035, for POMC P=0.032. 
Box represents magnification of the arcuate nucleus gene NPY (a) or POMC (b). Values are means 
± SEM of seven to nine rats per group. *P < 0.05
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DISCuSSIoN

Although it has been described that rats on the fcHFHS diet do not respond to 
peripheral leptin after 1 week diet (123), we here show that, at the same point in time, 
fcHFHS animals do respond to central administration of leptin in a similar fashion as 
rats on the CHOW diet. In fcHFHS, leptin decreased the chow and fat component and 
did not affect sucrose intake. Whereas leptin increased POMC and decreased NPY 
expression in the ARC in rats on the CHOW diet, leptin did not exert an effect on 
these neural populations in rats on the fcHFHS diet. By contrast, in rats on the fcHFHS 
diet, leptin decreased Acb ppENK mRNA and increased VTA TH mRNA; changes that 
could explain the effect of leptin on chow and fat intake in rats on the fcHFHS diet 
when administered centrally.

We show that central leptin decreases caloric intake in rats on the fcHFHS diet, 
whereas peripheral leptin does not, which supports other studies (134,135) and 
suggests that despite peripheral and ARC leptin resistance, other areas in the brain 
are still leptin responsive. Interestingly, we also show that central leptin decreases both 
chow and fat intake, but not the sugar solution. This agrees with previous data showing 
suppression of protein and fat intake, but not carbohydrates, by leptin administration in 

Figure 5. Leptin differentially regulates TH and ppENK mRNA levels in rats on the CHOW and 
fcHFHS diet. Gene expression levels and representative images for A) tyrosine hydroxylase (TH) 
mRNA in VTA and B) preproenkephalin (ppENK) mRNA in nucleus accumbens (indicated by box) 
after ICV dose of vehicle or leptin in rats fed the CHOW or fcHFHS diet. Two-way ANOVA (Diet 
* Leptin) for TH in VTA P=0.001; for ppENK in nucleus accumbens P=0.038. *P < 0.05, **P < 0.01 
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ICV dose of vehicle or leptin in rats fed the CHOW or fcHFHS diet. Two-way ANOVA (Diet * Leptin) for 

TH in VTA P=0.001; for ppENK in nucleus accumbens P=0.038. *P < 0.05, **P < 0.01  
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the third ventricle (194). The finding that leptin in rats on the fcHFHS diet did not affect 
ARC POMC and NPY mRNA expression is in correspondence with studies by Enriori 
et al. (96) and Munzberg et al. (118) that showed leptin resistance of NPY and AgRP 
neurons in diet-induced obese mice after peripherally administered leptin. It could 
well be that the increased peripherally circulating leptin levels in rats on the fcHFHS 
diet has affected the response of these ARC neurons to leptin. Indeed, we previously 
found increased NPY and decreased POMC mRNA levels in rats on the fcHFHS diet 
accompanied by increased plasma leptin concentrations (12). This increased NPY and 
decreased POMC mRNA in rats on the fcHFHS diet was not observed in this study, 
however, in this study rats were food restricted overnight probably masking effects on 
NPY and POMC mRNA as these levels respond to fasting (195).  

As mRNA expression in the ARC was not affected by leptin in rats on the fcHFHS 
diet, we next determined whether leptin affected other brain areas. Consequently, we 
focused on the mesolimbic brain area VTA, since dopamine is involved in rewarding 
aspects of food intake and leptin receptors are localized on dopaminergic neurons 
(104-106). Therefore, we measured VTA expression levels of tyrosine hydroxylase 
(TH), the rate-limiting enzyme for dopamine synthesis. Basal TH mRNA levels were 
downregulated in rats on the fcHFHS diet compared to rats on the CHOW diet 
(i.e. CHOW-veh). Paralleling our results, most studies report a downregulation in 
dopamine signaling and decreased TH expression upon high fat diet exposure 
(196,197). The TH mRNA downregulation is likely associated with intake of fat and 
independent of obesity as dopaminergic changes were observed in animals fed a 
high-fat diet in the absence of obesity (197-199). The downregulation is not associated 
with increased leptin levels since ob/ob mice (which lack leptin) also show lower 
VTA TH mRNA levels compared to wild-type mice (110). ICV leptin in rats on CHOW 
diet decreased TH mRNA, which corresponds with leptin’s decreasing effects on 
motivation and downregulation of dopamine signaling described in chow-fed control 
animals (104,111,200,201).

Interestingly, in rats on the fcHFHS diet, ICV leptin increased VTA TH mRNA. 
Although this is the first study describing the effect of central leptin on TH expression 
in a diet-induced obesity model, our results coincide with findings of leptin-deficient 
ob/ob mice and leptin receptor-deficient obese Zucker rats. These models of decreased 
leptin signaling exhibit decreased VTA and Acb TH expression and dopamine content 
(105,110), suggesting a positive correlation between leptin and dopamine signaling. 
Consequently, similar to the leptin-induced increase in VTA TH mRNA in rats on fcHFHS 
diet, leptin infusion in ob/ob mice increases VTA TH protein concentrations (105). 
These data suggest that leptin decreases mesolimbic dopamine signaling in (chow-fed) 
wild-type animals and increases mesolimbic dopamine signaling in leptin-impaired 
(obesity) models (such as the peripherally leptin resistant fcHFHS rats, leptin-deficient 
ob/ob mice and leptin receptor-deficient obese Zucker rats), pointing to a unique 
interaction between leptin-function and dopamine signaling, which is intriguing and 
requires further investigation.
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VTA leptin receptor knockdown has been shown to result in increased sensitivity 
to highly palatable foods (104,109). Additionally, wheel running-induced reduction 
of high fat food preference is linked to increased VTA leptin signaling (202), which 
supports our findings on the effects of leptin on palatable food (fat) intake decrease. 
Indeed, although the number of animals was low (N=7-9 per group) we did find a 
trend of a negative correlation between fat intake vs. TH expression levels (r2=0.40, 
P=0.12), indicating that the leptin-induced increase of TH mRNA may be correlated to 
the decrease in fat intake. To what extent TH signaling in fcHFHS-fed rats is directly 
correlated to changes in palatable food intake remains to be determined in future 
experiments.

An important cell population in the Acb is the dopamine D2 receptor expressing 
enkephalin neurons. Enkephalins are part of the opioid system and bind to mu opioid 
receptors (MOR) (203). Opioids have been strongly implicated in driving palatable 
food consumption and administration of exogenous MOR ligands in the Acb induces 
hyperphagia of particularly high-fat foods (40). As the fat component in the fcHFHS 
diet was significantly decreased upon leptin administration and expression levels of 
ppENK have been shown to be affected by food anticipation (204) and consumption 
(37), we next focused on the Acb and measured ppENK expression levels. Leptin did 
not change ppENK levels in rats on the CHOW diet, yet in rats on the fcHFHS diet, 
leptin significantly decreased ppENK expression levels, which suggests that palatable 
food items may be necessary for leptin to evoke an effect on ppENK mRNA. A trend 
towards a positive correlation was found between fat intake vs. ppENK expression levels 
(r2=0.49, P=0.07), suggesting that the leptin-induced decrease in ppENK expression 
may be correlated to the decrease in fat intake, consistent with the described role of 
opioids in the Acb (40).

Rats on the CHOW diet showed anorectic effects to central leptin, but no differences 
in ppENK expression, suggesting that the Acb was not involved in the anorectic effects 
in rats on the CHOW diet. Instead, given the significant response of NPY and POMC 
mRNA upon ICV leptin, the ARC has likely contributed to the leptin-induced anorectic 
effects in rats on the CHOW diet. Considering the lack of involvement of the ARC 
genes in the anorectic effects of ICV leptin in rats on the fcHFHS diet, we speculate 
that the combined effect of leptin on ppENK and TH mRNA may have at least partly 
contributed to leptin’s anorectic effects. Our observation of leptin responsive neurons 
in the mesolimbic system in addition to ARC leptin resistance extends work of others 
that show leptin responsive neurons in brainstem and hypothalamic regions despite 
ARC leptin resistance (96,118). We applied leptin in the lateral ventricle to reach a 
broad range of brain areas. Future studies aimed at local leptin injections may help to 
determine whether the effects on feeding and gene expression levels upon leptin ICV 
were due to direct effect of leptin on the mesolimbic brain areas or indirectly via other 
brain areas such as the lateral hypothalamus (110). 

Interestingly, the substantia nigra and dorsal striatum also responded to leptin 
in rats on the fcHFHS diet, which may suggest a role for leptin in regulation of the 
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nigrostriatal pathway (106), and is consistent with the observation that leptin receptors 
in the substantia nigra mainly project to the dorsal striatum (205). These leptin effects 
may relate to regulation of locomotor activity (104,206) and the motoric effects of food 
intake regulation, which needs to be further explored in future studies. The anorectic 
effects by central leptin in the face of ARC and peripheral leptin resistance in rats on 
the fcHFHS diet, raises the question whether a longer duration of the fcHFHS diet 
would also abolish central leptin’s anorectic effects and whether this is paired with 
progression of neuronal leptin resistance in any of the brain areas, outside the ARC, 
containing leptin receptors (207). Therefore the effects of chronic fcHFHS exposure on 
central leptin’s feeding effects and neuronal responsiveness remain to be determined. 

In this study the effect of leptin ICV on feeding behavior and leptin ICV on gene 
expression levels was determined on separate days to prevent confounding effects of 
food intake on gene expression levels. Future studies may help to determine whether 
the leptin ICV-induced effects on gene expression levels and feeding behavior are 
also causally related.

In conclusion, although fcHFHS-fed rats are resistant to peripheral leptin and the 
ARC POMC and NPY neurons are unresponsive, central leptin still reduces food intake 
in rats on the fcHFHS diet. The VTA and Acb are still responsive to leptin in fcHFHS-
fed rats and may therefore, at least partly, account for the leptin-induced feeding 
suppression in rats on the fcHFHS diet.
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ABSTRACT

Rats subjected to a free-choice high-fat high-sugar (fcHFHS) diet become overtly obese 
and show sustained hyperphagia, which correlates with increased arcuate nucleus 
(ARC) NPY mRNA levels after 7 days on the diet. On the other hand, we showed that 
rats on a non-choice HFHS (ncHFHS) diet, which contains similar amounts of fat and 
sugar as the fcHFHS diet, but in pelleted form, showed initial overconsumption, but did 
not remain hyperphagic, pointing to an important role for choice per se in mediating 
hyperphagia when consuming excess fat and sugar. As NPY mRNA was correlated 
to feeding behavior in rats on the fcHFHS diet, we hypothesized that in rats on the 
ncHFHS diet NPY mRNA would be significantly lower compared to rats on regular 
chow or fcHFHS diet.

We therefore subjected rats to the fcHFHS, ncHFHS or a chow control diet (CHOW) 
for 7 days and measured adiposity, plasma leptin levels and ARC NPY mRNA. After 
7 days, caloric intake, leptin, adiposity and ARC NPY mRNA were significantly increased 
in rats on the fcHFHS diet compared to rats on the CHOW diet. Also in rats on the 
ncHFHS diet caloric intake after 7 days diet was significantly increased compared to 
rats on the CHOW diet, yet significantly lower compared to rats on the fcHFHS diet. 
Adiposity, leptin and NPY mRNA levels were not significantly increased in rats on the 
ncHFHS diet compared to rats on CHOW. As we previously showed that after 2 days 
on the diet, caloric intake in rats on the ncHFHS diet is still similar to that of rats on the 
fcHFHS diet, we also investigated NPY mRNA expression after 2 days. After 2 days diet, 
caloric intake in rats on the ncHFHS and the fcHFHS diet were equally increased and so 
were the ARC NPY mRNA levels. Lastly, we determined whether enkephalin expression 
in the nucleus accumbens (Acb) may be involved in the hyperphagic behavior in rats 
on the fcHFHS diet. We determined Acb preproenkephalin (ppENK) mRNA in CHOW, 
ncHFHS and fcHFHS-fed rats after 2 and 7 days diet and showed that ppENK mRNA 
levels were significantly decreased in rats on the fcHFHS diet at both time points, but 
unaffected in rats on the ncHFHS.

In conclusion, our data suggest that the increased NPY mRNA levels in rats on 
the fcHFHS diet are not determined by the choice component per se, but rather by 
the combination of fat and sugar in the diet. Moreover, our data suggest that the 
sustained hyperphagia observed in rats on the fcHFHS diet is characterized not only 
by increased ARC NPY mRNA levels, but also by altered downstream signals including 
downregulation of ppENK mRNA in the Acb. 
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INTRoDuCTIoN

We previously showed that rats on a choice diet with saturated fat and chow (fcHF) 
diet or a choice diet of saturated fat, chow and liquid sugar (fcHFHS) for 1 week are 
both hyperphagic. However, NPY mRNA expression in the arcuate nucleus of the 
hypothalamus (ARC) responded differentially, with decreased levels in rats on the fcHF 
diet and increased levels in rats on the fcHFHS diet (12). NPY mRNA levels at 1 week 
of diet exposure were predictive of subsequent feeding behavior as fcHF-fed rats 
decreased food intake to levels similar to rats on a chow control diet (CHOW), whereas 
fcHFHS-fed rats remained hyperphagic (11,12). The increased NPY mRNA expression 
levels in rats on the fcHFHS diet raised the question whether the combination of 
saturated fat AND sugar causes the activation of the NPY system or whether this is 
due to the multiple choice component of the fcHFHS diet.

To investigate the effect of diet choice, we developed a diet that contains similar 
amounts of the different diet components as chosen spontaneously when on the 
fcHFHS diet, but combined in one pellet. We call this the non-choice HFHS (ncHFHS) 
diet (129). Using this diet, we previously showed that the choice component is important 
in mediating sustained hyperphagia as ncHFHS-fed rats, in contrast to fcHFHS-fed 
rats, did not remain hyperphagic (129). However, whether the choice component is 
also important for mediating the increased NPY mRNA levels observed in rats on the 
fcHFHS diet remained to be determined. As ncHFHS-fed rats show similar caloric intake 
and feeding patterns (with respect to meal frequency and meal size) as fcHF-fed rats 
(129) and since fcHF-fed rats show decreased NPY mRNA levels after 1 week diet and 
do not remain hyperphagic (12), we hypothesized that NPY mRNA levels in ncHFHS-fed 
rats would also be downregulated. We previously showed that rats on the ncHFHS diet 
initially increase caloric intake to levels observed in rats on the fcHFHS diet, but adjust 
their caloric intake after 2 days, as opposed to rats on the fcHF diet that also initially 
increase their intake but adjust caloric intake after 7 days diet. Therefore, in the present 
study we also determined NPY mRNA levels after 2 days on the diet in rats on CHOW, 
ncHFHS and fcHFHS diet.

Unexpectedly, after 2 days diet, NPY mRNA expression was equally increased in 
rats on the fcHFHS and ncHFHS diet. An additional factor, downstream of NPY, should 
therefore be involved in mediating the sustained hyperphagia in rats on the fcHFHS 
diet. Enkephalin is part of the opioid system, highly expressed in the Acb and has been 
demonstrated to have a clear role in palatable feeding (208). Enkephalin has been 
shown to be affected by palatable diets such as the liquid containing fat and sugar 
Ensure (38). We hypothesized that although the diet composition between ncHFHS 
and fcHFHS diet is similar, the choice component between the diets might result in 
differential Acb enkephalin mRNA expression levels. Therefore, we also examined 
preproenkephalin (ppENK) mRNA levels in the Acb in rats on the ncHFHS, fcHFHS and 
CHOW diet for 2 and 7 days. 
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MaTERIal aNd METhOdS

Animals and dietary intervention

Male rats (Wistar, Charles River, Germany) weighing 250±10 g were individually housed 
in Plexiglas cages at a temperature of 21–23 °C in a light-controlled room (lights on 
0700–1900). Rats were allowed to adapt to their environment for 5 days. All experiments 
were approved by the Committee for Animal Experimentation of the University Medical 
Center Utrecht, the Netherlands.

Three groups (n=8) were established, two experimental groups and a control group: 
1) a free-choice high-fat high-sugar (fcHFHS) diet group in which a dish of saturated fat 
(Beef tallow (Ossewit/Blanc de Boeuf), Vandemoortele, Belgium) and a bottle of 30% 
sugar water (1.0M sucrose mixed from commercial grade sugar and tap water) were 
present in the cage in addition to regular chow (special diet service (SDS), England) 
and tap water; 2) a non-choice high-fat high-sugar (ncHFHS) diet group offered tap 
water and a diet that was custom-made using the same ingredients as the fcHFHS diet 
and containing the same percentages of fat, sugar and chow as consumed previously 
by rats on the fcHFHS diet (10-12). The three components were mixed and made into 
a pellet (Ab Diets, Woerden, the Netherlands) containing 15% kcal sugar, 35% kcal fat 
and 50% kcal chow (% total amount of calories); 3) the control group, which remained 
on ad libitum regular chow and tap water (CHOW). Rats were subjected to the CHOW, 
ncHFHS or fcHFHS diet for either 2 days or 7 days.

Fat mass analysis and statistics

At the end of the experiment, rats were killed between 0900 and 1000 hours within 
10  seconds after they were removed from their home cages. Brains were quickly 
frozen and stored at -80°C. Individual mesenteric-omental, epididymal, subcutaneous 
(inguinal), and perirenal white adipose tissues were dissected, cleaned, and weighed. 
Trunk blood was centrifuged and plasma was stored at -20°C. Plasma concentrations 
of leptin were determined as previously described (158). Analysis of variance (ANOVA) 
was performed for overall effects between groups. If significant, post hoc tests were 
performed for individual group differences (Tukey)

In situ hybridization

Coronal sections of 20 µm were labelled with 33P antisense RNA probes for NPY 
and ppENK mRNA according to the protocol previously described (49). The films 
were developed and NPY and ppENK expression levels in ARC were quantitatively 
analysed using an Epson-Perfection 4990 Photo-flatbed-scanner. All images 
(800 dpi) were analysed using ImageJ (Rasband, WS, NIH, Bethesda, MD, USA, 
http://rsbweb.nih.gov/ij/, 1997–2005). Grey values were determined in regions of 
interest and measured bilaterally. Specific signal was calculated by the subtraction 
of the background value.
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RESulTS

After 7 days diet, caloric intake was significantly increased in rats on the fcHFHS and 
the ncHFHS diet, compared with rats on the CHOW diet. Moreover, caloric intake in 
rats on the fcHFHS diet was significantly higher compared to rats on the ncHFHS diet 
(Fig. 1A). Fat mass accumulation and plasma concentrations of leptin were increased 
significantly in rats on the fcHFHS diet, but not in rats on the ncHFHS diet, compared 
with rats on the CHOW diet (Fig. 1B,C). As published previously (12) ARC NPY mRNA 
levels were significantly increased in rats on the fcHFHS diet compared to rats on the 
CHOW diet. ARC NPY mRNA levels in rats on the ncHFHS diet showed intermediate 
values as compared to the rats on the CHOW and fcHFHS diet, but did not differ 
significantly from either of them (Fig. 1D).

After 2 days diet, caloric intake was significantly increased in rats on the fcHFHS and 
the ncHFHS diet, compared with rats on the CHOW diet (Fig. 2A). Fat mass accumulation 
was not different between diet groups and plasma concentrations of leptin were increased 
significantly in rats on the fcHFHS diet, but not on the ncHFHS diet, compared with rats 
on the CHOW diet (Fig. 2B,C). ARC NPY mRNA levels were significantly increased in rats 
on the fcHFHS and ncHFHS diet compared to rats on CHOW diet (Fig 2D).

Figure 1. Caloric intake (A), total white adipose tissue (WAT) weight (B), leptin (C) and arcuate 
nucleus neuropeptide Y (NPY) mRNA levels (D) in rats on the CHOW, free-choice high-fat high-
sugar (fcHFHS) or non-choice high-fat high-sugar (ncHFHS) diet for 7 days. Data are mean ± SEM. 
Different letters represent significant differences between bars (P<0.05). AU = arbitrary units 
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Acb ppENK mRNA levels were significantly decreased in rats on the fcHFHS diet 
compared to rats on either CHOW or ncHFHS diet, after both 2 and 7 day on the diet 
(Fig 3A,B).

DISCuSSIoN 

In this study we show that NPY mRNA levels were increased in rats on the fcHFHS 
diet for 7 days, consistent with our previous studies (12), as well as after 2 days diet. 
Unexpectedly, in rats on the ncHFHS diet, NPY mRNA levels were not significantly 
different from those in rats on the fcHFHS diet at either day 2 or day 7. On the other 
hand, only at day 2 but not at day 7, did NPY mRNA levels in ncHFHS-fed rats differ 
significantly from that in rats on the CHOW diet. In contrast, ppENK levels in the Acb 
were downregulated in rats on the fcHFHS diet, but not in rats on the ncHFHS diet, 
compared to rats on the CHOW diet after both 2 and 7 days diet. These data suggest 
that the increased NPY mRNA levels in rats on the fcHFHS diet are not determined by 
the choice component per se, but rather by the combination of fat and sugar in the 
diet. Moreover, our data suggest that the sustained hyperphagia observed in rats on 
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Figure 3. Preproenkephalin (ppENK) mRNA levels in the nucleus accumbens in rats on the CHOW, 
free-choice high-fat high-sugar (fcHFHS) or non-choice high-fat high-sugar (ncHFHS) diet after 2 
(A) and 7 (B) days of diet exposure. Data are expressed as percentage of CHOW and depicted 
as mean ± SEM. Different letters represent significant differences between bars (P<0.05). AU = 
arbitrary units.
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the fcHFHS diet is characterized not only by increased ARC NPY mRNA levels, but also 
by altered downstream signals, such as altered Acb enkephalin levels. 

Previous studies suggested that increased ARC NPY levels are invariably related to 
increased caloric intake (71), which may be consistent with data in the current study as 
rats on the ncHFHS diet have lowered their caloric intake levels at 7 days diet compared 
to 2 days diet and this is associated with lowered NPY mRNA levels as well. On the 
contrary, we previously showed that at 7 days diet fcHF-fed rats are equally hyperphagic 
as fcHFHS-fed rats, yet show decreased NPY mRNA levels. Therefore, the results from 
our free-choice diets indicate that not the caloric intake or the choice component, 
but rather the diet composition, i.e. the combination of fat and sugar in the diet, is an 
important factor for the increase in ARC NPY mRNA levels.

We observed a significant decrease in Acb ppENK mRNA levels in rats on the 
fcHFHS diet at 2 and 7 days diet, but not in rats on the ncHFHS diet. These data 
indicate that the choice element might be an important factor regulating Acb ppENK 
expression. However, in addition to the choice element, rats on the fcHFHS diet also 
drink the sugar component (in contrast to rats on the ncHFHS diet who get the sugar 
from the pellet). An effect of liquid palatable food on Acb ppENK mRNA is in line with 
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reports by others as a daily 3h exposure to a single bottle of Ensure (a liquid diet form 
with fats and sugars) resulted in a downregulation of ppENK expression (38). Moreover, 
a decrease in Acb ppENK was also found upon palatable snacking of a sucrose solution 
(209). Therefore, the presence of a sucrose solution in the fcHFHS diet, which leads to 
increased snacking behavior (129), may lead to adaptations in the brain reward circuitry, 
such as the Acb, resulting in decreased ppENK levels and long term hyperphagia. 

The differential regulation of ppENK between ncHFHS and fcHFHS diet suggests 
that either the choice component or the liquid component, or both of them, are an 
important factor in the regulation of ppENK expression and may reflect different 
sensations of the palatability of the diet. Still the pelleted ncHFHS diet, rich in fat and 
sugar, is also highly palatable as it instantly induces overconsumption ((129) and Fig. 2). 
Therefore, it remains to be determined whether the choice component on its own is 
sufficient to trigger the ppENK response, or whether additional factors, such as a liquid 
component, are needed. 

In conclusion, our data suggest that the combination of fat and sugar induces 
changes in NPY signaling and that additional downstream factors are needed for 
the induction of hyperphagia. One of these factors may comprise opioid signaling in 
the Acb.
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abSTRaCT 

We previously showed that neuropeptide Y (NPY) administered in the lateral ventricle 
in rats on a free-choice diet of saturated fat and liquid sugar in addition to chow 
(free-choice high-fat high-sugar (fcHFHS diet)) significantly increased the intake of fat 
and chow, whereas sugar intake was not significantly increased compared to vehicle 
injections. Via which brain sites NPY exerts its effects on fat and chow intake remained 
to be determined. The lateral hypothalamic area (LHA) has been suggested to link the 
rewarding properties of food intake with the homeostatic properties of food and may 
be involved in the increased intake of fat and chow by NPY in the lateral ventricle. 
Therefore, the aim of this study was to investigate the effect of NPY administered in 
the LHA on total caloric intake and intake of the individual food components. Rats on a 
CHOW diet or on the fcHFHS diet for 1 week received NPY or vehicle bilaterally in the 
LHA and chow intake and intake of the individual food components of the fcHFHS diet 
were measured 2h and 24h later. Local administration of NPY in the LHA significantly 
increased total caloric intake in rats on the CHOW and fcHFHS diet after 2h, but not 
after 24h. In rats on the fcHFHS diet, intra-LHA NPY increased chow intake, but not the 
intake of fat or sugar. In conclusion, the lateral ventricle NPY-induced chow intake may, 
at least in part, be mediated by the LHA. Given the two major classes of orexigenic 
neurons in the LHA, orexin and melanin-concentrating hormone (MCH) neurons, future 
research may help in revealing which neuropeptides are involved in the increase of 
food intake by NPY in the LHA.
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INTROduCTION

We previously showed that rats on the free-choice high-fat high-sugar (fcHFHS diet) are 
severely hyperphagic with concomitant increased adiposity and plasma concentrations 
of leptin and free fatty acids (FFA) (11,12). Moreover, rats on the fcHFHS diet show 
paradoxically increased hypothalamic Neuropeptide Y (NPY) signaling and an increased 
motivation to obtain a reward (10,12). Additionally, we showed that NPY administered 
in the lateral ventricle in rats on the fcHFHS diet increased the intake of fat and chow, 
whereas sugar intake was not different from vehicle injections (158). Next, we set out 
to determine at which brain sites NPY exerts its effects on fat and chow intake.

The lateral hypothalamic area (LHA) has been hypothesized to be a link between 
the hypothalamus and mesolimbic system, as it receives input from the nucleus 
accumbens and has projections to the ventral tegmental area (VTA)(23). Thus, the 
LHA has been suggested to link the rewarding properties of food intake with the 
homeostatic properties of food. As NPY in the LHA affects both feeding behavior and 
reward-related behavior (210), the LHA is a good candidate region for the increased 
intake of fat and chow by NPY.

The LHA contains two major classes of orexigenic neurons, i.e., the orexin and 
melanin-concentrating hormone (MCH) neurons, both of which are innervated by NPY-
containing fibers (45). Both NPY Y1 and Y5 receptors are present in the LHA (51) and 
previous studies have shown strong orexigenic responses upon NPY administration 
targeted at the LHA (53,54). These feeding responses were even stronger compared 
to NPY administration in the paraventricular nucleus of the hypothalamus (PVN) and 
ventromedial nucleus of the hypothalamus (VMH) (211,212). Additionally, NPY in the 
PVN has been shown to alter the respiratory quotient and body temperature, whereas 
NPY in the LHA does not, suggesting that PVN may regulate metabolic processes that 
either produce or coincide with NPY-induced feeding and that the LHA, in contrast, 
only mediates the feeding-stimulatory actions of NPY (212,213). In line with this, long 
term overexpression of NPY in the LHA leads to sustained hyperphagia, whereas NPY 
overexpression in the PVN results in only a temporary increase in food intake (214). 
Therefore in this study we focused on the role of the LHA in NPY-induced feeding 
behavior and particularly in the selected food component consumption.

METhOdS 

Animal experiments were approved by the Committee for Animal Experimentation of 
the Academic Medical Center of the University of Amsterdam. Male Wistar rats (Charles 
River; Sulzfeld Germany) weighing 250-280g were housed in a temperature (21–23ºC) 
and light-controlled room (lights on: 0700–1900). The general surgical procedure for 
bilateral implantation of cannula aimed at the LHA has been reported previously (49). 
Rats were anaesthetized with an intraperitoneal (ip) injection of 80 mg/kg ketamine 
(Eurovet Animal Health, Bladel, the Netherlands), 8 mg/kg Xylazin (Bayer Health Care, 
Mijdrecht, the Netherlands and 0.1 mg/kg Atropin (Pharmachemie B.V., Haarlem, the 
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Netherlands) and fixed in a stereotaxic frame (David Kopf Instruments). During the 
operation, anaesthesia was maintained by 0.1mL ketamine ip injections. Permanent 
26-gauge stainless steel guide cannulas (Plastics One, Bilaney Consultants GmbH, 
Düsseldorf, Germany) were implanted bilaterally with coordinates -2.30 mm posterior 
from Bregma, ±3.4 mm lateral from midline and -7.1 mm below the surface of the brain 
under an angle of 10°. Guide cannulas were secured to the skull using three anchor 
screws and dental cement and were occluded by a 28-gauge stainless steel dummy 
cannula (Plastics One, Bilaney Consultants GmbH, Düsseldorf, Germany). Immediately 
after surgery, rats received an analgesic subcutaneously (Carprofen, 0.5mg/100g BW) 
and were housed individually. 

One week after the stereotactic operations a dose response with vehicle (PBS), 
0.3µg or 0.6µg NPY (Bachem, Switzerland (H6375)), was performed and 0.3µg NPY was 
shown to be the minimum effective dose. One week later rats were continued on a chow 
control diet (CHOW) or switched to the fcHFHS diet, enabling them to choose from the 
following components: a dish of saturated fat (Beef tallow (Ossewit/Blanc de Boeuf), 
Vandemoortele, Belgium), a bottle of 30% sugar water (mixed from commercial grade 
sugar and tap water), regular chow (special diet service (SDS), England) and normal 
tap water. After 1 week diet, 0.3µg NPY or vehicle was administered in the beginning 
of the light phase (between 10AM and 11AM) in a randomized order. Animals served 
as their own control and were injected with NPY and vehicle with a three day interval 
in a cross over design. Injections always comprised 0.3μl. Total caloric intake was the 
sum of each individual food component of which the caloric intake was determined as 
follows: chow: 3.31 kcal/g; fat: 9 kcal/g and sucrose solution: 1.2 kcal/g.

Before the start of the experiment, all food components (except water) were removed 
from the cage. 33-gauge injector cannulas (Plastics One, Bilaney Consultants GmbH, 
Düsseldorf, Germany) were inserted into the guide cannulae and animals received a 
bilateral infusion of 0.3μl fluid per site at a rate of 0.1μl/min via a syringe infusion pump 
(Harvard Apparatus PHD2000). Injections were confirmed by monitoring movement of 
fluid in the tubing via a small air bubble. After completion of the injection the injector 
was left in place for 1 min to allow for diffusion. Upon completion of all infusions, food 
was returned to the cages and all individual food components were measured after 2 
and 24h and caloric intake (kcal) for each individual food item and total caloric intake 
was calculated. Differences in caloric intake between fcHFHS and CHOW were tested 
using two-sided paired t-tests.

RESuLTS AND DISCuSSIoN

Local administration of NPY in the LHA significantly increased total caloric intake in 
rats on the CHOW and fcHFHS diet after 2h (P < 0.01) (Fig 1A&1B), but not after 24h 
(data not shown). In rats on the fcHFHS diet, intra-LHA NPY increased chow intake, but 
not the intake of fat or sugar (Fig 1C). As we previously showed that NPY in the lateral 
ventricle in rats on the fcHFHS diet increased both chow and fat, the lateral ventricle 
NPY-induced chow intake may, at least in part, be mediated by the LHA. 
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Given LHA’s role in both feeding and reward behavior, the increase in chow intake 
may be a result of increased reward, increased hunger or both. As previous experiments 
showed that intra-LHA NPY in fcHFHS-fed rats did increase feeding (sucrose pellets), 
but not motivation to obtain a reward (62), the increased chow intake in fcHFHS-fed 
rats, as observed in this study, is most likely a result of increased hunger. In addition, 
if the rewarding properties of food would be enhanced, thus promoting intake, one 
would expect that animals will consume more fat and sugar, which was not observed. 
This seems to contradict findings by Brown et al. (210), showing increased sugar and 
chow intake when NPY was injected in the perifornical area, a region within the LHA. 
However, animals in their study were only given access to sugar 1h per day during 
the week before testing, and were provided with powdered chow, which they were 
only familiarized with for 24h directly prior to testing. This different set up could well 
explain the different outcome, as our rats were exposed to sugar continuously before 
the test was performed.

Two potential neuropeptides involved in LHA NPY’s feeding effects are orexin and 
melanin-concentrating hormone (MCH), which are both orexigenic (215,216). It has 

 

 

 

 

 

 

 

Figure 1. Effect of intra-LHA NPY on total caloric intake in rats on CHOW (A) and free-choice high-fat 

high-sugar (fcHFHS) diet (B) and on the separate food components chow, sugar and fat in rats on the 

fcHFHS diet (C). NPY in the LHA significantly increased total caloric intake in rats on the CHOW diet 

and rats on the fcHFHS diet. In rats on the fcHFHS diet, intra-LHA NPY significantly increased intake 

of chow, but not sugar and fat (C). *P<0.05 NPY vs vehicle. Data are expressed as mean ± SEM. LHA, 

lateral hypothalamic area; NPY, Neuropeptide Y; veh, vehicle 

Figure 1. Effect of intra-LHA NPY on total caloric intake in rats on CHOW (A) and free-choice 
high-fat high-sugar (fcHFHS) diet (B) and on the separate food components chow, sugar and 
fat in rats on the fcHFHS diet (C). NPY in the LHA significantly increased total caloric intake in 
rats on the CHOW diet and rats on the fcHFHS diet. In rats on the fcHFHS diet, intra-LHA NPY 
significantly increased intake of chow, but not sugar and fat (C). *P<0.05 NPY vs vehicle. Data are 
expressed as mean ± SEM. LHA, lateral hypothalamic area; NPY, Neuropeptide Y; veh, vehicle
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been shown before that fasting increases orexin mRNA and orexin regulates arousal 
and wakefulness (22). NPY cells in the ARC project to the LHA and are in contact both 
with orexin and MCH neurons (43,217), while NPY administration in the lateral ventricle 
induces c-fos expression in a percentage of orexin neurons (218). Therefore it has 
long been hypothesized that NPY neurons increase food intake by exciting MCH and 
orexin neurons.

NPY Y1, Y4 and Y5 receptors are present in the LHA (51,54), but whereas Y4R has 
been shown to be expressed on orexin neurons (54), Y1-IR fibers appear to make 
close contact with orexin neurons, but are not colocalized with either orexin or MCH 
neurons in LHA (51). Moreover direct administration of NPY in the LHA increases 
c-fos  immunoreactivity in LHA neurons, which were not orexin or MCH (54) and an 
extensive study of the group of van den Pol showed robust inhibitory actions of NPY 
on orexin and MCH neurons (219,220). Therefore, NPY may not regulate food intake by 
directly acting on orexin or MCH neurons, but indirectly via other neuron populations in 
the LHA such as neurotensin, or via NPY and specific GABA-ergic (GAD65) interneurons. 
LHA neurotensin neurons are a distinct population from orexin and MCH neurons and 
are involved in reproduction, motivation and also exert anorectic properties. Moreover, 
LHA neurotensin neurons are GABA-ergic and contact orexin, but not MCH, neurons 
in LHA (221). LHA GAD65 and NPY neurons are also both distinct from orexin and 
MCH cells and are both inhibited by physiological increases in extracellular glucose 
concentration (222,223). LHA NPY neurons also respond to fasting (222). In the Arc, 
NPY colocalizes with the inhibitory transmitter GABA (224), but it is not clear at present 
if the NPY and GAD65 neurons in the LHA described by the different research groups 
represent the same neuron populations. The projection patterns of neurotensin and 
these interneurons have not been clarified, nor whether they have NPY receptors or 
other types of receptors. Therefore their role in LHA NPY’s feeding effects is not clear, 
but NPY could act on these GABA-ergic neurons and via disinhibition activate the 
orexin neurons, thereby contributing to the hyperphagia.

In addition to ARC NPY projections to the LHA, orexin-immunoreactive axon 
terminals from the LHA also end on NPY-ergic neurons in the ARC (217,225) and orexin 
receptor immunoreactivity is present on NPY neurons in the ARC (226). Therefore 
activating LHA orexin neurons may further stimulate food intake by activating Arc 
NPY neurons.

In conclusion, in rats on the fcHFHS diet, NPY in the LHA induces intake of chow, 
but not fat and sugar, concordant with the hypothalamus being the main homeostatic 
regulator in the brain. The underlying mechanisms of LHA NPY-induced hyperphagia 
remain to be determined. Intra-LHA NPY induced feeding responses are likely mediated 
by indirect activation of orexin and MCH neurons, possibly via LHA GABA-ergic 
neurotensin neurons or interneurons. Moreover, we here show that NPY injection in 
the LHA specifically affected chow intake, whereas lateral ventricle injection increased 
both chow and fat intake, and thus the effect of NPY on fat intake is mediated outside 
the LHA, for example in the striatum. The striatum, comprising the nucleus accumbens, 
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is involved in palatable feeding and fat intake in particular (40) and contains NPY 
receptors (51). Therefore in follow-up experiments, the effect of NPY in the nucleus 
accumbens on feeding, and fat intake in particular, will be determined.
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ABSTRACT

Neuropeptide Y (NPY) is a hypothalamic neuropeptide that plays a prominent role in 
feeding and energy homeostasis. Expression of the NPY Y1 receptor (Y1R) is highly 
concentrated in the nucleus accumbens (Acb), a region important in the regulation of 
palatable feeding. In this study we performed a number of experiments to investigate 
the actions of NPY in the Acb. First, we determined caloric intake and food choice after 
bilateral administration of NPY in the Acb in rats on a free-choice diet of saturated fat, 
30% sucrose solution, and standard chow (fcHFHS), and whether this was mediated by 
the Y1R. Second, we measured the effect of intra-Acb NPY on neuronal activity using 
in vivo electrophysiology. Third, we examined colocalization of Y1R with enkephalin 
and dynorphin neurons, and the effect of NPY on preproenkephalin (ppENK) mRNA 
levels in the striatum using fluorescent and radioactive in situ hybridization. Finally, 
using retrograde tracing, we examined whether NPY neurons in the arcuate nucleus 
(ARC) project to the Acb. In rats on the fcHFHS diet, intra-Acb NPY increased intake of 
fat, but not sugar or chow, and this was mediated by the Y1R. Intra-Acb NPY reduced 
neuronal firing, as well as ppENK mRNA expression in the striatum. Moreover, Acb 
ENK neurons expressed Y1R and ARC NPY neurons project to the Acb. In conclusion, 
NPY reduces neuronal firing in the Acb resulting in increased palatable food intake. 
Together, our neuroanatomical, pharmacological, and neuronal activity data support 
a role and mechanism for intra-Acb NPY-induced fat intake.
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INTRoDuCTIoN

A major population of Neuropeptide Y (NPY)-producing neurons is located in the 
arcuate nucleus (ARC) of the hypothalamus. Central administration of NPY increases 
feeding behavior in rodents (184,227,228) and NPY has been linked to the control 
of carbohydrate intake (56,181). However, we recently observed that when NPY is 
administered in the lateral ventricle of rats on a free-choice high-fat high-sugar (fcHFHS) 
diet, it was not sugar, but rather saturated fat and chow consumption that increased 
(158). The link between NPY and carbohydrate intake has been previously studied 
using administration of NPY into specific hypothalamic regions (53,56). In contrast, 
we administered NPY into the lateral ventricle, providing contact with not only the 
hypothalamus, but also cortico-limbic areas involved in reward and motivation, such 
as the nucleus accumbens (Acb) where NPY receptors are localized (51,229,230). It 
remains to be explored, however, whether direct action of NPY in the Acb regulates 
fat consumption. 

Reduced neuronal activity in the Acb occurs during feeding and intra-Acb 
administration of orexigenic compounds, such as melanin concentrating hormone and 
muscimol, inhibit Acb neuronal activity (36,231-233). However, it is not known whether 
NPY also affects neuronal activity in the Acb. Given that direct NPY administration into 
other brain areas including the amygdala and ARC reduces neuronal activity (234,235), 
we hypothesized that NPY reduces Acb neuronal activity and that this is associated 
with increased fat intake.

Opioids have an established role in reward behavior, and opioid-expressing 
neurons are located within the Acb. Of the opioid-expressing neurons, enkephalin 
neurons are of specific interest as they express dopamine D2 receptors (D2R) 
and have been linked to high-fat feeding; i.e. Acb enkephalin gene expression is 
affected by consumption of the highly palatable Ensure drink (38), which contains 
fat and sugar, and striatal D2R availability is correlated with high-fat intake (39). 
Moreover, enkephalin binds to mu-opioid receptors and local Acb administration 
of the mu-opioid receptor agonist DAMGO specifically increases intake of high-fat 
foods (40). In turn, the DAMGO-induced increased intake of high-fat foods is NPY 
Y1 receptor (Y1R) dependent (236). Therefore the effect of NPY on fat intake may 
involve changes in Acb enkephalin levels. Given these findings, we hypothesized 
that Y1Rs are localized on enkephalin neurons and that intra-Acb NP injection alters 
striatal enkephalin levels.

Finally, previous studies have revealed anatomic connections between the ARC and 
Acb (237,238) as well as the presence of NPY receptors in the Acb (51,229,230). While 
a recent study found a-MSH projections from the ARC to Acb (239), it has not been 
determined whether NPY neurons in the ARC project to the Acb.

To examine the action of NPY in the Acb we first assessed food intake and 
preproenkephalin (ppENK) mRNA responses to intra-Acb NPY injections in rats on 
the fcHFHS diet. Second, we measured NPY’s effects on neuronal activity using in 
vivo electrophysiology. Third, using fluorescent imaging and retrograde tracing we 
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determined whether Y1Rs are localized on enkephalin and dynorphin neurons and 
whether NPY neurons in the ARC project to the Acb. We found that intra-Acb NPY 
stimulates fat intake via the Y1R and is associated with reduced expression of ppENK 
mRNA and neuronal activity. Moreover, ENK neurons express Y1Rs and NPY neurons 
in the ARC project to the Acb. These neuroanatomical, pharmacological, and neuronal 
activity data support a possible role and mechanism for intra-Acb NPY-induced 
fat intake.

MATERIAL AND METHoDS

Animals

For behavior and radioactive in situ hybridization, male adult Wistar rats (Charles River, 
Germany) weighing 270-300g were used. For electrophysiological experiments and 
fluorescent in situ hybridization, C57/BL6 mice (Jackson Labs, Bar Harbor, Maine, USA) 
weighing 25-30g were used. All animal procedures were performed in accordance with 
the protocol approved by the Yale Institutional Animal Care and Use Committee and 
the Committee for Animal Experimentation of the Academic Medical Center of the 
University of Amsterdam.

Effect of intra-accumbens NPY and Y1R antagonist on food intake

Rats were housed in a temperature (21-23ºC) and light-controlled room (lights on 
0700-1900). One week after arrival, rats were implanted with two cannulae aimed 
bilaterally at the Acb-shell as described in the Supplemental Material. One week after 
surgery rats (N=15) were placed on a free-choice high-fat high-sugar (fcHFHS) diet 
and were able to choose from the following components: a dish of saturated fat (Beef 
tallow (Ossewit/Blanc de Boeuf), Vandemoortele, Belgium), a bottle of 30% sugar 
water (mixed from commercial grade sugar and tap water), standard chow (special 
diet service (SDS), England) and tap water. After 1 week of fcHFHS diet exposure, 
0.6µg NPY (minimum effective dose in previous experiments (210,240) and own 
observations) or vehicle (1x phosphate buffered saline (PBS)) was administered at the 
beginning of the light phase (between 10AM and 11AM) in a balanced design. NPY 
was obtained from Bachem, Germany (H6375) and dissolved in 1x PBS. Before the start 
of the experiment, all food components (except water) were removed from the cage. 
33-gauge injector cannulae (Plastics One, Bilaney Consultants GmbH, Düsseldorf, 
Germany), extending 1 mm below the guide cannula, were inserted into the guide 
cannulae, and animals received bilateral infusions of 0.3μl fluid per site at a rate 
of 0.15μl/min via a syringe infusion pump. Injections were confirmed by monitoring 
fluid movement in the tubing via a small air bubble. After the injection completion, 
the injector was left in place for 1 min to allow for diffusion. Upon completion of all 
infusions, food was returned to the cages and all individual food components were 
measured after 2, 5 and 24h, and caloric intake (kcal) for each individual food item 
and total caloric intake were calculated. Total caloric intake was defined as the sum of 
each individual food component for which the caloric density was defined as follows: 
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chow: 3.31 kcal/g; fat: 9 kcal/g and sucrose solution: 1.2 kcal/g. The experiment was 
repeated 3 days later according to a cross-over design. 

At the end of the experiment, food was removed in the morning (and not returned) 
and rats received intra-Acb injection of vehicle or 0.6µg NPY. One hour later rats 
were anesthetized and transcardially perfused with ice-cold saline followed by 4% 
paraformaldehyde and post-fixed for 2h. Brains were washed in PBS, cryoprotected 
in 30% sucrose at 4°C overnight and subsequently frozen on dry ice and stored at 
-80°C. Cryostat sections were cut at 35µm and mounted on Superfrost Plus slides 
(Fisher, Gerhard Menzel GmbH, Germany). Some slides were stained for Nissl with 
Thionine and checked for cannula placement with inclusion criteria described below. 
Remaining slides were air-dried and stored at -80°C to be used for radioactive in situ 
hybridization. The procedure for radioactive in situ hybridization was performed as 
described previously (49) and described in the Supplemental Material.

In a separate experiment, we tested whether the Acb NPY Y1 receptor (Y1R) is 
involved in the intra-Acb NPY-induced increased fat intake by intra-Acb administration 
of the Y1R antagonist GR 231118 (synonym of LY1229U91, Sigma Aldrich, Zwijndrecht, 
the Netherlands) or vehicle (in a volume of 0.2μl) in the Acb 15 min before intra-Acb NPY 
in rats on the fcHFHS diet (N=15). These experiments were conducted according to the 
same protocol (for surgery and cannula placement verification) as described above. We 
only measured intake of chow, fat and sugar at one time point as NPY effects do not 
show beyond a few hours. The dose of antagonist used (0.3ug) was chosen based on 
reports published elsewhere (241,242) and on a dose response in a few animals using 
0.3, 1 and 3μg antagonist. Since 1 and 3μg in the Acb decreased overall intake, we 
choose the 0.3μg dose, because it did not significantly affect feeding behavior (data 
not shown). At the end of the experiment, rats were killed by decapitation and brains 
were removed, frozen on dry ice and stored at -80°C. Cryostat section were stained 
for Nissl with Thionine and checked for cannula placement. Data of rats were only 
included when we verified that they had unilateral or bilateral cannula placements in the 
Acb-shell between Bregma 1.0 and 2.20 (Paxinos and Watson 4th ed. 1998) (243,244). 
Based on these criteria, 5 animals were excluded from analysis from experiment 1, 
and 1 animal from experiment 2 (with Y1R antagonist). Furthermore, for experiment 2, 
data from 3 more animals were excluded from analysis due to loss of the cannula or 
sickness behavior after injection, which turned out to be associated with infection 
around the cannula.  

Fluorescent in situ hybridization
Fluorescent in situ hybridization was performed as described previously (245) and in the 
Supplemental Material. Probes for double in situ hybridization were prepared using 
an in vitro transcription kit with digoxigenin-labeled UTP (Roche, Basel, Switzerland) 
for making the Y1R probe or fluorescein-labeled UTP (Molecular Probes, Eugene, OR, 
USA) for making the ppENK or prodynorphin probe (information on probes is provided 
in the Supplemental Material). 
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In vivo electrophysiology 

Four well-habituated C57/BL6 mice (25-30g) were implanted with a cannula (Plastics 
One) and arrays of microwire electrodes (Tucker-Davis Technologies, Alachua, FL, 
USA) using aseptic stereotaxic methods described in detail previously (232) and in 
the Supplemental Material. The arrays consisted of 16 Teflon-coated, 50μm stainless 
steel wires arranged in an 8×2 configuration, with each electrode spaced by ~250μm. 
The  in vitro  impedance of the electrodes was 100–300kΩ. After a recovery period 
of 5-7d, animals were acclimated to recording procedures (i.e., headsets and cables 
were attached to the implants) for 1d. Drug infusions were performed as follows. 
Animals were lightly anesthetized with halothane via a nosecone during the experiment, 
and recording headstages were plugged in. After initial recording, data acquisition 
was paused and animals were infused with either aCSF (NaCl 147mM, CaCl2 1.3mM, 
MgCl2 0.9mM, KCl 4.0mM) or NPY (0.6μg). Infusions were made through 33 gauge 
cannula (Plastics One) that protruded 0.2mm from the tip of the guide cannulae. 
Injectors were inserted into the guide cannulae and 0.3μl of infusion fluid was delivered 
per site at a rate of 0.15μl/min via a syringe infusion pump (KDS Scientific, Holliston, MA, 
USA). Fluid was infused via 0.38-mm-diameter polyethylene tubing that connected the 
injector to a 5μl Hamilton syringe. Injections were confirmed by monitoring movement 
of fluid in the tubing via a small air bubble. After injection was complete, the injector 
was left in place for 2 min to allow for diffusion. Infusions took place between 12:00 
and 2:00 PM. Recording data were collected for 1h after infusions.

Neuronal ensemble recordings were made using a Many Neuron Acquisition Program 
(Tucker-Davis Technologies). Putative single neuron units were identified on-line using 
an oscilloscope and an audio monitor. The Tucker-Davis Technologies off-line sorter 
was used to analyze the signals off-line and to remove artifacts due to cable noise 
and behavioral devices (pump, click stimulus). Principal component analysis (PCA) and 
waveform shape were used for spike sorting. Single units were identified as having (1) 
consistent waveform shape, (2) separable clusters in PCA space, (3) average amplitude 
estimated at least three times larger than background activity, and (4) a consistent 
refractory period of at least 2 ms in interspike interval histograms. Those units identified 
on-line as potential single units that did not meet these criteria off-line were not included 
in this analysis. Datasets were previewed using OpenSorter (Tucker-Davis Technologies) 
and subsequently analyzed using custom routines for MATLAB. For each well isolated 
neuron, post-infusion firing rates were normalized to mean pre-infusion firing rates (in 
the 10 min immediately preceding drug infusion) and binned (60s bins). Activity was 
then compared between neurons recorded in NPY and aCSF conditions. 

At the end of the experiment, mice were perfused transcardially with ice-cold saline 
followed by 4% paraformaldehyde. After fixation, brains were cryoprotected in 30% 
sucrose at 4°C overnight. Microtome sections were cut at 40μm along the horizontal 
axis and mounted on Superfrost Plus slides (Fisher). Electrode and cannulae placement 
in horizontal sections was verified microscopically using the mouse brain atlas from 
Paxinos and Watson (1982).
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CTB tracing

One week after arrival, 6 male Wistar rats (Charles River; Sulzfeld, Germany) weighing 
270-300g received two cannulae: one aimed at the right Acb shell for infusion of the 
cholera toxin B (CTB) conjugated to alexa-555 (C-22843, Invitrogen, Bleiswijk, the 
Netherlands) tracer and one cannula in the left lateral ventricle (LV) for the infusion 
of colchicine to block neuronal transport (C9754, Sigma-aldrich, Zwijndrecht, the 
Netherlands). Surgical procedures were the same as for the rat study described above. 
For the LV a permanent 22-gauge stainless steel guide cannula was used with coordinates 
0.8 mm posterior from bregma, 1.4 mm lateral from the midline and 4.5 mm below the 
surface of the brain. In contrast to CTB, fluorophore-labeled CTB cannot be applied by 
iontophoresis, so we used pressure injection (237). Rats were injected unilaterally with 
100 - 150nl 1% CTB into the Acb shell. The injection needle was left in place and fixed 
with dental cement to the skull to minimize leakage from the tract (237). Twelve days later, 
rats were deeply anesthetized and 100µg colchicine in 5µL PBS was injected in the LV. 
24-36h later, rats were transcardially perfused with saline, followed by a solution of 4% 
paraformaldehyde in 0.1 M PBS (pH 7.4) at 4°C. Brains were removed and kept in a 30% 
sucrose solution dissolved in PBS for 2h. Subsequently, the brains were washed briefly 
with PBS, frozen on dry ice and stored at -80°C until further processing for fluorescent 
immunohistochemistry. The procedure for the fluorescent immunohistochemistry was 
performed as described previously (246) and in the Supplemental Material.

Statistical Analysis

For the effects of NPY on food intake and on enkephalin mRNA, t-tests were performed. 
The data on NPY in combination with the Y1R antagonist were tested with a two-way RM 
ANOVA (for paired-comparison), and were followed with Sidak’s multiple comparisons 
tests. Data obtained with electrophysiology were analyzed with a repeated-measures 
ANOVA, followed by Tukey’s post hoc  tests where appropriate. For all analyses, 
significance was assigned at the P ≤ 0.05 level. All data are presented as mean ± SEM.

RESuLTS

Effect of NPY and Y1R antagonist in nucleus accumbens on food intake

Local administration of NPY significantly increased fat intake after 2h (Fig 1A), but not after 
5h and 24h (Supplemental Data S1). Intra-Acb NPY did not affect intake of the chow or sugar 
component after 2h (Fig 1A) or after 5h and 24h (Supplemental Data S1). Subsequently, 
the effect of pretreatment with the selective Y1R antagonist GR 231118 on NPY-induced 
fat intake was tested. Again, when infused in the Acb, NPY specifically increased fat intake 
(Supplemental Data S2). Interestingly, when cannulae were placed bilaterally in the shell 
of the Acb (which was the case in 5 out of 11 animals), pretreatment with Y1R antagonist 
completely prevented the NPY-induced increase in fat intake (interaction Pretreatment 
with Y1-antagonist*NPY (F(1,20)=6.3; P=0.02); a trend for NPY effect: F(1,20)=3.5; p=0.08) 
and no effect of the Y1 antagonist F(1,20)=1.5; P=0.24) (Fig 1B).
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NPY reduces cell firing in the nucleus accumbens in vivo

To evaluate the effects of NPY on neuronal activity in vivo, neuronal firing data 
were collected during intra-Acb infusions of aCSF or NPY with microwire recording 
electrodes implanted in the Acb (Fig 2A,B). Multi-unit recordings performed under 
anesthesia revealed a significant reduction in firing rates of Acb neurons treated with 
0.6mg NPY (n=29) and a significant interaction between time and treatment P=0.0010, 
2-way ANOVA F(39,1482)=1.874) (Fig 2C,D). Firing in 11/29 (37.9%) units was suppressed 
50% below from baseline. Another 9/29 (31.0%) units were suppressed 25% below from 
baseline. The remaining 9 units were either unchanged (6/29, 20.7%) or increased (3/29, 
10.3%) relative to pre-infusion firing rates. This effect lasted 25 min, starting within 
5 min after infusion (Fig 2C).  

NPY1R colocalizes with enkephalin and dynorphin positive neurons in nucleus 
accumbens 

Since NPY receptors are present in the Acb (230), we investigated whether Y1R 
colocalizes with enkephalin and dynorphin neurons by performing double-labeled 
fluorescent in situ hybridization. Colocalization of Y1R on enkephalin and dynorphin 
neurons was found throughout the striatum and Acb; about 59% of Y1R colocalized 

 

 

 

 

 

 

Figure 1. Effect of intra-Acb NPY in rats on intake of chow, sugar and fat components of the fcHFHS 

diet. A) NPY in the Acb significantly increased fat intake and not sugar or chow intake; total intake 

tended to be increased (veh 6.5±0.8 vs. NPY 8.7±1.1; p=0.1) (N=10). B) The increase in fat intake was 

prevented by pretreatment with Y1R antagonist GR 231118, injected bilaterally into the shell of Acb, 

whereas the Y1R antagonist did not affect fat intake (or chow and sugar) alone (n=5). Data are 

presented as mean ± SEM. A significant effect is depicted by *P<0.05 and **P<0.01. 
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tended to be increased (veh 6.5±0.8 vs. NPY 8.7±1.1; p=0.1) (N=10). B) The increase in fat intake 
was prevented by pretreatment with Y1R antagonist GR 231118, injected bilaterally into the shell 
of Acb, whereas the Y1R antagonist did not affect fat intake (or chow and sugar) alone (n=5). Data 
are presented as mean ± SEM. A significant effect is depicted by *P<0.05 and **P<0.01.
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with enkephalin neurons (Fig 3a) and about 18% with dynorphin neuron (Supplemental 
Data S3) as revealed by confocal analysis. 

NPY administration in the nucleus accumbens decreases ppENk mRNA 
expression.

Striatal enkephalin, as opposed to dynorphin, has been described to be affected by 
changes in energy balance (37). Additionally, we found that Y1R is mainly located 
on enkephalin neurons. Therefore we investigated the effect of NPY on enkephalin 
mRNA levels. We quantitatively measured ppENK mRNA levels using radioactive in 
situ hybridization and found that one hour after intra-Acb NPY administration, ppENK 
mRNA expression was significantly downregulated in both the ventral striatum (Acb) 
as well as the dorsal striatum (Fig 3b) (P<0.05).

Subset of arcuate NPY neurons project to nucleus accumbens 

To investigate the origin of NPY neurons projecting to the Acb, the CTB tracer was 
administered in the Acb and colocalization with NPY antibody was determined. The 

Figure 2. NPY in the Acb decreases neuronal activity in vivo. A) Location of electrodes (black 
spots) and cannulae (filled black circles) projected on a mouse brain atlas section (Paxinos and 
Watson, 1982). B) Interspike interval histograms and waveforms from a single unit in aCSF infusion 
sessions (left) and the same neuron in NPY infusion sessions (right). C,D) Average neuronal activity 
for NPY sessions and aCSF. Gray box represents time of infusion. NPY significantly reduces firing 
rate from 15-40 min, P<0.05. 
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tracer was mostly concentrated at the border of the medial shell and core, positioned 
dorsomedially to the ACA (Fig 4a). Anterograde CTB tracing was found in the medial 
part of the subcommissural ventral pallidum and lateral hypothalamus confirming 
previous findings (247-249). In this study our main focus was to investigate afferent 
projections to the Acb and consequently to determine which of these projections 
colabel with NPY. Retrograde transport of CTB tracer was examined by serial sectioning 
and immunostaining in the neocortex, thalamus, hypothalamus, amygdaloid nuclei, 
ventral pallidum and subiculum. 

Consistent with previous studies, CTB staining was found in labelled perikarya 
in the agranular insular cortex, perirhinal cortex, midline thalamic nuclei and (baso)
lateral amygdala (238,248,249). However, in none of these areas did CTB colocalize 
with NPY staining.

The primary site for synthesis of NPY peptide is the ARC. Consistent with others 
(237,238), we found CTB staining in the ARC. CTB labeling was present in the ventral 
medial and ventral lateral part the ARC. In the ventral medial ARC, the majority of 

Figure 3. NPY Y1 receptor (Y1R) is expressed on enkephalin (ENK) neurons in the nucleus 
accumbens (Acb) and intra-Acb NPY downregulates ppENK mRNA levels. A) Expression pattern 
of Y1R and ENK in the Acb. Horizontal arrows indicate colocalization. AC; Anterior commissure. B) 
ppENK gene expression levels in the ventral striatum and representative images after intra-Acb 
injection of NPY. Values are means ±  SEM of seven to nine rats per group. *P<0.05 NPY vs vehicle.
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NPY activity in the nucleus accumbens

CTB cells were dually immunostained with NPY (Fig 4b), indicating NPY positive cells 
projecting from the ARC to Acb. This finding was confirmed in 3 successfully injected 
cases. CTB cells in the lateral portion of the ARC, which did not colocalize with NPY, 
may be alpha-MSH neurons as melanocortinergic projections from the ARC to Acb 
have been shown previously (239).

DISCuSSIoN

In the present study, we used a combination of behavioral, neuroanatomical and in 
vivo electrophysiological measures to investigate the effect of NPY on Acb neuronal 
activity, neuropeptide expression and behavioral output. We demonstrated that NPY 
administration in the Acb in rats on the fcHFHS diet increased fat intake specifically, 
and this effect was attenuated by pretreatment with an Y1R antagonist in the Acb shell. 
Furthermore, we identified NPY Y1 receptors on ENK neurons in the Acb and found that 
NPY administration lowered Acb neuronal activity and levels of striatal ppENK mRNA. 
Finally, we showed that a subset of ARC NPY neurons project to the Acb. Together with 
our earlier findings that the fcHFHS diet increased NPY mRNA in the ARC and increased 
sensitivity for NPY (12,158), these findings provide evidence for a role of NPY in the 

Figure 4. NPY-positive neurons in the ARC project to the Acb. A) Representative image for CTB 
injection in the Acb. B) Confocal microscopy shows colocalization of NPY and CTB in the ARC of 
rats. Arrows indicate colocalization. 3V; third ventricle.
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intake of palatable foods, possibly via inhibition of D2-enkephalin neurons. Moreover, 
the increased levels of NPY mRNA in the ARC observed in rats on the fcHFHS diet 
may, via projections to the Acb, be related to the increased motivation and active lever 
pressing as well as the persistent hyperphagia observed in these rats (10,12).

Consistent with others, we found that intra-Acb NPY did not affect chow (181,210) 
and sucrose (210) intake. Interestingly, a recent study showed that intra-Acb NPY 
increased intake of sucrose pellets (62), which implies that intra-Acb NPY may 
increase sucrose intake in the absence of fat, or that the effect is specific to solid 
and not liquid sugar. NPY has been associated with carbohydrate intake in a 
number of studies (56,57,181), yet NPY is often administered in the third ventricle 
or directly into hypothalamic areas. In this study, NPY was directed to the Acb and 
specifically increased fat intake, suggesting that the effect of NPY on food component 
consumption may be dependent on the specific brain site. Basal caloric intake in 
rats on the fcHFHS diet comprises 50% from chow, 30% from sugar and 20% from 
fat. Because fat is not the main preferred component under baseline conditions with 
this diet, we infer that NPY-induced fat intake is not confounded by a pre-existing 
baseline fat preference.

Our findings indicate that NPY inhibits neuronal activity in the Acb. To our 
knowledge, this is the first study investigating the effects of NPY on Acb neuronal 
activity. The inhibitory effects in the Acb are in consistent with NPY’s inhibitory effects 
in other brain areas, such as the amygdala and ARC (234,235), and coincide with the 
downregulation of ppENK mRNA expression upon intra-Acb NPY administration, 
another novel finding in this study. This may suggest that NPY’s feeding effects in 
the Acb may occur via downregulation of D2-containing ENK neurons. The ability 
of NPY to reduce neuronal firing in the Acb is consistent with a general model from 
other pharmacological and electrophysiological studies in which reduced Acb neuronal 
firing stimulates food intake (232,233). Future studies are needed to determine the 
precise mechanism underlying NPY’s inhibitory actions in the Acb.

Mu-opioid receptor agonists (such as DAMGO) elicit robust feeding responses, 
however administration of different doses of Met-enkephalin or a synthetic and protease-
resistant analogue of enkephalin ([D-Ala2] Met-enkephalin) in different Acb regions did 
not produce any significant effects on food intake (250). The majority of enkephalin 
neurons co-express GABA (251). Therefore, the NPY-mediated downregulation of 
ppENK neurons may also represent a reduction of GABA-ergic output. Reduced Acb 
GABA-ergic output has consistently been shown to elicit intense feeding in satiated rats 
and to increase intake of palatable foods (36,231,233,252,253). This reduced Acb GABA-
ergic output likely affects food intake via the lateral hypothalamus and medial ventral 
pallidum (254). The downstream outputs from the LH involve autonomic structures and 
structures that directly control brainstem pattern generators for the motor actions of 
eating (208). Therefore, we speculate that the downstream mechanisms of the inhibitory 
effects of NPY in the Acb (leading to the increase in fat intake) involve reduced GABA-
ergic output to the LH via the medial ventral pallidum.
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We demonstrated CTB tracing and NPY staining in brain areas consistent with 
others (238,255). However, colocalization was only found in the ARC, suggesting that 
NPY neurons projecting to the Acb predominantly originate from the ARC. Although 
it remains to be determined whether ARC-derived NPY is the principal mediator in 
palatable feeding regulation when rats are on the fcHFHS diet, the NPY-ergic ARC 
projections to the Acb supplement findings describing a-MSH projections from the 
ARC to the Acb (239), and suggest that afferent signals from ARC to Acb provide input 
about the general metabolic state of the body. Receptors of nearly all known metabolic 
hormones, such as leptin, insulin, glucocorticoid and ghrelin, are present on ARC NPY 
neurons. It remains to be explored whether the NPY neurons that project to the Acb 
are also controlled by these peripheral signals.

In conclusion, our data indicate a role for NPY in the Acb in the intake of palatable 
food, which is likely mediated by inhibition of enkephalin neurons, probably leading 
to decreased GABA-ergic output. Future studies are needed to establish a direct role 
of GABA-ergic enkephalin neurons in NPY’s effect on fat intake. Our findings confirm 
and extend research suggesting a role for NPY in the feeding-related neural circuit 
controlled by the Acb (236,256,257). The feeding effects of the hypothalamic peptide 
NPY in the Acb further links the homeostatic and hedonic feeding circuits in the control 
and regulation of palatable feeding.
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SuPPLEMENTAL INFoRMATIoN  

Supplemental information for Material and Methods sections

Surgery for cannulae in nucleus accumbens

Male Wistar rats (Charles River, Germany) weighing 270-300g were housed in a 
temperature (21-23ºC) and light-controlled room (lights on 0700-1900). One week 
after arrival, two cannulae aimed bilaterally at the Acb shell were implanted. Rats were 
anaesthetized with an ip injection of 80mg/kg ketamine (Eurovet Animal Health, Bladel, the 
Netherlands), 8mg/kg xylazine (Bayer Health Care, Mijdrecht, the Netherlands) and 0.1mg/
kg atropine (Pharmachemie B.V., Haarlem, the Netherlands) and fixed in a stereotaxic 
frame. Permanent 26-gauge stainless steel guide cannulae (Plastics One, Bilaney 
Consultants GmbH, Düsseldorf, Germany) were implanted at AP:+1.4 mm, ML:+/-2.8 mm, 
DV:-6.6 mm (coordinates from bregma and using an angle of 10° in the frontal plane). 
Guide cannulae were secured to the skull using four anchor screws and dental cement and 
occluded by a 28-gauge stainless steel dummy cannula (Plastics One, Bilaney Consultants 
GmbH, Düsseldorf, Germany). Immediately after surgery, rats received an analgesic 
subcutaneously (Carprofen, 0.5mg/100g body weight) and were housed individually. 

Radioactive in situ hybridization

Sections were defrosted and fixed in 4% paraformaldehyde in phosphate-buffered 
saline (PBS) for 10 min, washed in PBS, pretreated with 0.25% acetic anhydride in 0.1 M 
triethanolamine, washed again in PBS and dehydrated in graded ethanol followed by 
100% chloroform and 100% ethanol. The sections were hybridized overnight at 72°C 
with 106 cpm 33P-labeled (33P-UTP, Perkin Elmer) antisense ppENK RNA probe in buffer 
containing 50% deionized formamide, 2× standard saline citrate (SSC), 10% dextrane 
sulphate, 1× Denhardt’s solution, 5 mM EDTA and 10 mM phosphate buffer, after 
5 min heating at 80°C. After hybridization, the sections were washed in 5×SSC (short, 
72°C) and 0.2×SSC (2 h, 72°C) and dehydrated in graded ethanol in 0.3 M ammonium 
acetate. Sections were exposed to X-ray film (Kodak Bio-Max MR, Sigma-aldrich, 
Zwijndrecht, the Netherlands) for 4 days. The films were developed and expression 
levels were quantitatively analyzed using an 8800F Canon scanner. All images (600 dpi) 
were analyzed using ImageJ (Rasband, WS, NIH, Bethesda, MD, USA, http://rsbweb.
nih.gov/ij/, 1997–2005). In each section gray values were determined in the region of 
interest, measured bilaterally and subtracted from background, producing a single 
value for each brain area on each section.

Fluorescent immunohistochemistry 

Coronal slices of 35 μm were cut in a cryostat and collected and stored until processing 
in cryoprotectant (30% glycerol, 30% ethylene glycol, 40% 0.1M PBS). Free floating slices 
were washed in PBS at least 5 times for a total of 60 min and were incubated in blocking 
buffer (2.5% normal donkey serum, 2.5% normal goat serum, 1% bovine serum albumin, 
1% glycine, 1% lysine, 0.4% Triton X-100) for at least 30 min at room temperature (RT). 
Sections were incubated overnight in rabbit anti-NPY (1:1000, Niepke 091188, Netherlands 
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Institute for Brain Research) primary antibody diluted in blocking buffer. The next day, 
slices were washed in PBS several times for a total of 60 min. Subsequently, sections 
were incubated with donkey anti-rabbit Alexa Fluor-488 (Invitrogen) secondary antibody 
diluted in blocking buffer for 1h at RT. After 5 washes in PBS for a total of 60 min at RT, 
sections were mounted on glass slides and embedded in mounting medium containing 
DAPI (Vectashield, Vector labs, Burlingame, CA, USA). Cholera toxin B (CTB)-alexa-555 
conjugate emission was sufficient to visualize under the fluorescent microscope without 
additional CTB antibodies. Images were first taken by fluorescent microscopy and co-
localization across all sections was determined by confocal microscope scanning.

Surgery for cannula and microwire electrode in nucleus accumbens for neural 
recordings in mice

Anesthesia was initiated with ~4% isofluorane and intraperitoneal injections of ketamine 
(100mg/kg) and xylazine (10mg/kg). A surgical level of anesthesia was maintained over 
the course of surgery with supplements (30mg/kg) of ketamine every 45–60 min. The 
skull was leveled between bregma and lambda and a craniotomy was created over the 
ventral striatum. A single array of microwire electrodes was placed centered at AP:+1.2, 
ML:±0.7, DV:−4.5 (coordinates from bregma). A single infusion cannula was then placed 
at AP:+1.4, ML:±2.1, DV:−4.6 (coordinates from bregma and using an angle of 15° in the 
frontal plane). Craniotomies were sealed with cyanoacrylate (“Metabond”) and methyl 
methacrylate (i.e., dental cement; AM Systems, Carlsborg, WA, USA).

Fluorescent in situ hybridization

For the fluorescent  in situ hybridization analysis, fresh frozen mouse brains were 
cryosectioned at 14μm thickness and dried onto slides. The sections were then fixed in 
ice-cold 4% paraformaldehyde for 20 min, dehydrated in an ethanol series and allowed 
to air dry. The sections were rehydrated, acetylated for 10 min, dehydrated and air dried 
again. The hybridization mix (50% formamide, 5×SSC, 5×Denhardt’s solution, 250μg/ml 
yeast RNA, 0.5mg/ml salmon testes DNA, and 300ng/ml RNA probe) was then added 
to the slides, which were incubated in humidified chambers at 60°C overnight. After 
washing and blocking with 5% normal rabbit IgG and 1% blocking reagent (Roche), the 
Y1R probe was first detected by using a 1:200 anti-digoxigenin antibody coupled to HRP 
(Dako, Carpinteria, CA, USA). The digoxigenin signal was amplified and detected using 
tyramide signal amplification (TSA)-direct coupled to cyanine-3 (PerkinElmer, Wellesley, 
MA, USA). Hydrogen peroxide treatment (3%, 15 min) was used to eliminate HRP 
activity. The fluorescein-labeled probe was detected with 1:500 rabbit anti-fluorescein 
coupled to HRP (Molecular Probes), followed by amplification with TSA-direct coupled 
to fluorescein (PerkinElmer). The sections were then dehydrated and mounted in DPX 
(Fluka, Neu-Ulm, Germany).

Generation of fluorescent in situ hybridization probes

Amplification products obtained by PCR were gel-purified and cloned into pCR2-TOPO 
vector (Invitrogen, Carlsbad, CA) and transformed into One Shot TOP10 competent 
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cells (Invitrogen), using standard techniques. Positive clones were verified by diagnostic 
restriction enzyme digest and amplicon sequencing. To generate antisense digoxigenin 
(DIG)-labeled Y1R cRNA probe, plasmid was linearized by digestion with  BAMHI 
and subjected to in vitro transcription with T7 RNA polymerase according to the 
manufacturer’s protocol (Roche, Basel, Switzerland). For generation of sense DIG-labeled 
Y1R cRNA probe, plasmids were linearized by digestion with EcoRV and subjected to in 
vitro transcription with SP6 RNA polymerase. To generate antisense fluorescein-labeled 
ppENK and pDYN cRNA probes, plasmids were linearized by digestion with BAMHI 
for ppENK and EcoRV for pDYN and subjected to in vitro transcription with T7 RNA 
polymerase (for ppENK) and SP6 (for pDYN) according to the manufacturer’s protocol 
(Molecular Probes, Eugene, OR, USA). Hybridization with sense probes was included 
as control experiment to confirm the specificity of the in situ hybridization protocol. 
These sense hybridization probes did not show any fluorescent hybridization signal.

NCBI reference 
sequence Forward primer Reverse primer Product size

Transcript 
Nucleotide 

number

NPY Y1 receptor 
(Y1R)

NM_010934
GAAGCAGGCT 
AGCCCAGTC

TCAGGTGGTG 
ACTGCTTTTG

506 1337-1882

preproenkephalin 
(ppENK)

NM_001002927
AACAGGATGA 
GAGCCACTTG

CTTCATCCGA 
GGGTAGAGAC

437 568-1041

Prodynorphin 
(pDYN)

NM_018863
TCTTTTCTCAC 
CCTGACTGC

CCATAGCGTT 
TGTACAGGTC

371 510-916
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NPY activity in the nucleus accumbens

SuPPLEMENTAL INFoRMATIoN FoR RESuLTS SECTIoNS
 

 

Supplemental Fig S1. Effect of intra-Acb NPY on 5h (A) and 24h (B) intake of chow, sugar and fat 

component. The intake of chow, sugar and fat are not increased after 5h and 24h after NPY 

administration in the Acb of rats. 

Supplemental Fig S2. Effect of pretreatment with NPY Y1 receptor antagonist (Y1a) on NPY-induced 

fat intake.  Rats with unilateral or bilateral cannula placement in the Acb shell showed increased fat 

intake, consistent with Fig 1A. Pretreatment with Y1a did not significantly attenuate the NPY-

induced fat intake (Fig 1B; 2-way RM ANOVA: effect of NPY F(1, 10)=4.6; p=0.06); effect of 
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Supplemental Figure S1. Effect of intra-Acb NPY on 5h (A) and 24h (B) intake of chow, sugar 
and fat component. The intake of chow, sugar and fat are not increased after 5h and 24h after 
NPY administration in the Acb of rats.

Supplemental Figure S2. Effect of pretreatment with NPY Y1 receptor antagonist (Y1a) on NPY-
induced fat intake.  Rats with unilateral or bilateral cannula placement in the Acb shell showed 
increased fat intake, consistent with Fig 1A. Pretreatment with Y1a did not significantly attenuate 
the NPY-induced fat intake (Fig 1B; 2-way RM ANOVA: effect of NPY F(1, 10)=4.6; p=0.06); effect 
of pretreatment F(1,10)=5.3; p=0.04), but no interaction effect of NPY* pretreatment F(1,10)=1.0; 
p=0.34); post hoc: * p<0.05. Interestingly, only when the Y1 antagonist was infused bilaterally in 
the medial shell, NPY’s effects on fat intake were completely abolished, suggesting an important 
role of the medial shell in the Y1 mediated effects and that the Y1R in the Acb-shell is involved 
in the effect of NPY on fat intake
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Supplemental Fig S3. A) Fluorescent microscopy shows the expression pattern of dynorphin (DYN) 

and NPY Y1 receptor (Y1R) mRNA in the nucleus accumbens (Acb). B) Confocal microscopy shows the 

colocalization of NPY Y1 receptor (Y1R) on a subpopulation of dynorphin (DYN) neurons in the 

nucleus accumbens (Acb). Horizontal arrows indicate colocalization. AC, Anterior commissure 

Supplemental Figure S3. A) Fluorescent microscopy shows the expression pattern of dynorphin 
(DYN) and NPY Y1 receptor (Y1R) mRNA in the nucleus accumbens (Acb). B) Confocal microscopy 
shows the colocalization of NPY Y1 receptor (Y1R) on a subpopulation of dynorphin (DYN) 
neurons in the nucleus accumbens (Acb). Horizontal arrows indicate colocalization. AC, Anterior 
commissure
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Given that the recent rise in the incidence of obesity is closely associated with the 
increased intake of saturated fat and sugar-sweetened beverages, it is of major 
importance to get a better understanding of the mechanisms that regulate the 
consumption of dietary fat and sugared beverages. In addition, when using animal 
models to investigate these mechanisms, it is important to use an animal model that 
closely resembles the consumption pattern of humans, which is characterized by the 
abundance of readily available palatable food items. To incorporate the aspect of choice 
and to determine the contribution of individual food components in the development 
of obesity, we used a free-choice diet in which rats were offered two palatable food 
items, which consisted of a dish of saturated fat and a bottle of 30% sugar water, in 
addition to normal rat chow and a bottle of tap water (free-choice high-fat high-sugar 
(fcHFHS)). The fcHFHS diet is not only an effective model of diet-induced obesity, but 
it is also characterized by snacking behavior, increased motivation and alterations 
in metabolic parameters that closely resemble human obesity and the metabolic 
syndrome (10-12,129). As control diets, we used free-choice diets in which rats were 
offered only the saturated fat (free-choice high-fat (fcHF)) or the bottle of sucrose (free-
choice high-sugar (fcHS)) in addition to the regular chow and water (CHOW).

My thesis started off with the knowledge that at 1 week of diet exposure, both 
rats on the fcHF and the fcHFHS diet are equally hyperphagic compared to rats on 
the CHOW diet, whereas food intake in fcHS-fed rats was only slightly increased. 
Interestingly, whereas rats on the fcHF diet showed the expected physiological 
response to increased caloric intake by decreasing orexigenic neuropeptide Y (NPY) 
and increasing anorexigenic pro-opiomelanocortin (POMC) expression in the arcuate 
nucleus (ARC), rats on the fcHFHS diet showed a paradoxical increase in NPY mRNA 
expression and decrease in POMC mRNA expression. Rats on the fcHS diet did not 
show any changes in ARC mRNA levels (12). The differential ARC expression levels 
are predictive for the feeding behavior after the first week, as from the second week 
onwards, rats on the fcHF diet adjust their food intake and in the fourth week their intake 
was similar to that of CHOW-fed rats. In contrast, rats on the fcHFHS diet remained 
hyperphagic during these 4 weeks (10-12,129).

The differential neuropeptide gene expression levels and feeding behavior in the 
different free-choice diets formed the basis for this thesis and the start of a series 
of experiments to examine the consequences of adding a fat component, a sugar 
component, or both, to the regular chow component on homeostatic as well as non-
homeostatic or hedonic brain regions. These studies comprised both bottom-up as well 
as top-down approaches in which the effects of free-choice diets on gene expression 
levels in a number of brain regions were investigated, as well as the effects of external 
application of neuropeptides or hormones on feeding behavior and gene expression 
levels. Thus, the overall aim of this thesis was to unravel which brain areas, neuropeptides 
and neural pathways are involved in and may underlie the differences in feeding behavior 
evoked by the different free-choice diets, focusing on the NPY, melanocortin and leptin 
systems in brain regions controlling homeostatic and hedonic feeding.



General discussion

Summary of the main findings 

NPY and POMC mRNA levels after 1 week of diet seemed to predict subsequent 
caloric intake, but it remained to be determined how NPY and POMC mRNA levels 
developed during these 4 weeks on the diet, as from the second week on, rats on the 
fcHF diet adjust their food intake, to become comparable to that of CHOW-fed rats 
after 4 weeks, whereas fcHFHS-fed rats remained hyperphagic. Therefore, in the first 
experiment, we examined ARC NPY and POMC mRNA levels after 4 weeks diet in rats 
on the fcHS, fcHF or fcHFHS diet. In chapter 3 and chapter 4, we report that in contrast 
to 1 week, after 4 weeks diet, no changes in ARC expression levels (as compared to 
CHOW-fed rats) were observed for NPY or the melanocortin genes POMC and AgRP. 
In the fcHF-fed and fcHS-fed rats this expression pattern correlates with their caloric 
intake after 4 weeks diet, i.e., not different from CHOW-fed rats. However, in rats on 
the fcHFHS diet, ARC gene expression levels at 1 week of diet exposure may explain 
the hyperphagia during the first week on the diet, but ARC gene expression levels after 
4 weeks diet did not explain the sustained hyperphagia. Therefore, we hypothesized 
that the sensitivity of the NPY or melanocortin system had changed and that these 
alterations might underlie the sustained hyperphagia. Indeed, previous studies have 
found changes in NPY and melanocortin sensitivity in the face of unchanged ARC NPY 
and melanocortin expression levels (131-133). Therefore, in the next two studies we 
tested the sensitivity of rats after 4 weeks on CHOW, fcHS, fcHF or fcHFHS diet to the 
melanocortin receptor agonist MTII (chapter 3) and NPY (chapter 4). 

In chapter 3, we first focused on the role of the melanocortin system. It is well-
established that activation of melanocortin receptors results in an anorexigenic 
response. Previous studies have shown that diet-induced obese rats have a hampered 
anorexigenic response to melanocortin receptor agonists, suggesting reduced 
functioning of the melanocortin system during obesity (142). Conversely, in obese 
fa/fa Zucker rats, which are severely hyperphagic and have paradoxically increased 
POMC mRNA levels, enhanced inhibitory responses to MTII have been found (258,259). 
Additionally, accumulating evidence correlates melanocortin signaling with fat intake 
(87,88). Therefore, we investigated feeding responses to MTII in rats after 4 weeks on 
the free-choice diets. Our main findings were that food intake inhibition in response to 
MTII in rats on the fcHS and fcHFHS diet was similar to rats on the CHOW diet, whereas 
the inhibition of food intake in response to MTII in rats on the fcHF diet was enhanced. 
These data suggest that the melanocortin feeding response is independent of obesity 
or hyperphagia, but instead, is determined by diet composition. These data are 
consistent with two other studies that showed different responses of the melanocortin 
system in rats on diets that differ in the carbohydrate and fat content (77,157).

Because the melanocortin system was not involved in the hyperphagia observed in 
rats on the fcHFHS diet, we next examined (in chapter 4) the NPY system and tested 
whether feeding responses to NPY were different between diet groups and correlated 
to their feeding behavior. In this study, we showed that feeding responses to central 
NPY are similar in rats on the fcHS and fcHF diet compared to rats on the CHOW diet, 
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whereas NPY-induced feeding responses were enhanced in rats on the fcHFHS diet. 
We concluded that an increased NPY-ergic tone, as indicated by increased NPY mRNA 
expression after 1 week diet and increased sensitivity after 4 weeks diet, is involved in 
the hyperphagia observed in rats on the fcHFHS diet. These data are consistent with 
studies in ob/ob mice and fa/fa Zucker rats wherein hyperphagia is also associated with 
increased NPY signaling (80,81).

Leptin is a potent and well-described regulator of NPY and melanocortin signaling. 
Leptin’s anorectic effects are predominantly achieved by downregulating ARC NPY 
mRNA levels and increasing ARC POMC mRNA levels. However, in rats on the fcHF 
or the fcHFHS diet, plasma leptin and adiposity levels are equally increased, whereas 
the diet-induced changes in ARC gene expression levels are opposite. Therefore, 
we hypothesized that not basal leptin levels, but rather leptin sensitivity is different 
between these groups and explains the differential changes in ARC mRNA levels. In 
chapter 4, we showed that both rats on the fcHS and the fcHF diet are sensitive to 
an increase in peripheral leptin levels (upon intraperitoneal (ip) leptin administration), 
whereas rats on the fcHFHS diet were not. We concluded that in fcHFHS-fed rats 
peripheral leptin resistance is involved in the altered ARC expression levels and may 
contribute to the sustained hyperphagia in these rats. 

Peripheral leptin resistance has been described to precede central leptin resistance 
and despite resistance to peripheral leptin, in some instances central leptin may still 
reduce food intake (134,135). In chapter 5, we examined feeding responses to central 
leptin as well as leptin sensitivity of ARC neurons in rats on the fcHFHS or the CHOW 
diet. Interestingly, in rats on the fcHFHS diet we found anorexigenic responses to 
central leptin, while ARC POMC and NPY neurons were unresponsive. Thus, behaviorally 
(i.e. with respect to feeding responses) fcHFHS-fed rats are resistant to peripheral 
leptin, but sensitive to central leptin. However, the behavioral (i.e. feeding) effect of 
central leptin is not mediated by the ARC, as the ARC is leptin resistant (to central 
leptin). Indeed, other studies have shown the existence of leptin responses in non-ARC 
hypothalamic areas and in the hindbrain, when the ARC was leptin resistant, suggesting 
that areas outside the ARC may still be leptin sensitive. To investigate which other 
brain areas might mediate leptin’s anorectic effects, we focused on the mesolimbic 
nucleus accumbens (Acb) and ventral tegmental area (VTA), as the anorectic effect 
of leptin was predominantly mediated by a reduction in fat intake. In contrast to the 
ARC, preproenkephalin (ppENK) in the Acb and tyrosine hydroxylase (TH) in the VTA 
did show changes in mRNA expression in response to central leptin. Therefore, we 
concluded that, despite peripheral and ARC leptin resistance, central leptin signaling 
is still able to reduce food intake, which may be partly mediated by the VTA and Acb.

As mentioned above, exposure to the fcHFHS diet resulted in a paradoxical increase 
in ARC NPY mRNA levels and sustained hyperphagia. In a previous study (129), we 
also showed that the choice component in the fcHFHS diet is important for inducing 
hyperphagia. Rats subjected to a diet with similar amounts of fat and sugar as in the 
fcHFHS diet, but then presented in one pellet (called the non-choice HFHS (ncHFHS) 
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diet), initially overeat, but adjust their food intake after 2 days diet, and after 3 weeks 
on the diet caloric intake is similar to that of rats on the CHOW diet. Therefore, it is not 
necessarily the combination of fat, sugar and chow that is responsible for the sustained 
hyperphagia, but rather the choice and ability to eat different diet components separately 
and at different times of the day. To test the hypothesis that the choice component is 
also important for the paradoxical increase in NPY mRNA levels in fcHFHS-fed rats, we 
measured (in chapter 6) NPY mRNA levels in fcHFHS-fed and ncHFHS-fed rats after 
1 week diet. Interestingly, we found that ncHFHS-fed rats also had increased ARC NPY 
mRNA levels. This suggests that the combination of fat and sugar regulates NPY mRNA 
levels and that additional signals, probably downstream of NPY, are needed to mediate 
the sustained hyperphagia. One of these signals may be striatal enkephalin, since ppENK 
levels were downregulated in rats on the fcHFHS diet, but not in rats on the ncHFHS diet.

In chapter 4 we showed that NPY administered via an intracerebroventricular (ICV) 
injection in the lateral ventricle increases the intake of fat and chow but not sugar. Since 
NPY administered in the lateral ventricle may act in many different brain regions, the 
next two studies were directed at identifying the brain sites where NPY may exert its 
effect on fat and chow intake. The lateral hypothalamus (LH) has been described as 
an important link between the hypothalamus and mesolimbic system and receives an 
important NPY input. Therefore, we hypothesized that the LH is involved in the NPY-
induced increased fat or chow intake, or both components. In chapter 7 we investigated 
the effect of intra-LH NPY administration on the intake of chow, fat and sugar, as well 
as total caloric intake, in rats that had been on the diet for 1 week and found that NPY 
in the LH specifically increased chow intake. 

Given that the LH did not seem to be involved in the effect of ICV NPY on fat 
intake, we next focused on the Acb, a brain region involved in palatable feeding and 
fat intake in particular (40) that also expresses NPY receptors (51). In chapter 8 we 
showed that NPY administration in the Acb in rats on the fcHFHS diet for 1 week 
specifically increased fat intake, and that this effect was mediated by the NPY Y1 
receptor. Additionally, we found that enkephalin neurons in the Acb express the NPY 
Y1 receptor and that NPY evokes inhibitory responses in the Acb and inhibits ppENK 
expression in the striatum. Moreover, we showed the presence of NPY projections from 
the ARC to the Acb. Together, these data support the hypothesis that the increased 
ARC NPY mRNA levels in rats on the fcHFHS diet may act via the Acb to contribute to 
the increased fat intake and increased motivational behavior.

Overall, we conclude that a diet combining saturated fat and liquid sugar, in 
addition to chow, results in peripheral leptin resistance and an increased NPY-ergic 
tone, as indicated by increased ARC NPY mRNA levels at 1 week diet and increased 
NPY-induced feeding responses after 4 weeks diet. This upregulation of the NPY system 
is likely correlated with the observed sustained hyperphagia in rats on the fcHFHS 
diet. Because NPY in the Acb is involved in motivation and palatable food intake, 
the increased NPY-ergic tone in fcHFHS-fed rats may act via the Acb to mediate the 
palatable feeding and motivational effects. 
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Table 1. Overview of parameters of rats on the free-choice high-sugar (fcHS), free-choice high-fat 
(fcHF) or free-choice high-fat high-sugar (fcHFHS) diet compared to rats on the CHOW diet.

1 week diet 4 weeks diet

fcHFHS fcHF fcHS fcHFHS fcHF fcHS

Caloric intake ↑ ↑ = / ↑* ↑ = =

Body weight gain = = = ↑ = =

Fat mass ↑ ↑ = ↑ ↑ ↑

Plasma leptin levels ↑ ↑ = ↑ ↑ ↑

ARC NPY mRNA ↑ ↓ = = = =

ARC POMC mRNA ↓ ↑ ↑ = = =

ARC AgRP mRNA = = = = = =

NPY sensitivity ↑ ↑ = ↑ = =

MTII sensitivity = = nd = ↑ =

Peripheral leptin sensitivity ↓ = = ↓ = =

* Over the years, a large number of experiments have been conducted using the different free-choice diets and 
most parameters were highly consistent across experiments. However, sucrose intake in rats on the fcHS diet 
was variable, with increased intake in this thesis and no increase in previous experiments. Nd = not determined

NPY AND MELANoCoRTIN SIGNALING IN RATS oN FREE-CHoICE 
DIETS 

As summarized above, the fcHFHS diet induced increased ARC NPY mRNA levels 
and decreased ARC POMC mRNA levels, whereas the fcHF diet induced opposite 
expression patterns after 1 week diet exposure. It is clear from several studies that 
leptin decreases NPY mRNA levels and increases POMC mRNA levels in the ARC. With 
leptin resistance, one would expect NPY mRNA and POMC mRNA to be unresponsive 
as was also shown in chapter 5 where an ICV injection of leptin did not exert an 
effect on ARC NPY or POMC mRNA levels when rats were fed the fcHFHS diet. 
Thus although leptin resistance is likely an important component in the increased 
NPY and decreased POMC expression levels after 1 week fcHFHS diet, additional 
factors, independent or downstream of leptin signaling, are likely also involved in 
the aberrant ARC expression levels in fcHFHS rats. Moreover, after 4 weeks diet, rats 
on the fcHFHS diet are still leptin resistant, but NPY and POMC mRNA expression 
levels no longer differed from the CHOW group. These additional factors remain 
to be elucidated, but one of these factors may involve inflammatory signals, given 
the increased evidence suggesting that obesity is associated with inflammation in 
the hypothalamus and that this inflammatory process results in resistance to the 
anorexigenic hormones leptin and insulin (173,260). Although leptin is among the 
most potent regulators of NPY and POMC neurons, the regulation of ARC mRNA 
levels is complex and comprises multiple other components in addition to leptin. NPY 
and POMC neurons are regulated by a number of factors and have several types of 
receptors on their membrane, including insulin, ghrelin, GABA, opioid and fibroblast 
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growth factor receptors, and resistance to some of these factors has also been shown 
to occur with obesity (66,261). 

Unexpectedly, in chapter 5 we did not find increased NPY mRNA levels after 1 week 
fcHFHS diet, in contrast to the other experiments. A main difference between the 
chapter 5 experiment and the other studies is a longer fasting time before sacrifice in 
chapter 5, and fasting, even for 1 night, has been shown to affect NPY mRNA signaling 
(195,262). The reason for the longer fasting time before sacrifice was to keep the 
experimental design for studying gene expression levels upon ICV leptin injection 
similar to that for studying the feeding response after injecting leptin ICV. These data 
show that, although expression levels are compared to CHOW rats, experimental 
conditions in the CHOW rats are equally important. Future experiments need to 
investigate the effects of different levels of food (restriction) prior to sacrifice on NPY 
mRNA levels in both CHOW control and fcHFHS-fed rats to determine to what extent 
NPY mRNA levels are sensitive to relatively minor changes in the nutritional state. Such 
data will provide more insight into the regulation of NPY mRNA levels under control 
conditions and upon exposure to a fat/sugar diet. Because current studies in literature 
that show increased ARC NPY mRNA levels are predominantly performed in genetically 
obese animals or animals that are already prone to develop obesity before the start of 
the experiment, the underlying factors that are involved in the increased expression of 
ARC NPY mRNA levels in rats on the fcHFHS diet are still largely unknown and needs 
further investigation.  

After 4 weeks diet, NPY mRNA levels and POMC mRNA levels were similar in rats 
on the fcHFHS, fcHF and fcHS diet, compared to rats on the CHOW diet, despite 
differences in leptin sensitivity and food intake. It seems that when rats exhibit stable 
feeding behavior, which is true for all diet groups after the first week on the diet, a 
new set point has been established. It could thus be that after feeding has reached 
this new set point, and leptin levels have also reached a new stable (higher) level, NPY 
mRNA levels are normalized to the new set point, which is supported by other studies 
(64,69,147). However, when rats on the diets are exposed to new challenges, such as 
fasting or when leptin is provided acutely above a certain threshold, it is expected that 
levels of NPY will respond differently, depending on the different choice diets.

LEPTIN SIGNALING IN RATS oN FREE-CHoICE DIETS

We found that rats on the fcHFHS diet show resistance to peripheral leptin after 1 week 
diet, whereas rats on the fcHS and fcHF diet do not, although plasma leptin levels, body 
weight gain, caloric intake and adiposity were similar between these groups. These 
results indicate that the specific combination of fat and sugar is detrimental in evoking 
leptin resistance in rats on a high-fat high-sugar diet for 1 week (chapter 4). Research 
from other labs has also confirmed the importance of adding a sugar component to a 
high-fat diet in the development of leptin resistance (124). Additionally, recent studies 
have shown that differences in fructose concentration or different fatty acid types 
(121,122,263) also affect the development of leptin resistance, providing further evidence 
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that dietary components are important in the development of leptin resistance, and 
that obesity is not the only factor. It is likely an interaction between dietary components 
and obesity as, contrary to our observations, the group of Harris found leptin resistance 
in fcHS-fed rats as well. However, their fcHS-fed rats were hyperphagic and obese (264), 
whereas in our hands rats on the fcHS diet remain sensitive to leptin and do not overeat 
persistently, increase body weight gain or develop hyperlipidemia (12). We found that 
rats on the fcHS or fcHF diet after 4 weeks of diet exposure remained leptin sensitive. 
Longer exposure to these diets may render these animals leptin resistant as most other 
reports study leptin resistance after high-fat diet exposure for more than 15 weeks 
(96,118,265), although shorter exposures have also been described (134). 

Peripheral leptin resistance has been described to precede central leptin resistance 
and despite resistance to peripheral leptin, central leptin may still reduce food intake 
(134,135). Therefore, we next studied the responses to central leptin in rats on the 
fcHFHS diet, focusing on feeding behavior and gene expression levels. In chapter 5 
we showed that centrally applied leptin decreased NPY mRNA levels and increased 
POMC mRNA levels in CHOW-fed rats, but was ineffective in doing so in fcHFHS-fed 
rats, pointing to the development of leptin resistance in the ARC (49). This observation 
is consistent with unpublished data from our group showing increased SOCS3 levels 
in the ARC of rats on the fcHFHS diet, but not in rats on the fcHF or fcHS diet. Lack of 
response of AgRP and NPY neurons to ip leptin has also been shown by others (96). 
Moreover, several other studies also found attenuation of leptin receptor signaling in 
the ARC upon diet-induced obesity, e.g. by showing diminished ARC phosphorylated-
STAT3 signaling in response to ip or ICV leptin (118,265). A large number of factors may 
contribute to the development of NPY and POMC neuronal leptin resistance, including 
inflammation (173,260), increased intracellular peroxisomes and decreased reactive 
oxygen species (266) and alterations in voltage-gated membrane potassium channels 
(267). Moreover, blood-borne substances that may act directly on ARC neurons, such 
as insulin, cytokines, pro-inflammatory metabolic factors, and nutrients (268), or leptin 
resistance at the level of the tanycytes (269) may also contribute to development of 
ARC leptin resistance.  

Previous research from the Harris group showed that 16 days of fcHFHS diet 
results in resistance to leptin applied in the third ventricle, which supports our data of 
hypothalamic leptin resistance (123). Interestingly, despite peripheral and ARC leptin 
resistance, fcHFHS-fed rats did respond to leptin administered in the lateral ventricle, 
pointing to the involvement of other brain areas, outside the ARC, which are still 
leptin responsive. Our results also indicate that the peripheral leptin injections did 
not reach these non-ARC leptin-responsive brain areas, probably due to a reduction 
of leptin transport across the blood brain barrier (BBB) (113,114). Leptin is transported 
across the BBB by an active and saturable transport mechanism, mediated by the 
short isoform of the leptin receptor (ObRa) (94). Several studies have shown that leptin 
transport across the BBB is reduced in high-fat fed rats, although the mechanism 
remains unclear because ObRa gene expression is normal in cerebral microvessels 
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(265,270). There is evidence to suggest that triglycerides are involved in the reduced 
leptin transport (120,270), yet leptin transport rate is also modified by a number of other 
factors, including fasting, insulin and glucose (121). However, previous research has 
shown that plasma leptin, insulin and triglycerides are equally increased in rats on the 
fcHF and fcHFHS diet (11,12). Thus it remains to be determined which factors may be 
involved in the reduced BBB transport of leptin specifically in rats on the fcHFHS diet.

We administered leptin in the lateral ventricle, thereby reaching a broad range of 
brain areas. Several brain regions, outside the ARC, may therefore be involved in the 
anorectic response after ICV leptin in fcHFHS-fed rats. The anorectic response induced 
by ICV administered leptin was mediated by a decrease in chow and fat intake, but 
not sugar. Although the effect of leptin on separate food components has not been 
studied extensively, a previous study also showed a leptin-induced reduction of protein 
and fat intake, but not carbohydrates (194). Potential brain areas mediating the central 
leptin-induced decrease in chow intake may include the brainstem (271) and other 
(non-ARC) hypothalamic brain regions (118). Given the important role of the mesolimbic 
brain areas VTA and Acb in food reward, the VTA and Acb may be potential brain areas 
involved in the decrease in fat intake. Indeed, we showed that ppENK in Acb and TH in 
VTA did respond to central leptin. Therefore, we hypothesized that these mesolimbic 
brain areas contributed to the anorectic effects of central leptin. Given the importance 
of the LH leptin receptors in modulating mesolimbic dopamine signaling (110), and the 
presence of leptin receptors in other brain areas that have a role in feeding, such as the 
hippocampus (272), future research should investigate the contribution and sensitivity 
of these other brain areas in rats on the fcHFHS diet. Additionally, local injections of 
leptin in the LH, hypothalamus and VTA may help to reveal the region-specific effects 
of leptin on feeding and gene expression levels.

As we showed that the mesolimbic brain areas Acb and VTA are still leptin sensitive, 
as opposed to the ARC and periphery, these areas may have contributed to the ICV 
leptin-induced inhibition of food intake. The question is whether longer exposure to 
the fcHFHS diet would also result in leptin resistance in these mesolimbic brain areas 
and whether this would lead to abolishment of the anorectic effects of ICV leptin. Local 
injection of leptin into the VTA has been found to decrease food intake (104,273). Only 
a few studies have investigated VTA leptin signaling under high-fat diet conditions and 
they found that very long-term high-fat diet exposure (i.e. 16 or 29 weeks) diminished 
VTA leptin signaling (207) and lessened decreases in food intake (274). These studies 
did not include tests at earlier time points. Given the rapid development of leptin 
resistance in the ARC, it is likely that leptin resistance in extra-hypothalamic regions, 
or at least in the VTA, takes much longer to occur. 

The group of William Banks performed many experiments investigating leptin 
transport across the BBB and also showed uptake of radioactive leptin in the midbrain, 
in addition to the hypothalamus and several other brain regions (275). In wild-type mice, 
it has been shown that in the midbrain, as opposed to the hypothalamus, no differences 
in leptin uptake were observed with different leptin concentrations (1, 10 and 30 ng/ml), 
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suggesting no reduced transport of leptin across the BBB in the midbrain with higher 
leptin concentration (275). As we, and others, showed that additional factors, rather 
than only basal leptin levels, are needed to evoke differences in leptin sensitivity, it will 
be interesting to examine whether the transport of leptin in the midbrain also remains 
constant under high-fat diet conditions. We showed that peripheral leptin did not evoke 
any reduction in food intake in rats on the fcHFHS diet, suggesting that BBB transport 
of leptin in the VTA is reduced. This hypothesis needs to be tested by assessing VTA 
TH and Acb ppENK expression levels following peripheral leptin injections. When 
peripheral leptin does not affect VTA and Acb signaling, it is likely that leptin transport 
across the BBB is diminished at the level of the VTA. Moreover, future studies need 
to reveal whether the VTA is involved in the reduced fat intake after ICV leptin and 
whether the increase in TH mRNA in rats on the fcHFHS diet is related to the decrease 
in fat intake. To directly investigate to what extent TH signaling is related to changes 
in palatable food intake, experiments involving optogenetic activation of TH neurons 
may be applied.

Future treatments to prevent or reduce leptin resistance may involve experiments 
aimed to circumvent the BBB, such as the recently described intra-nasal (i.n.) 
administration of leptin. I.n. administration of leptin has been shown to reach the 
brain, independent of blood transport (276), and to reduce food intake in peripheral-
leptin resistant obese animals (277). These results are intriguing since the i.n. leptin 
applications were performed for 28 consecutive days and did not result in leptin 
resistance, despite the fact that it had previously been shown that 16 days of continuous 
central leptin administration did result in leptin resistance (278).

Clinical relevance and critical notes

Although exposure to a high-fat diet consistently results in the development of leptin 
resistance, as with most diseases, it is likely that also a genetically-based variability in 
sensitivity to leptin exists between individuals. Indeed, in animal experiments it has 
been shown that rats that were relatively insensitive to leptin’s anorexigenic effect were 
more prone to obesity when fed a high-fat diet (279). Thus although leptin resistance 
can be a primary cause of obesity, we have shown that leptin resistance is also a 
secondary phenomenon due to dietary components, and may differ between animals, 
depending on their dietary intervention. 

In this thesis, we mostly defined leptin resistance according to its effect on feeding 
behavior, which is consistent with many other studies investigating leptin resistance. 
However, attenuated leptin responses may also be defined by other measures such as 
alterations in blood glucose or lipids, hepatic triglycerides, blood pressure and immune 
function (93). This is particularly relevant in humans as, unlike in animals, it is generally 
not possible to examine the molecular mechanisms (i.e. cellular leptin resistance in 
brain areas), and thus additional measures of leptin resistance are helpful. Moreover, 
in humans, more research is needed to determine biomarkers (such as adiponectin) 
(280) to predict aspects of the therapeutic efficacy of leptin.
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Preliminary data show that some compounds (e.g., the amylin derivative, pramlintide) 
augment the action of leptin in some individuals, suggesting that it may be possible to 
increase the sensitivity of some individuals to therapeutic leptin administration (281). 
Whether such a result is a consequence of the initial weight loss induced by a non-
leptin drug, the direct effect of such a drug on leptin receptor signaling, or mediated 
by other phenomena remains unclear at this stage.

Additionally, lifestyle changes such as dietary restriction or exercise may result in 
a reduction of leptin levels and make obese subjects more sensitive to exogenous 
leptin, as well as other anti-obesity agents that act via a physiological mechanism 
(282,283). As changes in lifestyle are hard to maintain, the best method will likely be 
a combination of dietary restriction, exercise and leptin supplements, as well as new 
therapies of leptin delivery (e.g. i.n. administration). Given the pleiotrophic effects of 
leptin, improvement of leptin signaling has a wide range of beneficial effects, including 
improved reproductive efficacy, reduced inflammation, increased glucose uptake and 
lowered blood pressure (284).

In conclusion, we and others show that leptin resistance is region-specific in the 
brain and that several regions of the brain may retain leptin sensitivity, despite systemic 
leptin resistance. Future research is needed to further investigate these additional 
leptin sensitive brain areas and the possibilities to reach these areas to enable new 
possibilities for future treatments.

NPY REGuLATIoN IN THE NuCLEuS ACCuMBENS IN THE 
CoNTRoL oF HEDoNIC FEEDING

In chapter 4 we found that NPY administered in the lateral ventricle increased the 
intake of both the chow component and the fat component. Given its role in palatable 
feeding, we hypothesized that the Acb is involved in the NPY-induced fat intake. 
Therefore, in chapter 8, we investigated the role of Acb NPY in feeding behavior, and 
provided evidence for a role of the Acb in the effect of NPY on fat intake. Specifically, 
NPY in the Acb did not affect chow or sugar, but only fat intake. In contrast, however, 
it has been shown that when sucrose was offered alone (in solid form), intra-Acb NPY 
did increase sucrose intake (62), although others have found no such increase (210), 
which suggests that the preferential intake of fat after intra-Acb NPY depends on 
the presence or absence of other available food choices. NPY has been generally 
associated with the intake of carbohydrates, although in most of these studies NPY 
was administered directly into one or more hypothalamic regions (55-57). Indeed, when 
we administered NPY in the LH (chapter 7), also chow but not fat intake was increased 
(the chow component being high in carbohydrate content). Taken together, these data 
suggest that the effect of NPY on food component consumption is very much brain 
site specific.

As the finding of specific effects of NPY on fat intake was novel, we next investigated 
how NPY could increase fat intake via the Acb (chapter 8 and Fig.1). We showed that 
NPY in the Acb reduces neuronal activity, which is consistent with NPY’s inhibitory 
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effects in other brain areas such as amygdala, ARC and LH (219,234,235). Additionally, 
the ability of NPY to reduce cell firing in the Acb is consistent with a general model 
from other pharmacological and electrophysiological studies whereby reduced Acb 
neuronal firing leads to increased food intake (232,233). The majority of cells (95%) 
comprising the Acb are the so-called medium spiny neurons, containing GABA as 
their primary neurotransmitter and either dynorphin or enkephalin as a co-localized 
transmitter (34). Therefore, the NPY-induced reduction in neuronal firing leading to 
food intake may involve either of these two cell types. However, in our study we focused 
on enkephalin, as this neurotransmitter, more so than dynorphin, has been shown to 
be involved in food intake regulation (37,38). Consistent with NPY’s inhibitory effects, 
we found in that intra-Acb NPY decreases enkephalin mRNA levels and that a large 
portion of the enkephalin neurons expresses NPY Y1 receptors (Y1R) (chapter 8). Thus 
we showed that NPY in the Acb may increase, at least in part, food intake by inhibiting 
Acb enkephalin neurons (Fig. 1).

In addition to a direct action on enkephalin neurons, NPY may affect enkephalin 
expression and food intake also via indirect mechanisms. Moreover, as not all Acb 
Y1R are located on enkephalin neurons, other neuron types in the Acb may also be 
involved in NPY’s effect on feeding and enkephalin mRNA levels. A first option is 
via Acb dynorphin neurons. In chapter 8 we showed that a small part of dynorphin 
neurons also express Y1R. Although Acb dynorphin has likely no major role in feeding 
regulation (37), dynorphin may affect enkephalin mRNA levels via its GABA-ergic 
axon collaterals that may project to and modulate activity of neighboring enkephalin 
neurons (285). A second option is via interneurons, such as cholinergic interneurons. 
Striatal cholinergic neurons respond to motivationally relevant stimuli and are involved 
in appetitive learning. Moreover, administration of the muscarinic receptor antagonist 
scopolamine into the ventral striatum reduced 24-h food intake and altered striatal 
enkephalin, but not dynorphin mRNA expression (286). Therefore, the effect of NPY 
on enkephalin mRNA might be indirect via inhibition of Acb acetylcholine neurons. A 
third option is that NPY lowers enkephalin mRNA levels by increasing dopamine output 
from VTA terminals (287,288), although evidence from in vitro experiments indicate that 
these NPY-induced dopamine increases are likely not mediated by acting directly on 
the Acb dopamine terminals (289). 

Rats on the fcHFHS diet are hyperphagic and also show increased motivational 
behavior (10). Additionally, NPY administration in fcHFHS-rats has recently been 
shown to increase motivational behavior (62). Future studies should investigate 
whether NPY’s action to increase motivation in rats on the fcHFHS diet is mediated 
through the increased ARC NPY mRNA levels (12) acting on the Acb. Subsequently, the 
question is whether this involves downregulation of enkephalin mRNA levels, given that 
enkephalin mRNA levels are reduced in the Acb of fcHFHS-fed rats (chapter 6), and are 
downregulated upon intra-Acb NPY infusions (chapter 8). Apart from the motivational 
behavior, the increased ARC NPY mRNA levels may act via the Acb and decrease 
enkephalin mRNA levels to drive palatable food intake in rats on the fcHFHS diet (Fig. 1).

Chapter 9

132



General discussion

 

Figure 1. A) Simplified version of an enkephalin neuron residing in the nucleus accumbens with 

GABA as the main co-transmitter. B) Hypothesized pathway: NPY derived from the ARC (1) binds to 

NPY Y1 receptor (Y1R) on Acb enkephalin neurons (2). NPY lowers neuronal activity (3) and lowers 

enkephalin expression levels (4). This leads to reduced GABA-ergic output (5), which eventually leads 

to increased fat intake (6). Adapted from (298). 

 

Conclusions 

In this thesis we showed that the fcHFHS diet is an effective model to induce diet-induced obesity 

and that exposure to the fcHFHS diet results in increased fat mass, hyperphagia, increased NPY 

sensitivity and peripheral leptin resistance. These data supplement previous data showing snacking 

behavior, increased motivation and alterations in metabolic parameters in fcHFHS-fed rats and 

Figure 1. A) Simplified version of an enkephalin neuron residing in the nucleus accumbens 
with GABA as the main co-transmitter. B) Hypothesized pathway: NPY derived from the ARC (1) 
binds to NPY Y1 receptor (Y1R) on Acb enkephalin neurons (2). NPY lowers neuronal activity (3) 
and lowers enkephalin expression levels (4). This leads to reduced GABA-ergic output (5), which 
eventually leads to increased fat intake (6). Adapted from (298).

Another question relates to the origin of the endogenous NPY that acts on NPY 
receptors in the Acb. In chapter 8 we showed that a subpopulation of NPY neurons 
in the ARC projects to the Acb, suggesting that at least part of the NPY in the Acb 
comes from the ARC. Although NPY is synthesized at multiple locations in the brain, 
including the amygdala and cortex (255), we did not find colocalization of CTB tracing 
with NPY cells at these other locations. The Acb also contains NPY-expressing neurons 
(229,290,291), most likely, these are interneurons of the medium-sized aspiny type (292). 
However, we detected only a few sparse retrogradely labeled neurons within the Acb, 
which are most likely false-positives, given the close proximity of the tracer injection 
site. Expression levels of these striatal NPY interneurons are reduced in mu-opioid 
receptor knock-out mice (293), and are involved (via the Y2R) in modulation of ethanol-
induced behavioral sensitization (294). Whether these striatal NPY neurons are also 
involved in food reward remains to be investigated. Additionally, NPY mRNA expression 
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and Y1R mRNA in the Acb needs to be measured in obese and lean animals to gain 
more insight in to the regulation of NPY and its receptors in the Acb during over and 
underfeeding.

A number of studies report increased food intake upon Acb administration of 
the GABA receptor agonist muscimol or the synthetic mu-opioid receptor agonist 
DAMGO, and use this as a model for reward-driven palatable food intake (36,40,253). 
Subsequently, researchers have begun “dissecting” the effector pathways of Acb 
muscimol or DAMGO. The main effector routes of the Acb involve classic basal ganglia 
motor control circuits. However, based on amongst others studies by the group of Ann 
Kelley, the behavioral output in control of food reward also involves effector routes to 
the medial ventral pallidum and LH (23,208). Intra-Acb GABA and glutamate mediated 
feeding effects induce neuronal activation in the LH (as determined by increased LH 
c-fos expression) and increases in orexin, but not MCH, expression in the LH (256,295). 
As the Acb medium spiny neurons contain GABA as their major transmitter (34) and 
these GABA-ergic projections would inhibit LH neurons, Stratford et al. consequently 
showed that the effects may be mediated by the medial ventral pallidum (254). The 
ventral pallidum is a primary target of Acb efferents (35), and it has a well-documented 
role in gustatory and more generally in hedonic processing (296,297). Therefore, future 
experiments need to elucidate the downstream effector pathways for intra-Acb NPY 
mediated fat intake and whether this route involves GABA-ergic projections to the LH 
or an indirect pathway via the ventral pallidum. 

Collectively, our data add to the existing knowledge linking hedonic and homeostatic 
regulatory circuits in the control of coordinated, goal-directed food-motivated behavior.

CoNCLuSIoNS

In this thesis we showed that the fcHFHS diet is an effective model to induce diet-
induced obesity and that exposure to the fcHFHS diet results in increased fat mass, 
hyperphagia, increased NPY sensitivity and peripheral leptin resistance. These data 
supplement previous data showing snacking behavior, increased motivation and 
alterations in metabolic parameters in fcHFHS-fed rats and collectively show that 
the fcHFHS diet characterizes and reflects many parameters of human obesity and 
metabolic syndrome. 

Most studies use a diet with the primary goal to yield an obese animal and relate the 
outcomes solely to the obesity. However, we show here that the composition of the diet 
and the way the obesity is achieved is very important, and that several metabolic and 
neural parameters are not only determined by the fat mass per se but also, or rather, 
by composition of the diet; i.e. the presence of fat and/or sugar components. After 
1 week diet, when fcHF-fed and fcHFHS-fed rats are equally obese and hyperphagic, 
sensitivity to peripheral leptin and ARC NPY and POMC mRNA expression levels are 
markedly different. Moreover, with longer diet exposure, i.e. 4 weeks, rats on the 
fcHFHS diet remain hyperphagic, while rats on the fcHF and fcHS diet adjust their food 
intake. After 4 weeks diet, sensitivity to MTII is different between rats on the fcHF and 
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fcHS diet, while caloric intake, body weight gain and fat mass are equal, again showing 
that some of the neuroendocrine outcomes do not solely depend on fat mass, but 
also depend on diet composition. Collectively, the data in this thesis point towards 
the importance of dietary fat and sugar components and not obesity per se in the 
development of obesity related adverse metabolic and neural consequences. Our data 
support other studies that also show differential effects of fat and sugar components, 
independent of obesity, on the development of leptin resistance (121,122), energy 
expenditure and brown fat activation (264), liver fat and adipose tissue accumulation 
(299), and on hypothalamic serotonin levels in humans (300). Future studies need to 
further characterize the consequences of the fcHFHS diet and to elucidate why the 
combination is more than just the sum of the two parts, i.e. why the combination of fat 
and sugar and not just caloric content is so detrimental. 

In this thesis, we showed novel effects of NPY in the Acb on feeding behavior, 
gene expression levels and neuronal activity, as well as a novel pathway of NPY from 
the ARC to the Acb, further stressing the point that the homeostatic hypothalamus is 
intensely intertwined with the hedonic mesolimbic brain areas (301,302). The increased 
activity of the ARC NPY system in rats on the fcHFHS diet underlies at least some 
of the behavioral effects of the fcHFHS diet, such as hyperphagia and increased 
motivation. We also showed preliminary effects of leptin on Acb ppENK and VTA TH 
signaling. Future studies need to further investigate NPY, melanocortin and leptin 
signaling in mesolimbic brain areas in fcHFHS-fed rats to see if this is associated with 
the hyperphagia and metabolic profile of fcHFHS-fed rats and whether this is differently 
regulated in rats on the fcHFHS diet compared to rats on the fcHF and fcHS diet. 
Moreover, future studies need to investigate the direct and local effects of fat and 
sugar compounds on neuronal activity and behavioral patterns.

In general, these data supplement other studies in the literature showing effects 
of traditional hypothalamic peptides (such as MCH (232,245), alpha-MSH (239) and 
galanin (303)), and hormones (such as ghrelin, insulin and leptin (106,273,304)) in extra-
hypothalamic brain regions, and particularly mesolimbic brain regions. This holds 
potential for additional new roles and particularly new anatomical pathways for old 
peptides, thereby perhaps in the future supplementing the recently developed ‘Allen 
mouse brain connectivity Atlas’ (305). 

In conclusion, using the free-choice diets, a further and more realistic understanding 
can be obtained about how fat and sugar exposure leads to several aspects of the 
metabolic syndrome and alterations in brain regions controlling homeostatic and 
hedonic feeding, which could eventually be extrapolated to the human situation.
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NEdERlaNdSE SaMENvaTTINg

De prevalentie van obesitas is de laatste decennia enorm gestegen. Het is 
onwaarschijnlijk dat deze stijging een gevolg is van een verandering in onze genen, 
aangezien deze moeilijk zo ingrijpend veranderd kunnen zijn in zo’n korte periode. Wel 
is onze omgeving en ons voedselpatroon sterk veranderd in de afgelopen jaren. Zo is 
de keuze voor goedkope suikerhoudende (fris)dranken en vetrijke producten enorm 
toegenomen en zijn deze producten tegenwoordig overal en makkelijk verkrijgbaar. 
Recente studies hebben bovendien aangetoond dat er een sterke toename is in de 
consumptie van vet en suiker. 

Het lichaam heeft verscheidene mechanismen om de balans tussen energie-inname 
en energieverbruik goed te reguleren. Deze balans tussen energie-inname en -verbruik 
is verstoord bij mensen met obesitas, echter het is onduidelijk welke veranderingen 
in dit regulatiemechanisme ten grondslag liggen aan deze verstoorde balans. Om 
de veranderingen in dit regulatiemechanisme verder te ontrafelen is het belangrijk 
om een diermodel te gebruiken dat de consumptie toename van vet en suiker in 
ogenschouw neemt. 

De meeste diermodellen voor obesitasonderzoek maken gebruik van een hoog-vet 
dieet waarbij de dieren maar 1 keuze hebben. Om de humane situatie met zijn 
enorme keuzevrijheid beter na te bootsen, en ook om de bijdrage van individuele 
voedselcomponenten te kunnen onderzoeken, gebruiken wij, voor de experimenten 
beschreven in dit proefschrift, een vrije-keuze dieet, waarbij ratten naast het normale 
rattenvoer (ook wel chow genoemd) en een fles met kraanwater kunnen kiezen uit 2 
lekkere en calorierijke componenten (ook wel hedonische componenten genoemd), die 
bestaan uit een fles met suikerwater en een bakje met verzadigd vet. Dit dieet noemen 
we het vrije-keuze hoog-vet hoog-suiker dieet ofwel het free-choice high-fat high-sugar 
(fcHFHS) dieet. Eerder onderzoek van onze groep had al aangetoond dat het fcHFHS 
dieet een effectief model is om obesitas te induceren, en ook veel gedragsaspecten 
van de human situatie nabootst, in tegenstelling tot andere diermodellen. Als controle 
diëten gebruiken we een dieet met alleen het bakje verzadigd vet naast chow en 
kraanwater (vrije-keuze hoog-vet dieet ofwel free-choice high-fat (fcHF) dieet) of met 
alleen de fles met suikerwater naast chow en kraanwater (vrije-keuze hoog-suiker 
dieet ofwel free-choice high-sugar (fcHS) dieet), of met alleen chow en kraanwater 
(CHOW groep).

Eerder onderzoek heeft laten zien dat ratten op het fcHF en fcHFHS dieet tijdens 
de eerste week na de introductie van dit dieet overeten en dat vanaf de tweede 
week ratten op het fcHF dieet hun voedselinname aanpassen en verlagen, terwijl de 
fcHFHS ratten blijven overeten (ook wel hyperfagie genoemd). Ratten op het fcHS 
dieet overeten een beetje tijdens de eerste week en passen daarna hun voedselinname 
ook aan (net als de fcHF groep). Ondanks het feit dat ratten op het fcHF en fcHFHS 
dieet na 1 week evenveel overeten, vertonen hun hersenen, met name de nucleus 
arcuatus in de hypothalamus (ARC), niet dezelfde veranderingen. De ARC van de fcHF 
ratten laat de verwachtte fysiologische reactie zien op de toegenomen voedselinname 
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middels een verlaagde activiteit van het voedselinname-verhogende gen neuropeptide 
Y (NPY) en een verhoogde activiteit van het voedselinname-remmende gen (pro-
opiomelanocortin (POMC). In ratten op het fcHFHS dieet daarentegen, laat de ARC 
een paradoxaal omgekeerde reactie zien waarbij NPY verhoogd en POMC verlaagd is, 
d.w.z. een activeringssituatie die een hongerstaat aangeeft. Ratten op het fcHS dieet 
lieten geen veranderingen in NPY en POMC mRNA zien. De beschreven expressie 
patronen correleren met hun eetgedrag van de dieren ná de eerste week, want in de 
tweede week verminderen de dieren op het fcHF dieet hun calorie-inname zodat het 
in de vierde week weer gelijk is aan dat van dieren op het CHOW dieet. Dieren op het 
fcHFHS dieet, daarentegen, blijven overeten tijdens deze 4 weken.

Deze verschillen in NPY en POMC gen expressie patronen, gemeten nadat dieren 
1 week op de verschillende diëten hebben gestaan, vormden de basis voor dit 
proefschrift en het uitgangspunt van een serie van experimenten om te onderzoeken 
wat de gevolgen zijn voor van het toevoegen van een vet component, een suiker 
component, of beide, aan een chow component op hersengebieden betrokken bij 
homeostatische regulatie van voedselinname en hersengebieden betrokken bij non-
homeostatische ofwel hedonische voedselinname. 

Het doel van dit proefschrift was dan ook om te onderzoeken welke hersengebieden, 
neuropeptiden en nerveuze verbindingen betrokken zijn bij en ten grondslag liggen 
aan de verschillen in eetgedrag van de verschillende dieet groepen, met een focus 
op het NPY, melanocortine en leptine systeem in hersengebieden betrokken bij 
homeostatische en hedonische regulatie van voedselinname.

Samenvatting van de resultaten

NPY en POMC mRNA expressie na 1 week dieet leken te correleren met de voedselinname 
patronen in de daarop volgende weken, waarbij ratten op het fcHF dieet vanaf de 
tweede week hun voedselinname aanpasten en na 4 weken weer evenveel aten als de 
CHOW groep, terwijl ratten op het fcHFHS dieet bleven overeten. Eén van de eerste 
vragen was dan ook hoe de POMC en NPY mRNA expressie er uit zou zien na 4 weken 
dieet. Daarom hebben we in de eerste experimenten de expressie van NPY en POMC 
mRNA bepaald na 4 weken dieet. In hoofdstuk 3 en hoofdstuk 4 laten we zien dat na 
4 weken dieet, in tegenstelling tot 1 week dieet, er geen verschillen meer zijn in POMC 
en NPY mRNA expressie vergeleken met de expressie in de CHOW groep. In ratten 
op het fcHF en fcHS dieet correleert deze expressie met hun voedselinname, want die 
was na 4 weken dieet ook gelijk aan die van de CHOW groep. Bij ratten op het fcHFHS 
dieet verklaart het ARC gen expressie patroon dus het overeten na 1 week dieet, maar 
niet na 4 weken dieet, want na 4 weken zijn de ratten op het fcHFHS dieet nog steeds 
hyperfaag, maar is de ARC mRNA expressie niet meer verschillend van die in de CHOW 
groep. Daarom hebben we vervolgens onderzocht (in hoofdstuk 3 en hoofdstuk 4) of 
misschien na 4 weken dieet de gevoeligheid van het NPY of het melanocortine systeem 
was veranderd en of deze veranderde gevoeligheid ten grondslag zou kunnen liggen 
aan het aanhoudende overeten van dieren op het fcHFHS dieet. 
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In hoofdstuk 3 richten we ons eerst op het melanocortine systeem. Het is bekend dat 
activatie van de melanocortine receptoren resulteert in verlaging van voedselinname, 
tenminste onder normale voedingscondities en in ratten met normaal gezond gewicht. 
Daarnaast hebben eerdere studies laten zien dat obesitas leidt tot veranderingen in de 
gevoeligheid van het melanocortine systeem. Tenslotte is bekend dat melanocortine 
signalering geassocieerd is met vetinname. In hoofdstuk 3 onderzochten we de 
hoeveelheid voedselinname na een injectie van de melanocortine 3/4 receptor 
agonist melanotan II (MTII) in de laterale ventrikel van ratten op het CHOW, fcHS, 
fcHF en fcHFHS dieet (na 4 weken dieet). Hierbij zagen we dat de remming van de 
voedselinname in ratten op het fcHS en fcHFHS dieet gelijk was aan de remming in de 
CHOW groep, terwijl de remming van voedselinname in ratten op het fcHF dieet na 
MTII veel sterker was. Deze data suggereren dat de remming van voedselinname na 
activatie van het melanocortine systeem niet bepaald wordt door de mate van obesitas 
of hyperfagie, maar wordt bepaald door de samenstelling van het dieet en met name 
de hoeveelheid vet in het dieet.

We zagen in hoofdstuk 3 dat de gevoeligheid van het melanocortine systeem niet 
veranderd was in ratten op het fcHFHS dieet. Daarom hebben we in hoofdstuk 4 de 
gevoeligheid van het NPY systeem onderzocht en gekeken of voedselinname na NPY 
geïnjecteerd in het laterale ventrikel verschillend was in de verschillende dieet groepen 
en of dit correleerde met hun voedselgedrag na 4 weken dieet. We vonden dat de 
voedselinname na infusie van NPY in het laterale ventrikel van ratten op het fcHF en 
fcHS dieet gelijk was aan ratten op het CHOW dieet, terwijl deze sterk toegenomen was 
in ratten op het fcHFHS dieet. Hieruit concludeerden we dat de verhoogde NPY mRNA 
expressie na 1 week en de verhoogde gevoeligheid voor NPY na 4 weken resulteerden 
in een toegenomen NPY tonus in ratten op het fcHFHS dieet en dat deze verhoogde 
tonus verantwoordelijk was voor de aanhoudende hyperfagie in deze dieren.

Leptine is een verzadigingshormoon dat geproduceerd wordt door vetcellen 
en dat zijn belangrijkste werking heeft in het brein, met name in de ARC. Leptine 
verhoogt het verzadigingsgevoel door verlaging van NPY signalering en verhoging 
van melanocortine signalering. Echter, de plasma leptine waardes en vetmassa’s waren 
gelijk in ratten op het fcHF en fcHFHS dieet, terwijl hun NPY en POMC mRNA expressie 
patroon tegenovergesteld was. Onze hypothese was daarom dat niet de basale plasma 
leptine waardes, maar de gevoeligheid voor leptine verschillend is tussen de twee 
groepen en dat dit verschil in leptine gevoeligheid de verschillen in mRNA expressie 
tussen de groepen verklaart. In hoofdstuk 4 laten we zien dat ratten op het fcHF en 
fcHS dieet gevoelig zijn voor een perifere leptine injectie en hun voedselinname na de 
injectie verlagen, maar dat ratten op het fcHFHS dieet dat niet doen en dus ongevoelig 
zijn voor perifeer leptine. Hieruit concludeerden we dat de perifere leptine resistentie 
in de ratten op het fcHFHS dieet betrokken zou kunnen zijn bij de veranderde ARC 
gen expressie en bij de aanhoudende hyperfagie in deze dieren.

Eerdere studies hebben laten zien dat perifere leptine resistentie kan optreden vóór 
centrale leptine resistentie en dat ondanks perifere leptine resistentie, centraal leptine 
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nog steeds werkzaam kan zijn. Daarom hebben we in hoofdstuk 5 de effecten onderzocht 
van centraal (in het laterale ventrikel) leptine op voedselinname en op genexpressie 
in de ARC van ratten op het CHOW en fcHFHS dieet. We zagen dat centraal leptine 
voedselinname verlaagt in fcHFHS ratten, maar dat de ARC NPY en POMC neuronen 
niet reageerden en dus ongevoelig voor centraal toegediend leptine waren. Dus ratten 
op het fcHFHS dieet zijn resistent voor perifeer leptine, maar gevoelig voor centraal 
leptine, waarbij de centrale leptine effecten niet worden gemedieerd door de ARC. We 
onderzochten daarom vervolgens welke hersengebieden (buiten de ARC) betrokken, 
en dus nog gevoelig, kunnen zijn voor leptine. Hierbij richtten we ons op de ventral 
tegmental area (VTA) en de nucleus accumbens (Acb), omdat deze hersengebieden 
betrokken zijn bij beloning, motivatie en hedonisch eten en omdat leptine hoofdzakelijk 
de (hedonische) vetinname verlaagde. We zagen dat, in tegenstelling tot de ARC, de 
genen preproenkephalin (ppENK, voorloper voor enkefaline) in de Acb en tyrosine 
hydroxylase (TH, belangrijk in de productie van dopamine) in de VTA wel reageerden 
op de centrale leptine infusie. We concluderen hieruit dat ondanks de perifere en 
ARC leptine resistentie, centraal leptine nog wel voedselinname kan remmen en dat 
deze remming gemedieerd wordt door hersengebieden buiten de ARC, zoals de Acb 
en VTA.

Zoals eerder vermeld leidt inname van het fcHFHS dieet gedurende een week tot 
een paradoxale toename van ARC NPY mRNA expressie en aanhoudende hyperfagie. 
Eerdere studies hebben laten zien dat de keuze component in het fcHFHS dieet 
belangrijk is voor de aanhoudende hyperfagie in deze groep. Ratten op een dieet 
met hoeveelheden vet en suiker vergelijkbaar aan die in het fcHFHS dieet, maar dan 
gepresenteerd in 1 pellet (het niet-keuze ofwel non-choice HFHS (ncHFHS) dieet) laten 
aanvankelijk een verhoogde voedselinname zien, maar na 2 dagen passen ratten op het 
ncHFHS dieet hun voedselinname aan en na 3 weken is hun voedselinname gelijk aan 
dat van de CHOW groep. Om te onderzoeken of de keuze component in het fcHFHS 
dieet ook belangrijk is voor de paradoxale toename van ARC NPY mRNA, hebben we 
in hoofdstuk 6 ARC NPY mRNA expressie gemeten in ratten op het fcHFHS, ncHFHS 
of CHOW dieet. We vonden dat ratten op het ncHFHS dieet ook verhoogde NPY 
mRNA waardes hadden in de ARC (net als de fcHFHS dieren), wat suggereert dat de 
combinatie van vet en suiker NPY mRNA reguleert en dat andere, aanvullende signalen 
nodig zijn voor de aanhoudende hyperfagie. Een van deze signalen is waarschijnlijk 
enkefaline in de Acb, aangezien ppENK expressie wel verlaagd was in ratten op het 
fcHFHS dieet, maar niet in ratten op het ncHFHS dieet.

In hoofdstuk 4 lieten we zien dat infusie van NPY in de laterale ventrikel specifiek de 
inname van de vet en chow component verhoogde, maar niet van de suiker component. 
Omdat NPY in de laterale ventrikel verschillende hersengebieden kan bereiken, hebben 
we in de volgende 2 experimenten onderzocht welke hersengebieden betrokken 
zouden kunnen zijn bij de verhoging van de chow en de vet component na NPY infusie 
in de laterale ventrikel. De laterale hypothalamus (LH) verbindt de hypothalamus en 
het mesolimbisch systeem. Daarnaast projecteren NPY neuronen in de ARC naar de 
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LH. Daarom kan de LH betrokken zijn bij zowel de chow inname, vet inname of beide. 
In hoofdstuk 7 onderzochten we het effect van lokale infusie van NPY in de LH op de 
inname van chow, vet en suiker, alsmede op de totale calorie inname, in ratten op het 
CHOW dan wel het fcHFHS dieet voor 1 week en vonden dat NPY in de LH specifiek 
de inname van chow verhoogde.

Aangezien de LH dus niet betrokken leek te zijn bij de verhoging van vetinname na 
NPY in het laterale ventrikel richtten we ons tenslotte op de Acb, mede gezien de rol 
van deze hersenstructuur in hedonisch eten (vooral vet inname) en de aanwezigheid 
van NPY receptoren in de Acb. In hoofdstuk 8 laten we zien dat lokale infusie van 
NPY in de Acb van ratten na 1 week op het fcHFHS dieet, specifiek de inname van vet 
verhoogt, gemedieerd door de NPY Y1 receptor. Daarnaast konden we aantonen dat 
enkefaline neuronen in de Acb de Y1 receptor tot expressie brengen en dat intra-Acb 
geïnjecteerd NPY de neuronale activiteit en de enkephaline mRNA expressie in de Acb 
verlaagd. Tenslotte hebben we nog laten zien dat NPY neuronen in de ARC projecteren 
naar de Acb. 

Tezamen concluderen we dat een dieet met verzadigd vet en vloeibaar suiker, 
naast chow, resulteert in perifere leptine resistentie en een verhoogde NPY tonus, 
zoals gereflecteerd door verhoogde ARC NPY mRNA expressie na 1 week dieet en 
verhoogde NPY gevoeligheid na 4 weken dieet. Deze verhoogde activiteit van het 
NPY systeem medieert hoogstwaarschijnlijk de aanhoudende hyperfagie in ratten op 
het fcHFHS dieet. Aangezien NPY in de Acb betrokken is bij motivatie en hedonische 
voedselinname, kan de verhoogde NPY tonus in fcHFHS-gevoede ratten via de 
Acb bijdragen aan de inname van de hedonische voedselcomponenten en aan het 
toegenomen motivatie gedrag in deze dieren.
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abbREvIaTIONS

Acb   nucleus accumbens 
AgRP   agouti-related protein 
ARC   arcuate nucleus 
BBB   blood brain barrier
CART  cocaine and amphetamine-regulated transcript
CNS   central nervous system 
DMH   dorsomedial nucleus of the hypothalamus 
ICV   intracerebroventricular 
ip   intraperitoneal
LH   Lateral nucleus of the hypothalamus 
MCH   melanin concentrating hormone 
MCR   melanocortin receptor 
MOR   mu opioid receptor 
MSH  melanocyte-stimulating hormone 
MSN   medium spiny neurons
NPY   neuropeptide Y
NTS  nucleus of the solitary tract
PFA   perifornical area
POMC   pro-opiomelanocortin
ppENK   preproenkephalin
PVN   paraventricular nucleus of the hypothalamus  
TH   tyrosine hydroxylase
TRH   thyrotropin-releasing hormone 
VMH   ventromedial nucleus of the hypothalamus 
VTA   ventral tegmental area
WAT   white adipose tissue 
YR   NPY receptor
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Na stiekem toch wat bloed, zweet en tranen is mijn proefschrift dan eindelijk af! Ik 
kan terugkijken op onvergetelijke tijd, met wat moeizame, maar vooral veel mooie en 
leuke momenten. Bovenal was het een hele leerzame tijd op zowel wetenschappelijk 
als persoonlijk gebied. Dit proefschrift was niet tot stand gekomen zonder de hulp van 
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ontzettend blij mee was. Omdat we net begonnen waren in het AMC moesten er nog 
veel dingen worden opgezet en liep het aan het begin niet zo snel (als ik had gewild), 
wat ik soms best lastig vond. Maar ik heb altijd het gevoel gehad dat we er samen 
voor stonden en jouw optimisme en vertrouwen zorgde er altijd voor dat ik weer vol 
enthousiasme doorging. 

Tijdens mijn promotie had ik de wens om een aantal maanden in het buitenland te 
werken. Jij hebt vervolgens de kans gecreëerd mijn promotieonderzoek te verlengen 
waardoor ik 6 maanden onderzoek kon doen in Amerika bij Ralph, waarbij je me ook 
hebt vrijgelaten om mijn eigen onderzoeksvoorstel te bedenken en te schrijven. Ik 
ben blij dat dit project zo goed heeft uitgepakt en het uiteindelijke artikel is zeker de 
bekroning op mijn promotieonderzoek geworden! 

Daarnaast heb ik ook altijd genoten van alle gezellige momenten die we hadden 
op het werk, buiten werk, op congressen en toen je langskwam in de VS. Ik kan er 
nog wel wat pagina’s aan wijden, maar dank voor de grote wetenschappelijke en 
persoonlijke betrokkenheid en het vele vertrouwen, ik had me geen betere begeleidster 
kunnen wensen!
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