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Abstract
Klockars, A. 2014. Non-caloric regulation of food intake. Digital Comprehensive Summaries
of Uppsala Dissertations from the Faculty of Medicine 1007. 54 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-554-8966-3.

Food intake is shaped by environmental, endocrine, metabolic, and reward-related signals. A
change in appetite is an outcome of integration of the relevant external and internal stimuli.
While the main purpose of eating is to reverse a negative energy balance, mechanisms protecting
homeostasis change appetite for other reasons. This thesis examines the role of select brain
mechanisms in regulating consumption driven by aspects other than energy.

In paper I, an increased percentage of c-Fos positive OT neurons was observed after mice
ingested sucrose, while no change was found after Intralipid intake. Given a choice between
isocaloric sugar and Intralipid solutions, mice injected with an OT receptor antagonist increase
their preference for sucrose, while total calorie intake remains unchanged, suggesting that OT
prevents overconsumption of sugar.

Paper II addresses whether MCH, which has anxiolytic properties and mediates reward-
motivated feeding, has the ability to alleviate conditioned taste aversion in rats. We found that
while mRNA expression of MCH and its receptor are changed in aversive animals, central
injections of MCH do not prevent the acquisition of aversion, nor do they affect the rate of
extinction of the taste aversion.

Paper III describes evidence that the N/OFQ system facilitates food intake by alleviating
aversive responsiveness. Blocking the NOP receptor delays extinction of aversion and reduces
food intake in hungry rats.

Paper IV reports that leucine ingestion increases mRNA expression levels of genes known
to mediate reward, as well as orexigenic gene expression in the nucleus accumbens (Nacc), a
key component of the reward circuit. Adding leucine to drinking water increases activity of the
reward system, which possibly contributes to the pleasure of consumption.

A separate approach using Drosophila melanogaster is introduced in paper V which provides
evidence that knocking down the gene for the transcription factor Ets96B during development
results in a simultaneous disruption in sleep patterns and appetite, thus highlighting the interplay
between these physiological parameters.

We conclude that OT, MCH, N/OFQ and Ets96B belong to mechanisms regulating food intake
for reasons other than energy balance. Composition of food and negative associations with diets
affect neural networks controlling appetite.

Anica Klockars, Department of Neuroscience, Box 593, Uppsala University, SE-75124
Uppsala, Sweden.
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Rice is great if you're really
hungry and want to eat two

thousand of something.

 
- Mitch Hedberg
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AcbC Nucleus accumbens core 
AcbSh Nucleus accumbens shell 
Amy Amygdala 
AP Area postrema 
ARC Arcuate nucleus 
BCAA Branched-chain amino acids 
CNA Central nucleus of the amygdala 
CNS Central nervous system 
CRH Corticotropin-releasing hormone 
CTA Conditioned taste aversion 
DMNV Dorsal motor nucleus of the vagus 
DOR δ-opioid receptor 
Ets E-twenty-six 
GLP-1 glucagon-like peptide 1 
IGF-1 insulin-like growth factor 1 
IR Immunoreactivity 
KOR κ-opioid receptor 
LAT Large neutral amino acid transporter 
LHA Lateral hypothalamic area 
LiCl Lithium chloride 
MCH Melanin concentrating hormone 
Nphe [Nphe1]N/OFQ(1-13)NH2 
MOR µ-opioid receptor 
mTOR mammalian target of rapamycin 
Nacc Nucleus accumbens 
N/OFQ nociceptin/orphanin FQ  
NOP nociceptin orphanin peptide 
NTS Nucleus of the solitary tract 
ORL-1 opioid receptor-like 1 
OT Oxytocin 
PBN Parabrachial nucleus 
PVN Paraventricular nucleus 
SON Supraoptic nucleus 
VP Vasopressin 
VTA Ventral tegmental area 
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Introduction 

All living organisms need energy to survive and maintain their basic func-
tions. The intra- and intercellular signals that indicate the need to obtain 
energy facilitate a complex set of physiological and behavioral responses 
that allow the animal to search for, acquire and process high-energy food. 
The state conducive to the occurrence of these responses has been, in a sim-
plistic manner, dubbed as “hunger”.   

One should notice, however, that “hunger” does not always lead to an in-
crease in consumption. Similarly, having replenished the lacking energy 
does not necessarily translate to a diminished appetite and termination of 
eating behavior. In fact, a drive to eat or to cease consumption stems from a 
hugely complex set of processes and mechanisms that include environ-
mental, endocrine, metabolic and reward-related signals, to name a few. 
Therefore, a change in appetite is an outcome of integration and “interpreta-
tion” of the relevant external and internal stimuli, among which hunger has a 
prominent but not decisive role. 

Even though hunger arises from the lack of essential energy, an increase 
in appetite can be purely opportunistic, instigated by cues such as food avail-
ability and convenience, conditioning, food flavor, macronutrient composi-
tion, and social factors. On the other hand, hunger-related signals can be 
“overridden” by, for example, the presence of negative associations with 
specific flavors or by unusually high concentrations of certain micronutrients 
in the food. Consequently, those seemingly disparate - caloric and non-
caloric - mechanisms underlying changes in consummatory behavior become 
intertwined in producing coherent feeding responses. The current thesis fo-
cuses on deciphering the role of select brain mechanisms that shape con-
sumption driven by aspects other than acquisition of calories. 
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Neuroregulation of food intake 
The past several decades of research on central mechanisms governing food 
intake have been dedicated to a step-by-step process of mapping relevant 
brain areas, pathways and their molecular components. Already the initial 
studies utilizing lesions of specific sites brought exciting discoveries. Sims 
and Lorden1 found that lesions of the paraventricular nucleus of the hypo-
thalamus (PVN) produce extreme hyperphagia and rapid weight gain in ad 
libitum-fed rodents. In follow-up lesioning experiments, a similar outcome 
was generated through severing the neural connections between the hypo-
thalamus and the brain stem2-3. It was later discovered that the nucleus of the 
solitary tract (NTS), parabrachial nucleus (PBN), area postrema (AP) and 
dorsal motor nucleus of the vagus (DMNV) are the key components of the 
brainstem-hypothalamic pathway that controls appetite4-8. As research pro-
gressed and the complexity of food intake regulating mechanisms within this 
pathway became apparent, the early attempts of dubbing specific brain areas 
as “appetite”/”hunger”/”satiety” centers driven by energy balance were re-
placed by more detailed descriptions that reflected the multifaceted nature of 
appetite control and the intricacy of neuroendocrine mechanisms. In fact, it 
was found that the DMNV receives innervation from the vagus nerve and 
hence serves as the “relay station” for mechanical and biochemical signals 
derived from the gut8-9. The AP, a circumventricular organ, acts as a chemo-
sensor of the blood and mediates gastric responses caused by changes in 
plasma osmolality or the presence of toxins in the blood and the cerebrospi-
nal fluid10-13. The AP neurons project to the NTS and the PBN5, 14-15. The 
input from the brainstem areas is integrated by the hypothalamus, including 
not only the PVN, but also other sites, such as the supraoptic nucleus, arcu-
ate nucleus, and lateral hypothalamus, and changes in hypothalamic endo-
crine activity as well as activity of non-endocrine central projections occur8, 

12, 15-18.  
Appetite appears to be regulated by the amount of energy stored. The ac-

tivity of the brainstem-hypothalamic pathway is affected by energy stores, 
whose abundance is notably reflected by the adipose-derived hormone 
leptin19. It is not really clear, however, how leptin affects food intake: there 
does not seem to be a simple linear (or reverse proportional) relationship in 
the amount of energy stored (in the form of adipose tissue) and meal size 
(hunger)20.  

Interestingly, it should be noted that – while each of the aforementioned 
stimuli triggering the activity of the brainstem-hypothalamic circuits is asso-
ciated with a change in feeding behavior– it can affect consumption regard-
less of energy needs of the organism. For example, consumption decreases 
or even ceases completely when the food-deprived animal is presented with 
food to which it has developed taste aversion, in spite of the need to replen-
ish calories21. Similarly, an ad libitum-fed animal can overeat a high-calorie 
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diet well past the point of reaching a positive energy balance because reward 
circuits are stimulated22. Therefore, in its most fundamental aspects, the 
regulation of appetite may be disassociated from actual calories and rely on 
calorie-indirect signals/stimuli, from peristalsis to water-electrolyte balance 
to cognitive/associative processes.  

 
   

 
 
Figure 1. The complexity of the central regulation of food intake. Afferent informa-
tion from the body’s lipid energy stores (primarily the adipose tissue) is mediated 
via leptin to the arcuate (ARC) and paraventricular (PVN) nuclei of the hypothala-
mus and the nucleus of the solitary tract (NTS) in the brain stem. GI tract signals are 
conveyed via the vagus nerve to the NTS and information about plasma osmolality 
and the presence of toxins in the circulation are sensed in the area postrema (AP). 
The brainstem-hypothalamic circuit includes the AP, NTS, dorsal motor nucleus of 
the vagus (DMNV), ARC, lateral hypothalamus (LHA) and PVN. The reward circuit 
encompasses the ventral tegmental area (VTA), nucleus accumbens (Nacc), striatum 
and amygdala (Amy). Reciprocal innervation between the sites in this circuit as well 
as functional overlap of select pathways facilitate a feeding response that integrates 
a variety of relevant signals. 
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Non-caloric signals modifying food intake 
Ingestion of food, aside from the benefit of acquiring energy and essential 
nutrients, poses numerous challenges to homeostasis. Therefore, a vast array 
of mechanisms that control feeding assures the maintenance of internal mi-
lieu in a fashion other than directly related to the actual energy bal-
ance/needs. In fact, many of those signals can “override” a drive to acquire 
calories under the circumstances in which toxicity, dehydration or excessive 
stomach distension (to name a few) ensue. Those signals rely on stimuli that 
range from cognitive associations that prevent the animal from ingesting a 
potentially toxic food to changes in plasma biochemistry (e.g. due to the 
presence of ions, hormones, and micronutrients). Importantly, non-caloric 
feeding regulatory mechanisms also facilitate acquisition of macro- and 
micronutrients that are essential for the proper functioning of the organism in 
a given physiological and developmental state – and these mechanisms dy-
namically reflect changing needs for nutrients during such states. The rela-
tionship between appetite and the physiological need for micro- and macro-
nutrients is often intimately intertwined as some of them possess neuroactive 
properties (e.g. amino acids which act either directly at the CNS or initiate a 
cascade of signals in the periphery), whereas consumption of others (e.g. 
sugar) evokes a set of specific endogenous neuroendocrine processes. Fi-
nally, the energy content and “safety” aspects of limiting food intake can 
become secondary if the pleasure of eating is so powerful that it leads to an 
enhanced activity of the reward system and results in excessive consumma-
tory behavior.  

Plasma osmolality 
All food contains particles that can be absorbed from the gut into the blood 
stream. This absorption of solutes in the blood stream causes an increase in 
plasma osmolality and osmotic pressure. Changes in plasma osmolality are 
sensed by osmoreceptors at the rostral end of the third ventricle23-25. After 
detection of increased plasma osmolality, a cascade of neural signaling is 
initiated which results in the release of oxytocin (OT) and vasopressin (VP) 
from the pituitary gland26-29. The release of these hormones causes termina-
tion of food intake and renal water retention as well as renal sodium secre-
tion, in order to restore the fluid balance.  

When animals are water deprived, plasma osmolality increases, while 
plasma volume decreases and the expression of OT and VP mRNA in the 
PVN and SON to increase, as well as the release of OT and VP from the 
posterior pituitary (for review see Rinaman et al, 200430). During dehydra-
tion, gastric emptying and food intake are inhibited in order to prevent ab-
sorption of further osmoles into the blood31-33. Hence, the disruption of the 
fluid balance which leads to hyperosmolemia can induce a phenomenon 
called dehydration-induced anorexia32-34. OT and VP play a major role in 
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dehydration-induced anorexia. When released from the pituitary, VP causes 
water retention, while OT causes renal sodium secretion28, 33-34. Centrally, 
parvocellular OT neurons contribute to the inhibition of food intake via the 
OT signaling pathway33, 35. When central OT receptors are blocked, dehydra-
tion-induced anorexia in rats after ingesting a NaCl load is attenuated36-37. 

Interestingly, animals exposed to dehydration-induced anorexia display a 
similar mRNA expression profile of genes involved in the regulation of food 
intake as animals kept on food restriction without dehydration30, 38. The only 
difference in gene expression between dehydrated and food-restricted rats 
occurred in corticotrophin-releasing hormone (CRH) and neurotensin mRNA 
levels in the lateral hypothalamic area (LHA), which were increased in de-
hydrated animals but not food-restricted animals39. The LHA plays an im-
portant role in the regulation of food intake, and centrally injected neuro-
tensin has been shown to reduce feeding in starved rats and to suppress 
norepinephrine-induced and dynorphin-induced feeding as well as spontane-
ous feeding in vagotomized rats, which suggests that neurotensin is a power-
ful anorexigen40. 

Toxins/aversion 
A conditioned taste aversion (CTA) is a phenomenon in which the ingestion 
of a novel tastant followed by malaise results in avoidance of this tastant 
upon future exposure41. The purpose of a CTA is to protect the organism 
from repeated consumption of harmful substances42. This response occurs 
even if the tastant is palatable. 

Ingestion of toxins poses a threat to the organism. Ingested toxins enter 
the circulation via intestinal absorption, however, certain compounds can 
even activate emetic receptors in the gastrointestinal tract43. 

The AP plays an important role in the acquisition of a CTA. The blood-
brain barrier is very weak in this area which leads to unusually high accessi-
bility of blood-borne substances to the AP10, 13, 44. This site is also highly 
vascularized43, 45, making it ideal for detection of toxins and hyperosmolality. 
In addition, the AP contains chemosensors, which recognize contaminants 
and osmolality changes in the blood10. Lesioning of the AP in rats results in 
the inability of the animals to develop a CTA. 

If the presence of toxins in the circulation is detected, AP neurons project-
ing to the NTS are activated, and the signal is then conveyed via the NTS to 
the PBN and PVN14. There is a high level of overlap in components of the 
circuits that govern aversive responsiveness and termination of food intake 
in general. For example, injection of LiCl, a toxin that reliably induces a 
CTA, has been shown to activate the AP, NTS, DMNV and PVN15, 46-48. In 
the NTS, over 60% of GLP-1 and GLP-2 neurons are stimulated after LiCl 
injections, whereas in the PVN OT and/or VP cells are activated (dependent 
on the species). A recent study has shown that OT receptor blockade dimin-
ishes aversive responsiveness. This pattern of activity in aversion is consis-
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tent with the abrupt termination of food intake occurring upon detection of 
toxins in the blood. The circuitry that governs aversion overlaps to some 
extent with the pathway that terminates food intake. This ensures that the 
ingestion of a toxin immediately results in termination of food intake. 

For taste aversion experiments in the laboratory setting, a novel tastant is 
presented to the animal, and paired with an unpleasant gastrointestinal stimu-
lus (typically caused by injection of a malaise inducing agent). The associa-
tion between the unpleasant stimulus and the novel tastant causes a condi-
tioned response to be shaped that will cause the animal to terminate feeding 
and avoid this tastant upon subsequent presentations15, 41, 49. Once a taste 
aversion is established, the strength of aversion can be tested approximately 
3 days after induction of the aversion by giving the food- or water-deprived 
animal a choice between the tastant whose presentation had been followed 
by a toxin injection versus a neutral tastant (Figure 2). 

In order to test the ability of a drug or substance to extinguish aversion, 
the animal is presented repeatedly with the novel tastant to which it is aver-
sive, as well as a regular tastant, together with administration of this drug 
until the aversion is extinguished (Figure 2).  
 

 
Figure 2. Experimental designs to test whether a drug can prevent the acquisition of 
aversion and how it can affect the extinction of aversion. 
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Gastric distension 
From the evolutionary point of view, in the environment where food is not 
readily available, it is beneficial for the animal that has gained access to food 
to ingest very large amounts of it, taking advantage of the maximum capac-
ity of the stomach. For this strategy to be successful and safe, there need to 
be mechanisms that prevent excessive stomach distension that could jeopard-
ize homeostasis. When the volume of the ingested food stretches the stom-
ach to the extent that further food intake would cause discomfort and possi-
ble injury, stretch receptors in the stomach signal gastric distension via the 
vagus nerve to the DMNV and NTS in the medulla, and then - via multi-
synaptic pathways - to the PVN and SON, thus activate the brainstem-
hypothalamic pathway to terminate feeding48. Studies on rats have shown 
that when a balloon is inserted into the stomach, and subsequently inflated 
with air, which stretches the stomach without any foods or liquids actually 
present in the gut, oxytocinergic neurons in the PVN and SON become acti-
vated, and so do GLP-1 and GLP-2 containing neurons in the NTS, similar 
to the pathway activated by food consumption and a CTA50. Plasma OT is 
levels increase abruptly. In contrast, VP neurons are not activated in the hy-
pothalamus and therefore VP is not released from the posterior pituitary into 
the general circulation51.  

Amino acids 
Amino acids constitute proteins and they are critical for a plethora of meta-
bolic processes52-53. Since amino acids are an important component of the 
diet, and the intake of essential amino acids is crucial for the proper func-
tioning of an organism, mechanisms sensing amino acid contents in the diet 
as well as internal amino acid concentrations and deficiencies have evolved. 
Certain dietary amino acid contents of a diet can even be identified through 
taste and through conditioned associations54-56. The presence of other amino 
acids can be detected indirectly through a change in enteroendocrine hor-
mone concentrations resulting in altered activity of specific brain sites57. The 
main sources of exogenous amino acids are dietary proteins. Deficiency of 
essential amino acids in the diet and diets devoid of proteins lead to aversive 
responses to these diets. Foods containing high levels of protein are strongly 
satiating58-60. Hence, the composition and levels of amino acids in a given 
diet can regulate feeding behavior. 

Dietary proteins and amino acids can signal to the brain either via vagus-
mediated pathways, which mainly terminate in the NTS, or after absorption 
as circulating signals in the blood stream (Figure 3). 
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Figure 3. Protein signaling pathways. The gastrointestinal tract detects ingestion of 
dietary proteins and releases gut hormones that can either act directly on the brain by 
being absorbed into the blood stream and sensed by the area postrema and the hypo-
thalamus, or activate peripheral nerves, such as the vagus nerve. AA, amino acid; 
CCK, cholecystokinin; GLP-1, glucagon-like peptide 1; 5-HT, 5-
hydroxytryptamine; PYY , peptide YY. Figure adapted from Tomé D. et al. 200957 

Amino acids can cross the blood-brain barrier and inhibit food intake via the 
pathway that contains a receptor called target of rapamycin, mTOR, where m 
stands for mammalian61-62. The mTOR pathway integrates a variety of nutri-
ent signals. Only when all of these signals are present can mTOR be acti-
vated and initiate gene transcription and protein synthesis63.  

One important group of activators of the mTOR pathway is the class of 
branched-chain amino acids (BCAA). Leucine is the most abundant BCAA 
in dietary proteins and also the most potent amino acid to activate mTOR64-

66. BCAAs and a few other amino acids cross the blood brain barrier in a 
competitive manner via the large amino acid transporter (LAT)67. When an 
amino acid binds to the mTOR complex 1 (mTORC1), Rag proteins, which 
are sensitive to amino acids, bind to Raptor, thereby enabling mTORC1 to 
transfer to the perinuclear region, where it can be activated by Rheb63. This 
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causes phosphorylation of S6K1, which in turn activates eIF4B, which initi-
ates mRNA translation68. Other amino acids can stimulate growth hormone 
release, which in turn stimulates insulin-like growth factor 1 (IGF-1) produc-
tion69. When IGF-1 binds the the IGF-1 receptor (IGF-1R), mTORC1 is ac-
tivated via different pathways, both by inhibiting TSC1 and TSC2, which 
frees Rheb-GTP, and by mTORC1-independent activation of S6K170-71. In 
another, more uncharacterized pathway, class III PI3K can activate 
mTORC171 (Figure 4). 

 
Figure 4. mTOR signaling pathway. Branched-chain amino acids (BCAA) cross the 
blood-brain barrier via the large neutral amino acid transporter (LAT) and binds to 
the mTOR complex 1 (mTORC1). mTOR can also be activated by other amino acids 
via stimulation of growth hormone, which stimulates IGF-1 production. Via  

Four amino acids have been suggested to have a potentially significant effect 
on food intake. These include arginine, lysine, glutamic acid and leucine72-75.  

Feeding for reward 
The occurrence and/or consequences of some stimulus-driven behaviors are 
so beneficial that – in the environment in which they do not present them-
selves too frequently – the animal should be inclined to seek such stimuli. 
Those behaviors include food intake, especially that for components whose 
consumption is associated with pleasant taste and olfaction and positive 
post-ingestive outcomes. In the context of feeding, activity of the reward 
system serves to increase the drive to ingest large amounts of foods of spe-
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cific characteristics in terms of flavor, calories, texture and macronutrient 
composition. 

The reward system, which involves the mesolimbic pathway, is exceed-
ingly complex and the main neural sites responsible include the VTA, Nacc, 
amygdala, the medial prefrontal cortex and the PBN76-77. Neurons within 
those sites synthesize a plethora of ligands that mediate reward responsive-
ness. Some of the most frequent ones are endocannabinoids, opioids and 
dopamine. 

One important component of the mesolimbic pathway is dopamine, which 
is released in the Nacc from dopaminergic neurons that project from the 
VTA78. Food intake for reward, as many other pleasure-motivated behaviors, 
is associated with a release of dopamine in the Nacc78. 

Consumption of certain foods leads to an increased activity in the reward 
system, especially those that contain carbohydrates and that are sweet and/or 
fat79-82. Among those ingestants that fulfill these requirements, there are 
foods that differ tremendously in their macronutrient composition, for exam-
ple, the sweet taste can stem from the presence of sugar or non-carbohydrate 
non-caloric sweeteners like saccharin83. If sweetness is derived from carbo-
hydrates, it can be due to the presence of either monosaccharides (fructose or 
glucose) or disaccharides (sucrose). Finally, in complex foods that contain 
various macronutrients, the proportion of carbohydrate versus fat, and thus, 
the macronutrient source of feeding reward, can differ tremendously. There-
fore, the activity of the reward system is also the outcome of a proportion of 
those macronutrients in the diet, and conversely, the activity of various com-
ponents of the reward system can affect preferences for various macronutri-
ents. 

It should be noted that gradually more evidence points to the fact that the 
same endogenous neuroregulators that have been classically viewed as either 
related to reward or related to energy homeostasis are capable of affecting 
both aspects of consumption. One such example is opioid receptor antago-
nism: naltrexone and naloxone are capable of reducing the intake of regular 
bland chow in energy-deprived animals. On the other hand, ghrelin, classi-
cally viewed as an energy homeostasis-related peptide, injected bilaterally in 
the VTA, increases the intake of palatable food but not regular chow, and 
microinjection of ghrelin into the VTA increases the motivation to work for 
sucrose in rats by activating the cholinergic-dopaminergic reward link84. The 
previous rather rigid classification of modulators of food intake and their 
sites of action as either stimulatory or inhibitory (energy- or reward-related), 
is gradually being replaced by the view of the system as more being “func-
tionally flexible”, in that each modulator and site may have multiple and 
oftentimes complementary roles in shaping the complex feeding response85. 

When food accessibility is made easy, feeding for reward and not hunger 
becomes the main driving force for initiating food intake22. Palatable foods 
that engage the brain’s reward system can lead to food addictive-like conse-
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quences much similar to drug addiction86. Since palatability of food often 
correlates with higher caloric density, this presents implications for obese 
individuals due to continuous reward-driven hyperphagia in spite of a posi-
tive energy balance22. 

The increase in the reward system’s activity coinciding with food intake 
may reinforce the “liking” of certain kinds of food87. However, studies of 
obese versus normal-weight individuals have shown that, for example, the 
availability of dopamine D2 receptors is much lower in obese subjects than 
those with normal bodyweight88, similar to dopamine receptor availability 
seen in drug addiction89. Down-regulation of this receptor due to long-term 
overstimulation of the dopamine system seems to be causing drug tolerance 
and withdrawal90. In concert with the hypothesis that long-term reward-
motivated hyperphagia leads to a decrease in dopamine D2 receptor binding, 
a study in obese women 6 weeks after gastric bypass surgery has revealed a 
post-surgical increase in dopamine D2 receptor binding proportional to the 
amount of weight lost91. 

Another important molecular component of reward-motivated feeding is 
the opioid system. Endogenous opioids include endorphins, enkephalins, 
dynorphins and an opioid-related peptide, nociceptin/orphanin FQ. The 
opioid receptors mu (MOR), delta (DOR), kappa (KOR) bind preferentially 
enkephalins, endorphins and dynorphins, respectively, and opioid receptor-
like 1 (ORL1) binds nociceptin/orphanin FQ. When opioid receptors are 
blocked by their respective antagonists, rats preferentially decrease intake of 
preferred foods. Individual preferences for sucrose or fat intake in rats get 
enhanced following administration of morphine. 

The impact of the opioid system on reward-motivated feeding is further 
confirmed by food intake studies with non-caloric sweeteners. While ad-
ministration of naloxone reduces the intake of and preference for a palatable 
saccharin solution, mice deficient in the MOR also display reduced prefer-
ence for this tastant.  

Nociceptin/orphanin FQ (N/OFQ) is an opioid-like peptide that shares 
structural homology as well as many of the functional properties of opioids 
in terms of anxiolytic and orexigenic effects. N/OFQ binds to the opioid-like 
receptor 1 (ORL1), a G-protein coupled receptor, also known as nociceptin 
orphanin peptide (NOP) receptor. While N/OFQ exhibit high similarities 
with the sequence for dynorphin, NOP resembles the sequence for KOR to a 
very high degree. However, in spite the high degree of sequence similarity, 
N/OFQ does not bind to typical opioid receptors, such as MOR, DOR and 
KOR, nor do traditional opioid receptor agonists bind to NOP.  

Other aspects of non-caloric regulation of food intake 
Aside from the aforementioned non-caloric controls of food intake that have 
been studied for a long time, there are additional factors that affect appetite.  
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Variations in environmental temperature as well as thermoregulation can 
influence consumption to a considerable degree. Rats reduce their food in-
take when the ambient temperature increases, even when they are starved. 
This reduction in food intake is important in order to prevent hyperthermia. 
Animals that are force-fed in high temperatures develop hyperthermia and 
can die due to a high fever. In high enough temperatures, over a longer pe-
riod of time, this mechanism leads to the animals dying of starvation. Abla-
tion of the anterior hypothalamic area causes animals to continue eating in 
spite of higher temperatures, which eventually elevates the body temperature 
even further92-95. In lower environmental temperatures, rats increase their 
food intake. Interestingly, heating or cooling of the anterior hypothalamic 
area alone makes animals decrease or increase their food intake, respec-
tively96. 

For quite a long time a relationship between stress responsiveness and ap-
petite has been recognized. One of the great enigmas of the response to 
stress and appetite is that sometimes it increases appetite and sometimes it 
decreases it. Stress is an important component of binge eating. For example, 
rats subjected to cyclic food restriction combined with stress engage in binge 
eating and almost double their food intake of a palatable diet compared to 
controls, in spite of satiation97-98. Subjecting mice to a chronic social defeat 
stress increases their intake of a high-fat diet99-100. On the other hand, stress-
ors such as restraint and immobilization reduce food intake in rats101. In fact, 
CRH, which is the major hypothalamic regulator of the HPA axis, is one of 
the most potent anorexigens102. 

One of the aspects of the non-caloric regulation of food intake that has re-
cently attracted considerable attention is the regulation of the sleep/wake 
cycle. This interest arose from initial observations that children that experi-
ence sleep deprivation or that subject themselves to sleep deprivation 
through, for example, excessive television viewing, video game playing or 
accessing the internet, tend to weigh more than those who sleep at least 8 
hours per 24-hour time period103. Hogenkamp et al. and Chapman et al. 
found that sleep-deprived individuals choose to purchase and consume foods 
that are higher in their caloric content than individuals that enjoyed a good 
night’s sleep104-105. Studies utilizing different mammalian species led to the 
discovery of a link between the sleep/activity cycle and food intake, namely 
orexins A and B and their two receptors, acting as a regulators of both food 
intake and sleep/activity cycle106-107. The early studies of the orexins assessed 
those two aspects independently, but gradually evidence pointed to a func-
tional link between these two roles of orexin106. Considering the fact that 
sleep deprivation and irregular sleep rhythm have become one of the greatest 
health challenges in the modern society, great effort is put into identifying 
genes whose function bridges the regulation of sleep and appetite. Often 
these exploratory studies are performed in animal models that are suitable 
for functional screens, such as Drosophila melanogaster and Caenorhabditis 
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elegans, whereupon identified candidate genes can be studied in more 
detail108-110. The outcome of these studies may provide a basis for continued 
research in rodent models as well as in humans. 
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Aims 

The overarching goal of this thesis was to characterize molecular mecha-
nisms underlying non-caloric control of food intake. 
 
Specific aim 1: To investigate whether oxytocin affects macronutrient pref-
erence. 

 
Specific aim 2: To investigate whether melanin-concentrating hormone is 
involved in shaping the magnitude of conditioned taste aversion responsive-
ness. 

 
Specific aim 3: To investigate whether the receptor for nociceptin/orphanin 
FQ is involved in shaping the magnitude of conditioned taste aversion re-
sponsiveness. 
 
Specific aim 4: To investigate whether ingestion of leucine affects the re-
ward system. 

 
Specific aim 5: To investigate whether the knock-down of a recently discov-
ered gene Ets96B in Drosophila melanogaster results in a simultaneous dis-
ruption in sleep patterns and appetite. 

 
The project encompassed a variety of models, which included injections 

of specific agonists and antagonists to neuropeptide receptors, gene expres-
sion analysis using RT-PCR, immunohistochemical detection of an immedi-
ate early gene, c-Fos, and cytoplasmic proteins. The studies were conducted 
in well-established animal models which included the rat, mouse and Droso-
phila melanogaster. 
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Experimental design 

Gene expression study for paper I  

OT gene expression in mice after carbohydrate vs. fat consumption 
Two groups of mice (n=8) were fed with isocaloric sucrose or Intralipid 
solutions, respectively, in addition to standard chow for 48 hours. A third 
group of mice was fed with chow only. The total caloric intake per mouse 
and day was 14.1  kcal  in  the  sucrose  group, 12.9 kcal in the Intralipid 
group and 10.3 kcal in  the  chow  group. After 48 hours mice were decapi-
tated between 1100 and 1200 and the hypothalamus was dissected for RT-
PCR analysis. 

Common gene expression study for paper II and III 
32 male Sprague-Dawley rats were schedule-fed on standard chow for 2 
hours per day. Food intake and body weights were recorded daily and from 
day 4 of this schedule, animals also received one intraperitoneal (i.p.) injec-
tion of saline daily for 3 days to become accustomed to drug administration. 
On day 7, animals were exposed to a novel diet, followed by an i.p. injection 
with either saline or LiCl. This protocol was repeated on day 9 and 11 to 
ensure the acquisition of the CTA (Figure 6). The animals were randomly 
assigned to four groups (Figure 5): 

 
(i) Schedule-fed controls, injected with saline  
(ii) Schedule-fed CTA rats, injected with LiCl  
(iii) Schedule-fed rats, pair-fed to CTA rats in group ii, injected with sa-
line, and 
(iv) Schedule-fed rats, pair-fed to CTA rats in group ii, injected with LiCl 
4h after exposure to the novel diet 
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Figure 5. Experimental groups used in gene expression studies in paper II and III. 
CTA – conditioned taste aversion, LiCl – lithium chloride 

On day 13 of the experiment, animals were exposed to the novel diet again 
but this time they received no injections (Figure 6). Ninety minutes after 
exposure to the diet, the animals were sacrificed by decapitation with subse-
quent dissection of the hypothalamus, amygdala and brain stem.  

 
Figure 6. A graphic summary of the study design in experiments in which gene 
expression was assessed in animals with  a conditioned taste aversion (used in paper 
II and III). Hungry animals were exposed to a novel tastant on experimental day 7,9 
and 11, each one followed by an intraperitoneal (i.p.) injection of either LiCl or 
saline. On experimental day 13 animals were sacrificed after exposure to the novel 
diet without the subsequent i.p. injection. 
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Gene expression study for paper IV 
Sixteen male C57BL/6J mice (Taconic M&B, Denmark) were single-housed 
and randomly assigned to two groups. One group was given a drinking solu-
tion of 1.5 w/v % leucine ad libitum instead of water over 48 hours; the other 
group received only water. After 48 hours, the animals were decapitated and 
the nucleus accumbens and hypothalami were dissected for RT-PCR analy-
sis.  

RNA extraction and cDNA synthesis 
RNA extraction and cDNA synthesis were performed as described by Lind-
blom et al.111. In short, the samples were homogenized in TRIzol (Invitrogen, 
Stockholm, Sweden) using a Branson sonifier (Branson Ultrasonics Corp., 
Danbury, CT). Chloroform was added to the homogenate in order to extract 
the RNA, followed by addition of isopropanol to precipitate the RNA. The 
samples were centrifuged and RNA pellets were washed with ethanol, air-
dried and dissolved in 1xDNAse buffer. 

To remove genomic DNA the samples were incubated with RNase-free 
DNase 1 (Roche Diagnostics, Stockholm, Sweden) at 37°C for 3 hours. PCR 
was used to confirm the absence of genomic DNA. Total RNA concentration 
was determined with a Nanodrop ND-1000 spectrophotometer (Nanodrop 
Technologies, Inc., Wilmington, DE). 

For cDNA synthesis 5 µg RNA template was diluted to 12 µl with MilliQ 
water. For reverse-transcription, 1 µl RNA was taken from each sample and 
added to mastermix, containing 20 mM dNTP and N6 random hexamers. 
The samples were incubated at 65°C for 5 min in the PCR machine, fol-
lowed by addition of the second mastermix, containing 1xfirst-strand buffer, 
0.1 M dithiothreitol and 1 µl Moloney leukemia virus reverse transcriptase in 
a total volume of 20 µl. The samples were incubated at 37°C for 1 hour. To 
confirm cDNA synthesis, another PCR was performed. 

Quantitative real-time PCR analysis 
After RNA extraction, cDNA synthesis and qRT-PCR, gene expression data 
was analyzed. These methods have been performed according to the protocol 
described elsewhere111. Samples were homogenized in TRIzol reagent and 
chloroform for RNA extraction, followed by incubation in isopropanol for 
RNA precipitation. After centrifugation, pellets were washed, air-dried and 
dissolved in 1× DNase buffer, then incubated for 1.5 h in RNase-free DNase 
I (Roche). RT-PCR was used to confirm the absence of genomic DNA. RNA 
concentration was measured using a nanodrop (ND-1000, Nanodrop). 5 μg 
RNA samples were diluted in MilliQ water to a final volume of 12 μl. Re-
verse-transcription of RNA was achieved by using a total volume of 20 μl of 
a mix containing 1× mastermix and 1 μl murine leukemia virus reverse tran-
scriptase. 
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The mastermix for each RT-PCR reaction contained 2 μl MgCl2 free 10× 
Buffer, 1.6 μl 50 mM MgCl2, 0.2 μl 20 mM dNTP, 0.05 μl of both forward 
and reverse primer (100 pmol/μl), 1 μl dimethyl sulfoxide, 0.5 μl Sybr Green 
(1:50,000), 0.08 μl Taq polymerase (5U/μl) and 9.52 μl MilliQ water. Each 
plate contained all samples in duplicates as well as negative controls. The 
protocol used for amplification consisted of: 3 min of denaturation at 95°C 
followed by 50 cycles of 15 s denaturing at 95°C, 15 s annealing at an ap-
propriate temperature established for the primers, and 30 s extension at 
72°C. 

The following housekeeping genes were analyzed: glyceraldehyde-3-
phosphatedehydrogenase, β-tubulin, ribosomalprotein 19, histoneH3, cyclo-
philin, β-actin and succinate dehydrogenasecomplex subunit B). The RT-
PCR experiments were performed with a MyiQ thermal cycler (Bio-Rad 
Laboratories, Sweden). 

Data analysis was carried out as described in112 using MyiQ version 1.04 
(Bio-Rad). LinRegPCR was used to calculate primer efficiencies to correct 
for efficiency differences. Normalization factors were calculated based on 
housekeeping gene expression using the GeNorm protocol113. Outliers were 
identified with Grubb's test, and ANOVA followed by Fischer's protected 
least significant difference test were used to analyze differences in gene ex-
pression between groups. Values of p < 0.05 were considered different. 

The effect of MCH on acquisition and extinction of a 
CTA (Paper II) 
Our analysis of the tissues in the PCR study showed that MCH mRNA levels 
differ in the aversive state. We therefore sought to investigate the effect of 
centrally administered MCH receptor endogenous agonist on the acquisition 
and retention of food avoidance. 

Male rats, cannulated in the third ventricle, were allowed restricted access 
to water starting 4 days before the first experimental trial and continued 
throughout the duration of the study. 

 
The rats were randomly divided into 4 groups: 
(i) Receiving artificial cerebrospinal fluid (aCSF) centrally and NaCl i.p. 
(ii) Receiving aCSF centrally and LiCl i.p. 
(iii) Receiving MCH centrally and NaCl i.p. 
(iv) Receiving MCH centrally and LiCl i.p. 
The central injections were followed by exposure to the novel 0.1% sac-

charin solution for 30 minutes, with subsequent administration of the i.p. 
injections. 
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The strength of aversion was determined 72h post injection with the 2-
bottle preference test. Two burettes were placed side-by-side in the cages, 
containing either the 0.1% saccharin solution or water. After 30 minutes 
liquid intake was measured. MCH’s effect on extinction of aversion was 
measured on day 3 and 6 after the first 2-bottle preference test by giving the 
animals access to the two burettes, containing the saccharin solution and 
water, right after central injection of either NaCl or MCH. After 30 minutes 
liquid intake was measured (Figure 7). 
 

Figure 7. The effect of MCH on acquisition and extinction of CTA – experimental 
outline 

The effect of Nphe on acquisition and extinction of a 
CTA (Paper III) 
Previous studies have shown that co-administration of N/OFQ and LiCl 
leads to suppression of a CTA in rats. We therefore hypothesized that an-
tagonizing the NOP receptor with a selective NOP ligand, Nphe, would lead 
to the development of a more pronounced and longer-lasting aversive re-
sponse. 

Male LV cannulated rats were allowed restricted access to water starting 
4 days before the experimental trial. 

 
The rats were randomly divided into 4 goups: 
(i) Receiving NaCl centrally and NaCl i.p. 
(ii) Receiving NaCl centrally and LiCl i.p. 
(iii) Receiving Nphe centrally and NaCl i.p. and 
(iv) Receiving Nphe centrally and LiCl i.p. 
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The injections were given 30 minutes after exposure to a 0.1% saccharin 
solution. For the next 2 days, animals were presented only with water. 

The strength of aversion was determined 72h post injection with the 2-
bottle preference test. Two bottles were placed side-by-side in the cages, and 
one of them contained the 0.1% saccharin solution whereas the other, water. 
After 30 minutes liquid intake was measured. Nphe’s effect on extinction of 
aversion was measured for the following 20 days after the first 2-bottle pref-
erence test by giving the animals constant access to the two bottles, contain-
ing the saccharin solution and water (Figure 8). 
 

 
Figure 8. Effect of the Nphe alone or in combination with LiCl on neuronal activity 
in sites involved in feeding and aversion – experimental timeline 

The effect of leucine on c-Fos immunoreactivity (Paper 
IV) 
Ten 8-week old male C57BL/6J mice (Taconi M&B, Denmark) were ran-
domly assigned to two groups and housed individually with ad libitum ac-
cess to standard chow (Lactamin, Lidköping, Sweden). The mice were ex-
posed to overnight water deprivation and subsequently presented with either 
water or a 1.5 w/v % leucine solution for 2 hours. Thereafter the animals 
were deeply anaesthetized with an intraperitoneal (i.p.) injection of pento-
barbital (100 mg/kg), and intracardially perfused with 4% paraformaldehyde 
(Sigma-Aldrich) in 0.1 M phosphate buffer (pH 7.4).  The brains were dis-
sected and postfixed for 24 hours in the same fixative at 4°C for immunohis-
tochemical analysis. 
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Sectioning 
The brains were dissected and postfixed for 24 hours in the same fixative at 
4°C, followed by sectioning into 50 µm coronal sections with a vibratome 
(VT 1000S, Lecia). The sections were then washed in Tris-buffered saline 
(TBS; 6.06 g Trizma hydrochloride (Sigma), 1.39 g Trizma Base (Sigma) 
and 8.76 g sodium chloride diluted up to 1 l of MilliQ water) pH 7.2.  

Immunohistochemical staining for cFos and OT 
The sections were processed as free-floating sections for immunohisto-
chemical staining as described previously by Olszewski et al114 by treating 
them first with 10% methanol and 3% hydrogen peroxide (Merck, Germany) 
in PBS for 10 min, followed by incubation in primary goat polyclonal anti-
cFos antibody (200 µg/ml; Santa Cruz Biotechnology, Santa Cruz, CA), at 
4°C overnight. Then, sections were incubated for 1 hour in secondary bioti-
nylated rabbit anti-goat IgG antibody (Vector Laboratories, Burlingame, 
CA), followed by incubation in avidin-biotin complex solution (ABC, Vec-
tor). The cFos staining was developed with 0.5% 3.3´ diaminbenzidine tetra-
hydrochloride (Sigma Diagnostics, St. Louis, MO), 0.3% nickel sulfate and 
0.01% hydrogen peroxide; for double-staining for OT, the protocol was re-
peated on the same sections, but the cFos antibody was exchanged for rabbit 
anti-OT primary antibody (1:17,000; Millipore, Temecula, CA), and no 
nickel sulfate was used for developing the staining, making the cells appear 
brown, rather than black 

The incubations in primary as well as in secondary antibodies and ABC 
were carried out in a mixture of 0.5% Triton X-100 (Sigma Diagnostics) and 
0.25% gelatin (Sigma Diagnoistics) diluted in TBS and intermediate rinsing 
was done in TBS. The stained sections were mounted on gelatin-coated glass 
slides and dried for 24 hours. Subsequently sections were dehydrated in al-
cohols, soaked in xylene, covered in DPX (Fluka, Steinheim, Germany) and 
analyzed using light microscopy. cFos and OT positive cells were manually 
counted for each region, boundaries were defined by the brain atlas of Paxi-
nos and Watson. The density of activated neurons in each area were aver-
aged and compared with Student´s t-test. In total, 7 different brain regions 
related to feeding or reward were analyzed: the arcuate nucleus (ARC), 
paraventricular nucleus (PVN), dorsomedial hypothalamus (DMH), ven-
tromedial hypothalamus (VMH) and supraoptic nucleus (SON). The regions 
related to reward were nucleus accumbens shell (AcbSh) and nucleus ac-
cumbens core (AcbC).  
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Food intake measurements in Drosophila melanogaster 
(Paper V) 
Feeding behavior was studied with the capillary feeder (cafe) assay. Each 
vial was half-filled with 1% agarose and contained 5 adult male flies, aged 
5-7 days. The vials were sealed with parafilm and a 5μl-capillary was filled 
with liquid food (5% sucrose (Sigma, Sweden), 5% yeast extract (MERCK, 
Sweden) and 0.5% green dye (Dr. Oetker)) was placed on top of the vial via 
a pipette tip poking through the parafilm (Figure 9). The vials were placed at 
room temperature under fulltime light and after a 24-hour acclimatization 
phase, food intake was measured by calculating the decrease of liquid food 
over 24 hours. Ten to twelve replicates were used for each group and flies 
were either kept in silence or exposed to music playing at 65-70 db on an 
infinite loop (= noise).  

 
Figure 9. Capillary feeder (Café) assay. Each vial is half-filled with 1% agarose and 
on top of each vial a capillary containing the liquid food is inserted through the 
parafilm seal. The decrease of liquid food in each capillary is measured over 24 
hours. 

Lipid content and Starvation resistance measurements in 
Drosophila melanogaster (Paper V) 

Starvation resistance measurements 
Twenty male flies per sample were anesthetized with CO2 and transferred 
into vials containing 8ml of 1% agarose (Conda). Each group consisted of at 
least five replicates. The vials were placed in a 25°C incubator with a 12:12 
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light:dark cycle. The number of dead flies was recorded every 12 hours and 
results were analyzed with a Log-rank test. 

Lipid content measurements 
Each sample contained 30 adult male flies, aged 5-7 days. Flies were either 
fed ad libitum on standard diet (0h starvation), starved for 12 hours (12h 
starvation) in vials containing 8ml of 1% agarose (Conda) or starved for 24 
hours (24h starvation) in agarose-containing vials. For each strain and each 
group 5-10 replicates were used. Flies were collected in glass vials (VWR, 
Sweden) which then were dried in an incubator at 60°C for 1 hour and dry 
weights were recorded. Next, flies were incubated in 10ml of diethyl ether 
for 24 hours. Afterwards, diethyl ether was removed from the vials, and the 
second weight measurement was recorded following 1 hour drying at 60°C 
(= weight 2). Lipid content was then calculated by subtracting weight 2 from 
weight 1 and dividing the result by the total number of flies per vial.  

Locomotor activity and sleep/wake behavior  
Locomotor activity and sleep/wake behavior were measured using the Dro-
sophila activity monitoring system (DAMS) (Trikinetics). Flies were ana-
lyzed individually for 24 hours at 29°C, 50% humidity, on a 12:12 light:dark 
cycle (lights on at 0900). Each group consisted of 10 adult male flies, aged 
5-7 days. Flies were allowed to acclimatize for 24 hours before the onset of 
data collection. Locomotor activity of elav-GAL4 > Ets96BRNAi flies and 
their controls were measured both in silence and while exposing flies to mu-
sic playing on an infinite loop at 65-70db (= noise) for 24 hours. 
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Results and Discussion 

Paper I 
Pursuing the aim of studying OT’s role in regulating carbohydrate intake 
versus fat intake, we conducted a set of experiments, shown in paper I. OT 
release has been recognized as a signal terminating food intake driven by, for 
example, excessive stomach distension or sharp increase in plasma osmo-
lality28, 51. OT KO mice show increased food preference for carbohydrates, 
while lipid intake remains unchanged115. However, deletion of the OT recep-
tor did not significantly alter food preferences. In order to further elucidate 
the mechanism behind the altered taste preference in these KO strains, we 
aimed to systematically study the link between OT and the regulation of 
sugar versus fat consumption in wild-type animals, using the same genetic 
background as OT KO mice (i.e. C57/Bl).  

Following either Intralipid or sucrose intake, we examined cFos and OT 
immunoreactivity (IR) in the brains of wildtype mice both in animals per-
fused at the time corresponding to meal initiation compared with termination   
of food intake (P = 0.016 and P = 0.011, respectively). cFos IR in oxyto-
cinergic PVN cells was significantly increased after sucrose consumption 
compared to cFos IR in oxytocinergic PVN cells post Intralipid consumption 
(P = 0.037). It is important to note that the intake of either tastant was fairly 
similar between mice (2.1 and 2.6 ml of either sucrose or Intralipid). These 
findings support the hypothesis that OT mediates termination not only of 
food intake, but especially sucrose intake. 

We also exposed wildtype mice to either sucrose or intralipid (together 
with regular chow) for 48 hours and then measured hypothalamic OT mRNA 
expression. Mice exposed to sucrose expressed more OT mRNA than mice 
exposed to Intralipid (P = 0.009), while the average daily intake of either 
tastant per animal was around 8.1 kcal of Intralipid and 7.4 kcal of sucrose. 
This is another piece of the puzzle confirming the link between OT and the 
control of specifically carbohydrate intake. Hypothalamic mRNA expression 
in mice exposed to Intralipid was even downregulated compared with chow-
only controls as well as animals exposed to sucrose. 

We then studied the effect of blocking the OT receptor with the antagonist 
L-368,899 on sucrose and Intralipid intake as well as preference. Peripheral 
injection of this antagonist in different concentrations when animals are ex-
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posed to chow only does not affect the amount of food ingested over 2 hours 
after the injection. When either sucrose or Intralipid solutions were presented 
alone, L-368,899 injections at 1 mg/kg body weight and 3 mg/kg body 
weight lead to an increase in sucrose intake, but not Intralipid intake (1 
mg/kg body weight, P = 0.036; and 3 mg/kg body weight, P = 0.031). Upon 
simultaneous presentation of sucrose and Intralipid,  L-368,899 at the dose 
of 1 mg/kg body weight increased the intake of sugar (P = 0.019), however,  
the total amount of ingested calories was not affected (Figure 10). 

Finally, we injected the most effective dose of L-368,899, 1 mg/kg body 
weight, and studied changes in cFos IR in different sites of the brain that are 
typically associated with feeding for either reward or energy. We found that 
injection of L-368,899 increased cFos IR in the PVN (P = 0.034), arcuate 
nucleus (P = 0.045), medial preoptic area (P = 0.029), nucleus of the solitary 
tract (P = 0.021), and central nucleus of the amygdala (P = 0.018). 

 
Figure 10. The effect of an intraperitoneal (i.p.) injection of the oxytocin receptor 
antagonist L-368,899  or saline (controls) on the intake of isocaloric 4.1% Intralipid 
solution and 10% sucrose solution either presented independently (A, Intralipid; B, 
sucrose) or concurrently (C and D). Sucrose and Intralipid intakes were measured 2 
hours after the injections. A) I.p. injection of L-368,899 does not change fluid intake 
when Intralipid is given alone, but it does increase sucrose intake at 1mg/kg and 
3mg/kg when sucrose is given alone (B). C, Preference for sucrose versus Intralipid 
is expressed as the percentage of the sucrose solution consumed in the total volume 
of both ingested tastants. D, The total volume of consumed Intralipid and sucrose 
solutions does not differ when both tastants are presented simultaneously, as shown 
in D. *, P < 0.05. 
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Paper II 
The focus of this paper was to assess the role of MCH on the acquisition and 
extinction of CTA. We investigated gene expression levels of both MCH and 
its receptor, MCHR1, in aversive animals. We found that expression of both 
genes was elevated in the hypothalamus, and the expression of MCHR1 was 
elevated in the brain stem of aversive animals, pointing towards a possible 
involvement of MCH in CTA. Supporting this theory is the finding that ani-
mals of the food-restricted group had elevated MCH levels only in the brain 
stem and there was no effect on MCHR1 levels in any of the studied areas, 
limiting MCH involvement almost exclusively to aversion. Other orexigenic 
peptides with the ability to alleviate aversion in rats have been identified. 
Those include for example Agouti-related protein (AgRP), opioids and 
N/OFQ116-117. N/OFQ is particularly interesting in this context, since its ex-
pression in aversive animals is changed in the same areas as in this study. 

To study whether MCH is capable of changing a CTA response, we ex-
amined whether MCH injected centrally prior to the CTA inducing LiCl 
treatment prevents or alleviates aversion. Centrally injected MCH has been 
shown to increase consumption for energy and reward as well as the intake 
of palatable saccharin. We therefore injected the animals with the same con-
sumption-increasing dose that had been used before both 30 minutes before 
exposure to saccharin and later during the extinction trial. No effect of MCH 
on the extinction of the CTA was observed. Animals pre-treated with MCH 
prior to the LiCl injection, consumed the same amount of saccharin as those 
saline/LiCl double-injected animals and did so throughout the CTA extinc-
tion trials. 

These findings suggest that MCH alone may not be effective enough to 
change the aversive response of the animals or to inhibit the acquisition of 
aversion. However, the changes in gene expression suggest that MCH may 
be only one of the factors associated with the tastant-targeted hypophagia in 
CTA, but not a critical one for the aversion to occur. 
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Figure 11. mRNA levels of the MCH and MCH receptor 1 genes in the hypothala-
mus (HT), brain stem (BS), and amygdala (Amy) of rats presenting a conditioned 
taste aversion (CTA) (aversion), non-aversive animals pair-fed to the aversion rats 
(restriction), non-aversive animals pair-fed to the aversion rats, injected with LiCl 4 
hours after exposure to the diet (LiCl), an ad libitum-fed non-CTA controls (con-
trol). *P < 0.05; ***P < 0.001.  

Paper III 
Pomonis et al. and Polidori et al. have previously demonstrated the ability of 
N/OFQ to increase food consumtion and alleviate aversion118-120. In order to 
gain more coherent understanding of the influence of the N/OFQ system on 
food intake regulation, we aimed to investigate the role of the NOP receptor 
in acquisition of aversion and appetite. We therefore utilized the NOP recep-
tor antagonist, [Nphe1]N/OFQ(1-13)NH2 (Nphe), to study the ability of the 
NOP receptor to control food intake regulation. 

First, we confirmed the effect of the NOP receptor antagonist on appetite. 
An injection of 100 and 300 nmol of the antagonist, decreased the amount of 
chow intake to only half of what control animals ingested. This is in concert 
with a previous finding by Polidori et al who also found that NOP antago-
nism with Nphe reduces food intake in hungry rats in a dose-dependent 
manner121. After determining the lowest effective dose of the antagonist and 
examining its effect on acquisition and maintenance of CTA, we found that 
NOP receptor antagonism alone did not induce CTA, but it has the ability to 
prolong the CTA and prevent its extinction. 

Our immunohistochemical studies show that NOP receptor antagonism 
only combined with a LiCl injection stimulates c-Fos IR in the central nu-
cleus of the amygdala (CNA) and the NTS even more than LiCl alone, how-
ever, NOP receptor antagonism alone does not elevate c-Fos in any of the 
nuclei involved in CTA. In contrast, the antagonist was unable to further 
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enhance the increased c-Fos IR in OT neurons or the percentage of OT cells 
upon co-administration with LiCl. 

This suggests that the NOP receptor antagonist may act in the brainstem, 
but does not activate the AP-NTS-PVN pathway. In concert with that is the 
finding that NOP receptor antagonism in combination with LiCl enhanced c-
Fos IR in the CNA even further than the LiCl group alone. Activation of the 
NOP receptor in the CNA impairs learning and memory, and shortens ex-
tinction of the CTA122-123. 

In line with these reports, we found that NOP mRNA expression is de-
creased in the hypothalamus and brain stem of CTA displaying rats, how-
ever, these changes were only specific to the CTA in the brainstem, 
strengthening the theory that the N/OFQ system is important for shaping and 
maintaining an aversive response. 

 
Figure 12. Extinction trial. [Nphe1]N/OFQ(1-13)NH2 delays the extinction of LiCl-
induced conditioned taste aversion (CTA) over 20 days of the 2-bottle choice test. 
*Significantly different from saline (sal) controls  (P < 0.05).  

Paper IV 
Leucine is the most abundant BCAA74 and has been suggested to alter food 
intake via the mTOR pathway. It has previously been shown that centrally 
injected leucine reduces food intake and body weight in fasted rats64. How-
ever, recent findings by Zampieri et al, as well as clinical observations from 
cancer patients undergoing chemotherapy indicated that oral administration 
of leucine and leucine supplementation in the diet enhances food intake.124  

In this paper we sought to study the effect of voluntary ingestion of leu-
cine-supplemented water on mRNA levels of reward mediating genes in the 
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hypothalamus and nucleus accumbens as well as the effect on c-Fos immu-
noreactivity (IR). 

We observed down-regulation of cocaine- and amphetamine-regulated 
transcript (CART), OT and proopiomelanocortin (POMC) in the nucleus 
accumbens, but also increased mRNA levels of the MOR. 

In the hypothalamus we found elevated levels of the DOR after ingestion 
of leucine-spiked drinking water, as well as increased corticotropin-releasing 
hormone (CRH) mRNA expression. 

We also found that c-Fos IR was elevated in the nucleus accumbens shell 
(AcbSh) and the arcuate nucleus after exposure to leucine-supplemented 
water, but reduced in the PVN (Figure 13). 

 

 
Figure 13. cFos immunoreactivity (IR) in mice exposed to a  1.5% w/v leucine for 2 
hours after  15-hours of water deprivation. cFos IR was elevated in the nucleus ac-
cumbens shell (AcbSH) and arcuate nucleus (ARC), and reduced in the paraven-
tricular nucleus (PVN) (* P < 0.05).  AcbC, nucleus accumbens core; DMH, dor-
somedial hypothalamus; SON, supraoptic nucleus; VMH,  ventromedial hypothala-
mus. 

Paper V 
Our studies in Drosophila melanogaster provide evidence that knocking 
down the gene for the transcription factor Ets96B during development dis-
rupts the sleep/wake cycle and increases food intake when flies are stressed, 
as well as body weight and locomotion. An initial database search indicated 
that Ets96B is the Drosophila homolog for the mammalian Etv5 gene. This 
is reflected by our comparison of DNA sequences, where we found a high 
degree of identity between the Ets96B sequence and the Etv5 sequence, but 
also comparing the protein products in their structure indicated that there are 
great similarities between Ets96B and Etv5. Also the spatial expression pat-
terns of Ets96B in flies and Etv5 in mice show great similarities.  
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When knocking down Ets96B during the development of flies, food in-
take in these flies is similar to controls when flies are kept in a silent (thus, 
non-anxiogenic) environment. However, when flies are exposed to 65-70 dB 
of “noise” over 24 hours the food intake in these knockdown flies increases 
significantly. However, knockdown flies display increased activity in a silent 
environment compared to controls, yet, when exposed to noise over 48 
hours, their activity does not increase further. Control flies on the other hand 
display lower levels of activity in silence, but increase their activity levels 
when exposed to the noise. A 48-hour examination of their sleep/wake cycle 
indicates that knockdown flies sleep less than controls and are more active 
during the night. Measuring lipid contents of flies we found that knock-
downs contain more lipids than controls, but lose these lipids rapidly during 
starvation and are more sensitive to starvation than controls. 

Our findings provide a basis for further studies on this gene in relation-
ship to sleep/wake behavior and food intake in rodents and indicate a close 
relationship between these physiological parameters. 
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Figure 14. A, confirmation of reduced Ets96B mRNA levels in elav-GAL4;GAL80 
> Ets96BRNAi flies versus controls. P=0.0624 (elav-GAL4;GAL80 > Ets96BRNAi 
vs elav-GAL4;GAL80 > w1118) and P=0.0744 (elav-GAL4;GAL80 > Ets96BRNAi 
vs w1118 > Ets96BRNAi). Ri = RNAi. B, Locomotor activity increases over 48 
hours in elav-GAL4 > Ets96BRNAi flies compared to controls when flies are kept in 
silence (P<0.01 and P<0.05). When exposed to noise, controls increase their activity, 
whereas knockdowns stay at the same activity level as they do in silence. C, even 
Ets96B-GAL4 > Ets96bRNAi flies display increased locomotor activity in silence 
compared to controls (P<0.001 and P<0.01). D, no change in locomotor activity is 
observed in elav-GAL4;tubGAL80 > Ets96BRNAi flies compared to controls. E, 
elav-GAL4 > Ets96BRNAi flies seem to sleep less during the night (arrows) com-
pared to controls.  
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Conclusions 

The focus of this thesis was to further characterize molecular mechanisms 
underlying non-caloric regulation of food intake. 
 
The key findings from the studies are that:  

 
• OT regulates macronutrient consumption, by reducing the appetite for 

carbohydrates but not for fat. This is reflected by increased percentage of 
c-Fos positive OT neurons after ingestion of sucrose and the lack of 
change after Intralipid intake. Antagonizing the OT receptor increases 
preference for sucrose in mice given a choice between isocaloric sugar 
and Intralipid solutions, however it does not affect the total number of 
calories ingested. When the sugar solution is presented alone, OT recep-
tor antagonism elevates sugar consumption; there is no effect of the drug 
on fat intake 
 

• Relative expression of the genes encoding MCH and its receptor, 
MCHR1, which contribute to feeding to obtain a reward and to anxioly-
sis, is affected by pharmacological treatment that leads to the develop-
ment of a conditioned taste aversion in rats. This suggests that the MCH 
system is affected by aversive events. However, central injections of 
MCH do not prevent the acquisition of an aversion, nor do they affect 
the rate of extinction of the taste aversion. 
 

• One way in which the N/OFQ system facilitates food intake is by de-
creasing aversive responsiveness. This was revealed in our injection 
studies, where blocking of the NOP receptor with an antagonist reduced 
food intake in hungry animals and delayed the extinction of aversion in 
animals with a CTA.  
 

• Supplementation of leucine by adding it to drinking water increases ac-
tivity of the reward system likely contributing to the pleasure of con-
sumption. Our studies show that leucine ingestion increases mRNA ex-
pression levels of genes known to mediate reward, as well as orexigenic 
gene expression in the Nacc, a key component of the reward circuit. It 
also increases c-Fos IR in this site. 
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• Ets96B affects concurrently food intake, body weight, locomotion and 
sleep/wake cycle in Drosophila melanogaster. Reduction of mRNA lev-
els of Ets96B during development results in reduced sleep time and hy-
peractivity, as well as increased food intake and body weight. 
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