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Introduction 

We overeat not because of hunger but because of family and 
friends, packages and plates, names and numbers, labels and 

lights, colors and candles, shapes and smells, distractions 
and distances, cupboards and containers. 

Brian Wansink, Mindless eating 

Addictive-like behaviours in obesity 
For the first time in history, there are presently more people in the world 
suffering from obesity than from food shortage or starvation. The modern 
society is extremely obesogenic, with a sedentary lifestyle and easy access to 
refined food products, high in fat and sugar, high in calories, and highly pal-
atable. However, not all individuals exposed to this environment become 
obese. Vulnerability to obesity may be caused by factors that are genetic or 
hormonal, affected by psychological and stressful conditions or pharmacol-
ogical agents, and strengthened by cultural and familial settings. The vulner-
able individual in the modern obesogenic environment gains weight and 
becomes obese, others remain lean. 

Once an obesity-prone individual has gained weight, it is exceedingly dif-
ficult to lose this weight. A plethora of weight loss programs exists, but even 
though initial weight loss is often achieved if the subjects adhere to their 
regimen, the excessive body weight returns as soon as the program is 
dropped. During abstinence from energy-dense food, craving for food, espe-
cially for palatable food, is commonly reported, causing relapse to consump-
tion of energy-dense foods. The subject loses control over food intake. 

In recent years, studies have shown that there are important parallels be-
tween obesity and drug addiction [295,302]. Drug addiction is a chronic 
relapsing disorder characterized by individual vulnerability and a progres-
sion from recreational use, through repeated use, to compulsive use 
[273,286]. Ultimately, if a drug addict attempts to quit the drug, drug craving 
ensues that may remain for extended periods of time and, long after the 
physical signs of withdrawal have subsided, may lead to relapse. The subject 
loses control over drug intake. 
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One neural pathway common to both drug addiction and obesity is the 
mesolimbic dopamine system (the ‘reward system’). All drugs with abuse 
liability release dopamine in the nucleus accumbens (NAcc; [79]), just as 
natural stimuli such as food do [27]. Genetic variants related to dopamine 
signaling have been associated with both drug addiction and obesity 
[180,258]. Dopamine D2 receptor availability is decreased in both drug ad-
dicts and the obese [295]. 

Notable interactions are also present between appetite and drug addiction. 
First, cocaine and amphetamine are strong anorexigenic agents that are in-
deed abused by some individuals in order to control appetite and body 
weight [56]. Second, animal studies show that food restriction expedites 
acquisition of operant response tasks for psychostimulants [76], increases 
behavioural sensitization to cocaine [30], stimulates intake of drugs of abuse 
[48], facilitates conditioned place preference for cocaine [30], and precipi-
tates relapse of drug-seeking in extinction-reinstatement models [241]; see 
also [46]. In fact, overconsumption of calories has the opposite effect; rats 
maintained long-term on a high-fat diet, thus becoming obese, had impaired 
acquisition of an operant response task reinforced by cocaine compared to 
chow-fed controls [288]. Furthermore, high sucrose preference is associated 
with elevated operant responding for cocaine [105] and amphetamine [78], 
while also predicting alcohol responsiveness [303]. 
Table 1 Comparison of overeating in the obese with drug abuse in addicts 

Drug addiction and overeating in a wide sense of the terms; no account taken to 
different drugs or food types. Modified from [302]. 

Thus, important parallels exist between obesity and drug addiction (Table 1). 
The differences should also be noted, however. Unlike drugs, food is re-
quired for survival and food intake is, hence, meticulously controlled by the 
organism through the homeostatic food intake regulation. Obesity is not 
equivalent to addiction, but there are important similarities that can help us 
understand what has gone awry in the brain of the obese individual. 

 Overeating in obese Drug abuse in addicts 
Homeostatic regulation +++ - 
   Regulation of intake Central and peripheral Central  
Hedonic impact Sensory and post-oral Pharmacological 
Reinforcement ++ +++ 
Craving ++ +++ 
Personality ++ ++ 
Stress Promotes appetite 

and central obesity 
Promotes drug use 

and relapse 
Emotionality +++ ++ 
Cue-induced relapse ++ +++ 
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Animal models of obesity such as diet-induced obesity (DIO) in the ro-
dent are valuable methods for understanding both the vulnerability to obesity 
and the long-term changes in food intake regulation. In this thesis, we used 
DIO in combination with methods and concepts previously applied in drug 
addiction research to shed further light on behavioural traits and molecular 
mechanisms related to both obesity proneness and to craving for food during 
abstinence from energy-dense foods. 

Feeding for calories 
Unlike drugs, food is essential for the survival of the organism. Thus, evolu-
tion has provided us with an intricate system for regulating food intake and 
energy expenditure. The mechanisms that drive food seeking behaviour and 
consumption of food during times of negative energy status seem especially 
powerful. 

The presence of peripheral signals conveying information about the en-
ergy status of the body to the brain was predicted long before the characteri-
zation of such signals. The ob/ob and db/db mouse lines were the first clues 
to this puzzle (for review, see [38]). Both these lines have identical pheno-
types: they become extremely obese and develop diabetes as the body weight 
rises. It was shown that the ob/ob mouse lacks a circulating factor present in 
the db/db. This factor, later identified as leptin, serves as a hormone pro-
duced by the adipose tissue in relation to the amount of fat in the body. 
Ob/ob mice have a disruption in the gene coding for leptin, while db/db have 
non-functional leptin receptors. 

Leptin is released in response to food intake and levels rapidly diminish 
during food restriction or acute deprivation. Leptin receptors are present 
throughout the body, but in the arcuate nucleus (ARC) of the hypothalamus, 
the availability of these receptors is particularly high. 

Hypothalamic appetite control 
The ARC has receptors not only for leptin but also for circulating factors 
such as insulin, ghrelin, and adiponectin; mechanisms are also present for 
detecting nutrients such as glucose, fatty acids and amino acids [67]. Indeed, 
the hypothalamus integrates peripheral signals related to the energy status of 
the body, and serves as a focal point of appetite regulation in the central 
nervous system. The hormones and neuropeptides implicated in the homeo-
static food intake regulation have been the subject of many reviews 
[11,39,127,187,234,304], the core message of which will be briefly pre-
sented here. 

Within the ARC, two main populations of neurons exist, co-expressing ei-
ther 1) neuropeptide Y/agouti-related peptide (NPY/AgRP) or 2) proopiome-
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lanocortin/cocaine- and amphetamine-related transcript (POMC/CART). The 
NPY/AgRP neurons are activated by ghrelin and inhibited by leptin and 
insulin; they have orexigenic effects. POMC/CART neurons mediates 
anorexigenic effects stimulated by leptin and insulin and inhibited by ghre-
lin. Targets of these neurons are present mainly in the lateral hypothalamus 
and in the paraventricular nucleus of the hypothalamus. From these regions, 
fibers project to diverse parts of the brain with signal molecules such as 
opioids, orexin, melanin-concentrating hormone, oxytocin, vasopressin, 
galanin, corticotropin-releasing factor, urocortins, and many more. Afferent 
fibers to the hypothalamus originate e.g. in the brain stem, the amygdala, and 
the reward pathways including the NAcc and the ventral tegmental area 
(VTA). 

Monogenic obesity: severe but not common 
Severe obesity phenotypes have been reported in individuals with disrup-
tions in single genes related to appetite control. The first such report indi-
cated that loss of leptin secretion due a mutation in the leptin gene causes 
early-onset obesity [171]. A loss-of-function mutation in the leptin receptor 
gene was associated with extreme early-onset obesity and prohibited puber-
tal development [53]. Similar phenotypes have been reported in patients with 
mutations in the POMC gene [135,136] and in the gene encoding melano-
cortin receptor 4 [305], a receptor that binds the POMC product �MSH. 
While these genetic variants are rare, they highlight the importance of key 
elements in energy homeostasis in humans. More recently, a number of 
genes with common variants that are associated with body weight, e.g. 
TMEM18 and FTO, have been identified through genome-wide association 
studies [292]. The role of those genes and their products in energy balance 
regulation is gradually being unveiled [188]. 

While the ob/ob and db/db mouse lines have severe phenotypes, mutant 
mice lacking functional variants of the aforementioned peptides do not al-
ways have the expected phenotype. NPY null mice have normal weight gain 
and food intake [84], while AgRP null mice have unaltered body weight 
curves and normal food intake patterns during free feeding, food deprivation, 
diet-induced obesity, and leptin injections [211]. 

The thrifty genotype hypothesis 
If monogenic obesity is uncommon, the question arises as to what kind of 
genotype is more frequent in obesity. The genetic pool changes slowly and 
novel and widespread mutations cannot possibly explain the rapid emer-
gence of the obesity epidemic. Hence, the genotypes underlying vulnerabil-
ity to obesity predates the modern environment, with which it interacts to 
produce excess body weight gain in the obesity-prone individual. 
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The concept of a ‘thrifty genotype’ was proposed by Neel to explain the 
rising incidence of diabetes [176]; the idiom was chosen to describe a geno-
type apt to conserve energy, ‘exceptionally efficient in the intake and/or 
utilization of food’ [176]. It was argued that the same thrifty genetic variants 
that were advantageous in early human history, when starvation was com-
mon and energy-dense food scarce, puts the individual at risk for diabetes 
and obesity in the surplus of modern environment. 

It has also been speculated that such genetic variants are accumulated in 
certain ethnic groups that appear to be at increased risk for diabetes, such as 
the Pima Indians found in Mexico and Southern USA, a population that has 
been the subject of a vast number of investigations into the genetic basis for 
diabetes [18]. The thrifty genotype hypothesis has been questioned 
[251,254], and does not fully explain why some individuals are prone to 
obesity and others resistant. Nevertheless, vulnerability to obesity is an indi-
vidual trait and may involve a genetic background associated with energy 
intake, metabolism, or energy expenditure. 

Food preferences 
The availability of palatable, high-energy food has been proposed to be the 
main environmental factor driving the prevalence of obesity to epidemic 
proportions. Preference for high-fat foods has been associated with body 
weight and body composition in both children [91,217] and adults [167,218] 
in most but not all studies [97]. Note that the quality of dietary fat may also 
be important, since it has been shown that the association of dietary fat in-
take and body weight is particularly strong for saturated fats [111]. Con-
sumption of high-sugar foods has been implicated in the development of 
obesity [282] and may be affected by preference for sweet tastants. 

It has recently been shown that sweet taste preference has a genetic com-
ponent related to the reported consumption of high-sugar tastants [128] (see 
also [214]). In addition, food preferences can be acquired and influenced by 
culture and social context [218]. In a study by Rissanen et al., monozygotic 
twins that differed in body weight at adult age were studied with regard to 
food preferences [218]. Current preference for high-fat foods were three-fold 
more frequent in the obese subjects than in their lean twin, and both the 
obese subjects and their siblings reported that the obese twin in each pair had 
greater preference for high-fat foods in young adulthood, while the lean twin 
had low preference for such food [218]. 

Animal experiments on food preferences have identified a number of neu-
ropeptides and other factors that may affect the consumption of individual 
macronutrients or tastants. For example, neuropeptide Y (NPY) preferen-
tially stimulates carbohydrate intake, while central ghrelin has been sug-
gested to enhance fat ingestion [242]. The impact of other hormones, includ-
ing leptin [290] and corticosterone [50,209], on food preferences has also 
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been reported. Oxytocin knockout mice overeat sucrose but not lipid emul-
sions [169,237]. In contrast, the orexigenic effects of galanin are stronger 
when high-fat diets are offered [184,264]. In addition, opioid peptides were 
originally suggested to selectively promote intake of dietary fat 
[160,161,163], but this notion has been contested (see below). 

In an outbred group of rats, food preferences vary between individuals. 
For example, when rats are allowed to choose freely between palatable high-
fat and high-sucrose diets, some animals eat only 30% whereas others 70% 
of a given kind of diet [189]. Importantly, such preferences affect food in-
take to such an extent that some subjects are prone to gain weight in the free-
choice situation, whereas others are resistant to such environmental modifi-
cation [64,278]. Thus, food choices in an outbred group of rats may be in-
vestigated in order to gain further insight into the molecular mechanisms 
behind food and macronutrient preferences. 

Feeding for pleasure 
When the energy demands of the organism are met, palatable food will still 
stimulate feeding behaviour. Indeed, humans and other mammals will over-
consume food if palatable and energy-dense diets are provided ad libitum. 
Such behaviours are not easily explained by leptin signals or neuropeptides 
within the hypothalamus. 

Imaging studies with humans during consumption of palatable food and 
during expectation of palatable food show increased activity of specific brain 
regions including the caudal and medial orbitofrontal cortex, amygdala, 
striatum and midbrain [183,198,248]. Moreover, such brain activity has been 
shown to differ between obese subjects and lean controls [126,226,259,260]. 
For example, blunted activation was noted in the caudate nucleus of obese 
individuals during consumption of a palatable milkshake [259]. 

While other brain regions have also been implicated in consummatory re-
sponses to palatable food, the list above is related to the dopamine pathways 
originating in the midbrain (VTA, substantia nigra) and terminating in the 
striatum (NAcc, caudate nucleus, putamen) and prefrontal cortex. It should 
be noted that the mesolimbic dopamine system, in particular, is known from 
animal studies to be the pathway activated in reward and reinforcement. 

The role of dopamine in food-motivated behaviours 
Food intake, just as any other natural reward, produces a release of dopa-
mine in the NAcc [27,29]. Dopaminergic neurons sending fibers to the NAcc 
are present in the VTA, and these projections are denoted the mesolimbic 
dopamine pathway, or the ‘reward system’, although additional brain struc-
tures (e.g. prefrontal cortex, PFC) receiving dopaminergic input are usually 
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included in this construct (Figure 1). Reinforcement, that is the process by 
which certain behaviours are repeated in order for the organism to either 
avoid harmful stimuli (negative reinforcement) or seek out pleasurable stim-
uli (positive reinforcement), is contingent upon the release of dopamine in 
the NAcc. Indeed, this system is arguably responsible for motivating behav-
iours relevant to the survival and propagation of the self and the species, 
such as eating and mating. 

 
 

Figure 1 A) Sagittal schematic view (modified from [193]) of the rodent brain, indi-
cating the regions investigated in this thesis with mesocorticolimbic and nigrostri-
atal dopamine pathways labelled in grey; B) D2 receptor gene expression in the 
striatum [1]; C) Dopamine transporter gene expression [1]. PFC, prefrontal cortex; 
CPu, caudate putamen; NAcc, nucleus accumbens; HC, hippocampus; HT, hypo-
thalamus; Amy, amygdala; SN, substantia nigra; VTA, ventral tegmental area. 

Based on the finding that dopamine antagonists reduce operant responding 
for food, Wise originally proposed that dopamine encoded the hedonic prop-
erties of natural rewards [294], i.e. the pleasure experienced by attaining the 
reward. Other hypotheses have been posited since, however, that are sup-
ported by stronger evidence. Rather than encoding the hedonics of rewards, 
dopamine seems to relate to the incentive properties thereof. According to 
Berridge and Robinson, dopamine mediates the incentive salience of rewards 
and is thus essential for motivation to obtain the reward, but not for the 
pleasure of actually obtaining it [33]. The basis for this notion is e.g. that 
depletion of dopamine or blockade of dopamine receptors do not diminish 
pleasurable responses to palatable foods in animals or humans [33]. 

A 

B C

(B) (C)
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In agreement with this, preferential release of dopamine occurs when food 
consumed is novel. For example, palatable food increased dopamine release 
in the NAcc of rats during the first exposure but not upon subsequent presen-
tations [27,29]. 

Hollerman and Schultz studied monkeys implanted with electrodes in the 
NAcc in a learning task [120]. Initially, when the monkey made many errors 
and the reward (palatable apple juice) was unpredictable, dopamine neuron 
responses were strong. But as the subjects acquired the task, dopamine firing 
was reduced and reached baseline as the reward became fully predictable. In 
addition, changes in dopamine neuron activity was observed in these mon-
keys when reward was delivered at an unexpected time point, and also when 
the reward was expected but not delivered [120]. The latter protocol is re-
ferred to as ‘error in reward prediction’. Interestingly, Schultz et al. have 
also shown that monkeys subjected to a protocol where every reward is pre-
ceded by a stimulus, this conditioned stimulus activates dopamine neurons 
even when the reward no longer does [232,233]. These findings indicate that 
dopamine release in the NAcc displays an inverse association with the pre-
dictability of a reward, and that dopamine has an important role in associa-
tive learning. 

Drugs of abuse tap into the mesolimbic dopamine system 
As discussed above, dopamine release is under tight temporal control in  
physiological conditions. Addictive drugs, however, act to release dopamine 
or to mimic or enhance the effects of dopamine release [79,133]. In addition, 
drugs of abuse produce higher dopamine levels in the NAcc than natural 
rewards do [263], and this happens regardless of prior experience, i.e. there 
is no adaptation [207,293]. The question then arises as to what is the link 
between such dopaminergic activity and addiction. 

As previously mentioned, it has been shown that dopamine encodes not 
only the incentive salience of the reward per se, but also incentive character-
istics of stimuli associated with the reward. This concept is important in the 
incentive-sensitization theory proposed by Robinson and Berridge [219,220]. 
According to this theory, the dopaminergic stimulation renders the reward 
system hypersensitive to drugs and drug-associated stimuli. It is argued that 
this sensitization includes strong ‘wanting’ (i.e. craving) and that this in turn 
leads to the compulsive drug seeking and loss of control over drug taking 
seen in addicts [219]. 

Differential response to palatable and bland food 
Peciña et al. used a genetic approach to study the role of dopamine in food 
reward [196]. Mutant mice with a reduced dopamine transporter density and, 
hence, elevated extracellular dopamine levels were produced; these mice had 
higher motivation (‘wanting’) for sucrose in a runway task, while hedonic 
taste reactions (e.g. rhythmic tongue protrusions) were not different from the 
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behaviour of wild type littermates [196]. While this indicates that dopamine 
is related to ‘wanting’ aspects of food reward, it may be hypothesized that 
dopamine release and function vary with the perceived palatability of the 
food. 

Indeed, it was reported that in animals with intermittent daily access to 
sucrose, dopamine release was not attenuated over a period of three weeks 
[212]. Note the lack of this effect in two different control groups, one with 
intermittent daily access to chow and one with continuous access to sucrose. 
The repeated release of dopamine may thus be specific for intermittent ac-
cess to palatability. Note that repeated dopamine release in response to food 
is seen also during more severe food restrictions [29]. 

In conclusion, reward produced by both palatable food and drugs of abuse 
implicate the mesolimbic dopamine pathways, but recruits this system in 
different ways.  

Dopamine and obesity 
Positron emission tomography (PET) may be used in humans to analyze 
dopamine release. By means of [11C]raclopride, a radioactively labelled se-
lective antagonist for D2 receptors, displacement of [11C]raclopride by re-
leased dopamine can be visualized as it occurs. As expected from animal 
data, dopamine is released during feeding [247,298]. Indeed, dopamine is 
released in proportion to the degree of pleasure experienced while eating 
[247].  

Interestingly, imaging studies have shown that obese individuals have 
perturbations in brain regions related to reward [259,260]. Dopamine D2 
receptor availability is reduced in the striatum of obese individuals propor-
tionally to their BMI [276,301]; i.e., the highest BMI is associated with the 
lowest D2 availability. In addition, obese individuals have blunted activation 
in the caudate nucleus during consumption of palatable foods, e.g. a milk-
shake [259]. Importantly, Stice et al. [258] showed that genetic variants of 
the D2 gene were associated with activity in the dorsal striatum in response 
to palatable food. 

Furthermore, the pattern of D2 receptor binding associated with obesity, 
i.e. reduced binding potential in the striatum, has been associated also with 
drug addiction. Volkow and colleagues have shown that cocaine addicts 
have reduced dopamine release and D2 receptors in the striatum [296]. This 
indicates that while the mesolimbic dopamine system is differently affected 
by acute intake of food and drugs of abuse, long-term changes may be simi-
lar. Another possible explanation is that the difference in D2 receptor binding 
occurs already before the development of obesity and drug addiction. This 
would indicate that vulnerability to both obesity and drug addiction involves 
D2 receptor phenotype. In fact, such evidence exist [180,258]. 

It should also be noted that the reductions of striatal dopamine in drug ad-
dicts have been associated with decreased activity in the orbitofrontal cortex 
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and the cingulate, a finding that has been speculated to be related to the loss 
of control over intake of drugs [296]. Volkow et al. also reported that the 
reduced D2 levels in the striatum of obese subjects were accompanied by low 
activity in the dorsolateral prefrontal cortex, medial orbitofrontal, cingulate, 
and somatosensory cortices [295,300,301]. 

It has been postulated that the low levels of D2 receptors in drug addicts 
would reduce the rewarding potential of natural stimuli and thus promote 
further drug use [296]. By analogy, it may also be hypothesized that reduced 
D2 receptor levels in the obese reduce the rewarding properties of regular 
food, promoting the intake of palatable energy-dense tastants. This proposi-
tion remains to be verified. 

Opioids and food intake 
Endogenous opioids and reward 
If the dopaminergic system is primarily related to ‘wanting’ rewards, the 
question arises as to what other neural systems are responsible for the ‘lik-
ing’ component. Again, important clues came from the study of addiction. 
Here, the function of the opioid system in feeding will be discussed. 

Exogenous opiates such as morphine produce intense euphoria in humans 
and are liable to abuse, as evidenced by the long track of opium use through-
out history. When the endogenous opioids were identified in the 1970’s, it 
was thus hypothesized that their physiological role would be related to re-
ward or hedonia. Indeed, opioid peptides were self-administered by experi-
mental animals and produced conditioned place preference in rats [6,272], 
verifying the reinforcing properties of these agents. 

The endogenous opioids include endorphins, enkephalins, dynorphins, 
endomorphins, and nociceptin/orphanin FQ (Table 2). These peptides target 
the opioid receptors: mu (MOR), delta (DOR), kappa (KOR), that bind pref-
erentially enkephalins, endorphins and dynorphins, respectively, and opiate 
receptor-like 1 (ORL1), that selectively binds nociceptin/orphanin FQ. 
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Table 2 Endogenous opioid peptides 

 Amino acid sequence Receptor 
�-endorphin YGGFMTSEKSQTPLVTLFKNAIIKNVHKKGQ MOR/DOR 
Leu-enkephalin YGGFL DOR 
Met-enkephalin YGGFM DOR 
Dynorphin A YGGFLRRIRPKLKWDNQ KOR 
Dynorphin B YGGFLRRQFK VVT KOR 
N/OFQ FGGFTGARKSARKLANQ ORL1 

Selected opioid peptides involved in food intake regulation presented with amino 
acid sequences in rat and receptors for which the peptides have preferential affinity. 
N/OFQ, nociceptin/orphanin FQ; MOR, mu opioid receptor; DOR, delta opioid 
receptor; KOR, kappa opioid receptor; ORL1, opiate receptor like-1. 

Opioids promote feeding 
When opioid receptor antagonists, such as naloxone and naltrexone, became 
available, the role of opioids was established first for feeding in general, and 
then especially for the feeding of palatable food. These antagonists are more 
efficient at reducing intake of palatable chow than of standard chow in rats. 
Indeed, naloxone injections did not affect intake of chow or starch diets in 
food-restricted rats, but attenuated intake of sweet chow, polycose, and 
chocolate chip cookies [102,147,287]. This indicates that endogenous 
opioids are involved in hedonic feeding. 

It was originally believed that opioids specifically mediate fat preference 
and intake of HF diets. Indeed, the first macronutrient food-choice studies 
indicated that morphine preferentially increased the intake of fat in rats 
[160,161,163] and that naloxone reduced such preference [162]. However, 
food preferences vary between individuals in an outbred group of rats 
[243,244] and when correcting for such baseline variance, it was shown that 
fat consumption was stimulated by morphine injections in fat-preferring 
animals, while carbohydrate intake was reduced by such treatment in carbo-
hydrate-preferrers [86,106]. Naloxone reduced the intake of preferred foods 
[104]. 

Further evidence for the implication of opioids in hedonic feeding comes 
from studies on the intake of non-caloric sweeteners. Consumption of sac-
charin solutions and preference for such tastants were reduced by naloxone 
[146,152,266]. Moreover, mice deficient for the MOR have reduced prefer-
ence for palatable saccharin solutions [306]. 

Sham-feeding and sham-drinking are methods that may be used to sepa-
rate oral reward from post-oral effects of palatable tastants. In the sham-
drinking protocol, a gastric fistula is implanted into the stomach of the ex-
perimental animal. When the animal is not presently in an experiment, the 
fistula is closed and the animal feeds as normal. When in the experiment, 
however, the fistula is opened and the consumed fluid is removed from the 
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stomach before it is absorbed. Rats increase their intake of palatable fluids 
under these conditions, since there is no negative feedback. However, such 
overconsumption may be attenuated by naloxone injections [129,221]. In 
another setup, sucrose was injected directly into the stomach of rats and 
these injections were paired with a neutral taste, thereby conditioning the 
animals to prefer the taste. Importantly, such post-oral effects of sucrose 
were not blocked by naltrexone [17]. These results reveal that opioids are 
involved in the reinforcement mediated by oral reward but not in the post-
oral effects of palatable tastants. 

Opioids interact with dopamine signaling 
It was initially established that opioids act centrally and not peripherally to 
alter food intake by showing that an antagonist capable of passing the blood-
brain-barrier (naloxone) reduced food intake while an antagonist that re-
mains in the periphery (quarternary naloxone) was not efficacious [47]. 

Since the mesolimbic dopamine pathway had already been identified as 
the ‘reward system’, it seemed plausible that opioids interact with dopa-
minergic signaling or overlap with this system. Indeed, peripheral morphine 
injections activate neurons in the NAcc as shown by experiments using a 
marker for neuronal activity, the immediate early gene, cFos [36]. Morphine 
injected into different sites within the ventral striatum (including the NAcc) 
but not into the dorsal striatum induces feeding in non-deprived rats [20]. 
The effect was more pronounced for food that was preferred [86]. This 
strongly indicates that opioid receptor stimulation within the NAcc is impli-
cated in feeding. 

Injections into the NAcc of selective agonists of the opioid receptors have 
revealed different roles for different receptors: agonists of the MOR and 
DOR stimulated food intake while KOR agonists had no effect [157,307-
309]. Noteworthy, MOR and DOR stimulation within the VTA also pro-
motes food intake, while KOR agonists do not affect feeding [42,181,182]. 

Interactions of opioids and dopamine were also examined. Strikingly, 
stimulation of the MOR and DOR in the VTA causes a release of dopamine 
in the NAcc, while the KOR mediates inhibition of this release within the 
striatum [80,252,253]. The effect of the MOR and DOR stimulation in the 
VTA is not directly on dopaminergic cells but on GABAergic interneurons 
[124]. Note that the effects of opioid agonists on dopamine release is in 
agreement with the effect on feeding. Thus, the receptors that mediate hy-
perphagic effects (i.e. MOR and DOR) are also the ones that promote dopa-
mine release. KOR acts to reduce dopaminergic activity and agonism of this 
receptor within the NAcc does not affect feeding. 

‘Hedonic hot-spots’ in the ventral striatum 
The gustatory impact, whether hedonic or aversive, of a tastant may be 
measured using the taste reactivity test [32,108]. The hedonic response rep-
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ertoire is largely conserved across species such as rats and primates and in-
clude rapid tongue protrusions and, in the rat, licking of the paws [256]. 
Such behaviours in response to sucrose were indeed increased by morphine 
injections [192]. The neural mechanisms behind this behaviour has been 
anatomically localized to regions denoted ‘hedonic hot spots’ within the 
NAcc shell [194,195,249]. While injections of MOR agonists throughout the 
NAcc shell promote feeding, only through these subregions are hedonic taste 
reactions elicited [195]. These findings further consolidate the role for 
opioids within the NAcc in hedonic feeding. 

Opioids: beyond the nucleus accumbens 
Noteworthy, opioids do not exert their actions on food intake solely within 
the canonical ‘reward system’. Expression of both opioid peptides and recep-
tors are indeed found in several nuclei commonly associated with homeo-
static food intake and energy balance [187]. Morphine injections into either 
the PVN or the amygdala promote food intake [103,174]. Nonetheless, the 
VTA and the NAcc appear to be very important regions for the action of 
opioids on feeding. 

It should also be noted that the ‘reward system’ and the hypothalamic 
food intake regulation are not independent from one another but interact 
through an array of different molecules and connections, e.g. orexin signal-
ing from the lateral hypothalamus to the VTA [12]. Furthermore, important 
input reaches the NAcc and the VTA from other regions within the brain and 
affects dopaminergic and opioidergic signaling. Such afferents stem from 
e.g. the amygdala, prefrontal cortex, hippocampus, and brain stem [127]. 

In summary, opioids are strongly implicated in the hedonics of feeding, 
especially oral reward, as shown by several lines of evidence. In particular, 
seeking and consumption of palatable food appear to be affected by opioid 
receptor manipulation. MOR and DOR stimulation within the VTA and 
NAcc promotes dopamine release and consumption of palatable food, while 
KOR activation in the NAcc attenuates dopamine release and does not affect 
feeding. 

Diet-induced obesity in the rat 
In the rodent, obesity can be produced by a number of methods [38] such as 
lesions of key regulatory regions of the brain, by pharmacological interven-
tions, by genetic manipulations, and by diet-induced obesity (DIO). DIO has 
several features that make it an especially attractive model of human obesity 
(Table 3). Importantly, there is a large variance in the responsiveness to the 
DIO protocol within an outbred group of rodents [144,278]; this variance 
may be used to study the etiology of obesity. Individuals that gain weight 



 26 

excessively are considered to be obesity-prone (OP) while animals that do 
not are resistant to weight gain (OR) on this diet. 

It was early demonstrated that the vulnerability to DIO has genetic com-
ponents. Schemmel reported varying body weight gain on a high-fat diet in 
seven different strains of rats [231]. Levin produced two rat lines that are at 
the extreme ends of the vulnerability-to-obesity spectrum by bi-directional 
selective breeding [144]. 

Noteworthy, both dopaminergic and opioidergic signaling have been im-
plicated in DIO. Examples include the findings that dopamine levels are 
reduced in the striatum of DIO rats [99], and that chronic antagonism of the 
MOR in the NAcc attenuates DIO [142]. 

 
Table 3 Characteristics of the diet-induced obesity (DIO) model 

 Human obesity DIO in rodents 
Dietary fat and sugar High levels, variable High levels, controlled1 
Sedentary lifestyle Yes Yes 
Genetic component 70%2 High 
Excess weight gain Over years Over weeks/months 
Defense of excess wt Yes Yes3 
Food craving Yes Some indications 
Binge eating Yes/No With intermittent access4 
Compulsivity Yes In some protocols5 

Several features of DIO make it attractive as an animal model of obesity. 1Variable 
in ‘cafeteria diet’ protocols; 2Maes et al. [153]; 3Levin et al. [145] 4Avena et al. 
[16]; 5Heyne et al. [117] 

Defining the ‘diets’ in diet-induced obesity 
In the DIO paradigm, animals are presented with food of higher energy than 
standard rodent chow to model exposure to the ‘Western diet’ of excess fat 
and sugar [62]. Such diets are often based on standard rodent chow but with 
higher levels of fat (e.g. lard or Crisco) and/or sucrose. As an alternative, 
nutritional supplements such as Intralipid and Ensure have been successfully 
employed in many studies on food intake and obesity [145,188]. 

In some experiments, instead of modelling the Western diet, animals are 
provided with actual food items from the ‘Western menu’. Bassareo and Di 
Chiara have employed Fonzies/Twisties to study dopamine release during 
consumption of palatable food [26-29]. However, the ‘cafeteria diet’ is the 
most striking paradigm in this context. Originally developed by Sclafani and 
Springer [238], this protocol provides the rodent with access to a range of 
palatable tastants. Food items have included chocolate chip cookies, salami, 
cheese, bananas, marshmallows, milk chocolate, bacon, and liver pâté 
[75,85]. One obvious drawback of the cafeteria setup is that the composition 
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of the diet is uncontrolled, preventing accurate measurements of food and 
macronutrient intake. 

Food craving 
The phenomenology of food craving 
Food craving is defined as an intense desire to consume specific kinds of 
food [118,284]. Craving differs from hunger by being directed at specific 
foods, and differs from food preference by virtue of the intensity [284]. Such 
desires to eat may serve physiological functions during e.g. vitamin defi-
ciency, but the food items commonly craved do not readily support this con-
cept. Craving is frequently reported for pizza, ice cream, chips, sweets and 
desserts, and above all chocolate [227,285,291]. A recent study in a Japanese 
population reported craving for sushi [132], showing that food craving is 
strongly influenced by external factors, such as culture [227]. The majority 
of adults report food craving [118], and the palatable nature of craved foods 
indicates that such craving is based on sensory (or postoral) reward, rather 
than nutritional value.  

Tiggemann and Kemps [265] performed an experiment with a qualitative 
approach where subjects were asked to recall and describe a craving episode. 
 

The most common theme to emerge from descriptions of the actual ex-
perience of the craving was its overwhelming nature. Over half 
[61.5%] of the respondents described how they ‘couldn't stop thinking 
about’ the food, how ‘it really played on (their) mind’, and how they 
‘could not concentrate on anything else’. They characterized the crav-
ing as ‘an obsession’, ‘overpowering’ or ‘really intense’ (e.g. ‘I felt 
like I would die if I did not have the chocolate’). Most often [32.3%] 
this was accompanied by physical reactions like mouth watering and 
stomach grumbling, and occasionally [4.6%] by ambivalence or feel-
ings of guilt. [265] 

 
Since the foods that are targets of food craving are generally more energy-

dense than the habitual diet [101], it has been speculated that obese individu-
als experience stronger food craving and that this behaviour may contribute 
to the vulnerability to obesity or the long-term changes associated with the 
obese condition. Noteworthy, craving for high-fat and high-sugar foods was 
positively associated with BMI [40]. In addition, binge eating in obese indi-
viduals [107] and in bulimics [283] has been strongly associated with crav-
ing. 

Females consistently report more frequent and stronger food craving than 
males [40,227]. In addition, craving appears to differ over the menstrual 
cycle [285], being more frequent during the perimenstrual period [227] or 
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the luteal phase [58]. The role of hormonal changes in such craving has been 
questioned [122]. Moreover, food craving is frequently reported during 
pregnancy [284]. 

Caloric restriction or deprivation from palatability? 
During dieting, energy-dense foods are commonly excluded from the diet in 
order to reduce the amounts of calories eaten. It may thus seem logical that 
food craving is precipitated by this state of negative energy balance. How-
ever, reports provide weak or no support for this notion [118,119,265,284]. 
Surprisingly, total craving scores are reduced after harsh caloric restriction 
such as very low calorie diets [114,164]. This drastic method for dieting is, 
however, uncommon. 

There are two restrictions occurring simultaneously during dieting. First, 
a caloric restriction that may activate physiological responses such as hunger 
or slowed metabolism. Second, a restricted access to high-fat high-sugar 
tastants, and the replacement of these by less preferred, albeit healthy, food 
items. Most diets deny the dieters the pleasure of eating food they like. Un-
surprisingly, dieters thus report higher craving for food items they are cur-
rently abstaining from [118]. In agreement with this, Polivy et al. showed 
that a 7-day period of deprivation from a specific food (chocolate) led to 
increased ratings of craving for the missing food, and also resulted in a re-
duced latency to start eating and increased consumption of the food after the 
deprivation was lifted [206]. In a similar experiment, Coelho et al. showed 
that 3-day deprivation of carbohydrates provoked craving for carbohydrates 
and subsequent elevated intake, while protein craving was induced by pro-
tein deprivation [57]. 

Taken together, these results strongly suggest that dieting provokes crav-
ing not because of caloric restriction but because it deprives subjects of pal-
atable, preferred food. Reduced calorie consumption may strengthen this 
behaviour but is not the main cause of it. This notion may have implications 
for diet regimens, since craving induced by ‘hedonic deprivation’ is reported 
to limit the adherence to body weight control programs. 

Craving for drugs of abuse 
Drug addiction and alcoholism are chronic relapsing disorders with periods 
of abuse, abstinence, and relapse to compulsive drug use [273]. Drug craving 
during abstinence, oftentimes reported as the driving force behind relapse, 
has been reported for e.g. alcohol [141] and cocaine [205]. While the term is 
not included in the clinical definition of substance dependence as put forth in 
the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV), it is 
acknowledged that craving for the drug of abuse is ‘likely to be experienced 
by most (if not all) individuals with Substance Dependence’ [10]. 

According to the incentive-sensitization theory of addiction proposed by 
Robinson and Berridge [219,220], craving and relapse are caused by drug-
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induced sensitization of the brain circuitry underlying the attribution of in-
centive salience to stimuli. Thus, as the drug use continues, the stimuli be-
comes progressively more ‘wanted’ and finally associated with obsessive 
craving and compulsive use [219]. 

Note that the incentive-sensitization theory of addiction is attractive in 
part because it separates between ‘wanting’ and ‘liking’ the drug; indeed, 
drug addicts continue to crave the drug even when they no longer like it 
[219], and behaviour is reinforced by drugs at doses much lower than doses 
reported to be liked [140]. With regard to food craving, however, food that is 
the target of craving is still considered palatable. 

Visualizing craving 
In drug addicts, brain imaging studies have identified some key components 
of the neural systems implicated in craving. Anatomical structures activated 
during drug craving episodes include the NAcc, caudate nucleus, thalamus, 
amygdala, orbital and dorsolateral prefrontal cortex, anterior cingulate, and 
insular cortex [121,275]. Notably, these structures are implicated also in 
food craving. 

Food craving-induced BOLD fMRI activity was investigated by Pelchat 
et al. [198] in subjects that were exposed to a monotonous diet for five days 
and, during the experiment, instructed to visualize consuming either the 
same diet or a preferred palatable diet. After the scan, subjects were asked 
whether they had experienced food craving during the experiment. All of the 
subjects on a monotonous diet reported experiencing craving for the alterna-
tive, palatable food and, in addition, had higher fMRI activity in the hippo-
campus, insula, and caudate nucleus. No differences were observed in the 
prefrontal cortex in this experiment; however, other findings support the role 
of this structure in food craving. 

Since activity in the dorsolateral prefrontal cortex is implicated in drug 
craving, manipulations of this area might affect the subjective feeling of 
craving. To this end, a number of experiments have shown that repeated 
transcranial magnetic stimulation (rTMS) of the dorsolateral prefrontal cor-
tex may alleviate craving compared to sham magnetic resonance in addicts 
of cocaine [44] and nicotine [7] (see also [23]). Importantly, rTMS also re-
duce food craving in healthy control women [267] and in women with binge 
eating disorder [269]. Thus, the dorsolateral prefrontal cortex is arguably 
implicated in both drug craving and food craving. 

Animal models of craving 
To further investigate the molecular mechanisms behind craving, animal 
models are required. Several approaches to objectively measure craving in 
animals have been employed (Table 4). Most of these models were devel-
oped in the field of addiction research, and most employ the operant self-
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administration technique, in which animals are conditioned to respond at a 
lever or a nosepoke hole to receive a reward such as a food pellet or a drug 
injection (via an indwelling intravenous catheter). 

Operant (instrumental) conditioning differs from classical (Pavlovian) 
conditioning in that it requires a voluntary (i.e. operant) act on the part of the 
subject. In classical conditioning, a neutral stimulus such as a bell is repeat-
edly coupled to a motivational stimulus such as food, so that the neutral 
stimulus becomes capable of eliciting the same innate response as the moti-
vational stimulus (e.g. salivation). In contrast, operant conditioning is the 
process by which a behaviour (e.g. lever press or nosepoke) is followed by a 
stimulus (e.g. food pellet delivery) in order to change the frequency of the 
behaviour (food pellets increase the likelihood of subsequent responses at 
the lever, thus being a positive reinforcer). The operant conditioning tech-
nique was developed by Skinner [246]. 
Table 4 Animal models of food craving 

 Setting Food References 
Progressive ratio Operant box + [51,139] 
Extinction-Reinstatement Operant box – [90,92,280] 
Deprivation effect Home cage +++ [14] 
Response rate Operant box ++ [139]  
Cue-induced feeding Operant box ++ [52] 
Persistent food-seeking Operant box – [117] 
Scheduled feeding Home cage +++ [15,212] 
Runway task Runway + [196] 

Behavioural models used to investigate motivation for food reward and food craving 
in rodents. Setting refers to the locale of the test. Food refers to whether food re-
ward is actually obtained; a minus sign denotes only food-seeking (e.g. responding 
for food-associated stimuli in the absence of food); + small amount of precision 
pellets; ++ substantial amount of precision pellets; +++ time-restricted feeding, 
free access. Selection of references. 

During acquisition of the operant response in a typical experiment with 
palatable food as the reinforcer, the animal is once each day placed in an 
operant chamber programmed to deliver one food pellet each time the animal 
responds at a lever (fixed ratio 1; FR1). The chamber is fully automated and 
programmed by the experimenter according to the demands of the study. 
After a few sessions, the subject will have acquired the lever press response 
task and self-administer food pellets until satiated or until the program ends 
(e.g. after an hour). The response requirement is gradually increased to e.g. 
FR5 to produce a high but stable level of responding during the sessions. 

Progressive ratio 
Consumption of a given reinforcer may be investigated using FR schedules, 
which provides the animal with free access to the reinforcer; the animal may 
thus consume the reinforcer until satiated. In contrast, if the animal is on the 
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progressive ratio (PR) schedule of reinforcement, the effort needed to re-
ceive each consecutive pellet is increased progressively until finally the ani-
mal stops responding. The number of pellets earned on the PR (referred to as 
break point) is used as a measure of the rewarding potency of the reinforcer. 
Psychostimulants have high break points [255], sucrose pellets intermediate 
(Paper III) and alcohol have only low break points [204]. 

Craving is evoked in the absence of the object of the craving, e.g. palat-
able food during dieting or drugs of abuse during abstinence. In the PR, ani-
mals are not able to consume the reward in the amount they do during FR 
schedules. Thus, it has been suggested that the PR be used as a model of 
craving [159]. Break points for sucrose is affected by sucrose concentration 
[235,236], but operant responding under PR schedules may also be affected 
by genetic background, sex, environment, emotional reactivity, experience, 
stress, and concurrent cues [255]. Pharmacological manipulations also affect 
performance: examples include reduced PR responding for sucrose after 
opioid and cannabinoid receptor antagonism [250]. 

The issue of food restriction 
It should be noted that the vast majority of experiments of self-
administration of palatable food employ food restriction in order for the 
animals to respond more. As discussed above, food craving in humans is not 
the product of caloric restriction but of the exclusion of certain foods from 
the diet. Non-deprived animals responding for palatable food items is thus a 
more valid animal model of food craving. Palatable foods are highly rein-
forcing in rats even in the sated state and food restriction is not a require-
ment for robust responding. We used this approach both in Paper III and in 
Paper IV. 

Personality types in obesity 
Increasing evidence indicates that a set of personality traits may make an 
individual more vulnerable to develop psychiatric conditions or harmful 
behaviours later in life. Novelty-seeking in humans is a personality trait 
characterized by e.g. impulsiveness, monotony intolerance, excitability, and 
disorderliness [55]. High novelty-seeking has been associated with develop-
ment of type II alcoholism [109], drug abuse [63], compulsive gambling 
[70], and attention deficit hyperactivity disorder (ADHD) [82]. More re-
cently, high novelty-seeking has been associated with disinhibition of eating, 
e.g. failure to stop eating when sated [100], bulimia nervosa [87], obesity 
[88] and binge eating [110]. Sullivan and co-workers also reported that in a 
weight loss program, unsuccessful obese subjects had higher scores in nov-
elty-seeking than did successful subjects [261]. 
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Response to novelty in rodents 
High and low novelty-seeking behaviour has been characterized in a number 
of other species including pigs [116], rainbow trout [271], great tits [289], 
and rodents [77]. In rodents, the response to novelty, which is oftentimes 
defined as locomotor activity in a novel environment, is commonly used to 
differentiate between high and low novelty-seeking. Interestingly, response 
to novelty has been associated with motivation for drugs of abuse in operant 
self-administration. Individuals that are high-responders in novel explorative 
settings also self-administer cocaine [41], alcohol [173], nicotine [262], and 
amphetamine [201] more readily than low-responders. 

Emotional eating 
Anxiety disorders have been implicated in both obesity and eating disorders 
such as anorexia nervosa, but the causal relationship is not fully understood. 
Cross-sectional studies have shown that the prevalence of anxiety disorders 
is higher in the obese than in the non-obese [24,125,200,239,240], but while 
some prospective studies indicate that anxiety is a result of obesity [8,98], 
other reports show that anxiety disorders may be part of the etiology of obe-
sity [9]. Anecdotally, anxious individuals consume palatable energy-dense 
‘comfort food’ as a means of relieving anxiety and this behaviour possibly 
leads to excessive weight gain.  

The growing problem 
More than one in every ten Swedes suffers from obesity (BMI � 30 kg/m2); 
44% of the population are overweight, thus have a BMI � 25 [230]. Al-
though this number is still modest compared to figures from other countries 
such as the US (66% of the adult population being overweight or obese 
[175], more than 30% obese [185]), the prevalence of obesity doubled in 
Sweden between 1980 and 2005 and it is still rising. Also, the prevalence is 
higher in Swedish subpopulations such as males in rural areas, with 58% 
having a BMI exceeding 25 [177-179,230]. It has been estimated that the 
annual cost for obesity and diseases related to obesity in Sweden is 3 billion 
SEK [229]. The indirect cost for obesity is in the same order of magnitude. 

Although recent data indicate that there is no longer an increase in the 
number of overweight children [149,170], childhood obesity is still a major 
health problem world-wide [158,185,268,279]. This is alarming because an 
increasing number of children develop diabetes and other risk factors for 
cardiovascular disease [19,93,95,245], but also because excess body weight 
during the preschool years tends to remain throughout childhood and into 
adult life [34,94,95,166,213]. 
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The level of dietary fat intake is under intense debate as one of the critical 
factors associated with childhood obesity. The current knowledge on the 
effect of dietary fat on body weight in children, however, is somewhat con-
troversial. Previous studies have suggested that the level of dietary fat intake 
in preschool children is associated with higher body-mass index (BMI) val-
ues [154-156], to have no predictive effect on obesity [5,13,72], and, surpris-
ingly, to protect against body weight gain [96,115]. Thus, there is a dire need 
for more information on this complicated relationship. 
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Aims 

Zoë: Cap'n'll have a plan... always does. 
Kaylee: That's good right? 

Zoë: It's possible you're not recalling some of the cap'n's 
previous plans... 

 

Firefly: The Series 

In the modern environment, hunger is no longer the main driving force for 
food intake. Rather, the availability of a range of palatable foods allows die-
tary choices to be made based on individual taste, eating habits, and emo-
tional states. Such choices are also influenced by external cues and cultural 
factors, and subsequent consumption of energy-dense food may lead to body 
weight gain and obesity. Therefore, it is important to study the determinants 
of food choices, such as preference and craving for food. 

The overarching goal of this thesis was to propose a model for the process 
driving genetically predisposed individuals to overconsume palatable foods, 
which subsequently leads to food craving, loss of control over food intake, 
and excessive weight gain. 

We designed a number of experiments to investigate different stages of 
this process. The working hypothesis was that in the environment with am-
ple food sources, individuals’ driving force behind eating behaviour can 
‘evolve’ From food preference to craving. 

Because overeating in obese individuals shares a number of features with 
drug use in addicts, we chose to apply animal models from the addiction 
research field to gain further insight into the mechanisms that predispose 
individuals to overeat and that make abstinence from palatable high-energy 
food so difficult to maintain. Having this in mind, the aims of the studies 
were to: 

Paper I 
• Optimize a food choice paradigm in order to identify individual prefer-

ence for a palatable high-fat diet in rats. 
• Test the assumption that dietary preference for palatable food would 

relate to behavioural traits such as anxiety-like behaviour, novelty-
seeking, and risk taking. 
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• Test the hypothesis that gene expression of hypothalamic neuropeptides 
in untreated rats is associated with the food preferences measured in the 
food choice paradigm. 

Paper II 
• Investigate the effects of palatable diets on anxiety-like behaviour and 

novelty-induced locomotor activity in rats. 
• Investigate expression of genes related to food intake and reward in rats 

exposed to either high-fat or high-sugar diets, or both. 
 

Paper III 
• Set up the operant self-administration technique in this laboratory and 

develop a protocol that allows us to measure motivation for palatable 
food in sated i.e. non-deprived animals. 

• Test the assumption that the risk-taking trait identified in Paper I would 
predict the operant behaviour motivated by palatable food in sated rats. 

Paper IV 
• Set up a model for diet-induced obesity with special emphasis on indi-

vidual vulnerability to such dietary manipulations. 
• Develop a model of food craving with high face validity in rats, and to 

employ this model in obesity-prone and obesity-resistant animals. 

Paper V 
• Identify molecular mechanisms involved in the craving behaviour ob-

served in Paper IV in obesity-prone animals. 
• Test the hypothesis that obesity-prone and obesity-resistant animals dif-

fer in the expression of genes implicated in food reward. Such differ-
ences may be present before obesity develops, or alternatively be an ef-
fect of either excessive weight or excessive consumption of palatable 
food. We sought to parse these possible contributors from each other. 

Paper VI 
• Analyze food preference data from a large number of parents of young 

children, in order to test the assumption that parental food preferences 
and subsequent eating behaviour in the family predispose young children 
to body weight disturbances. 
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Material and methods 

When I was otherwise quite restored to health, the sight of a 
chemical instrument would renew all the agonies of my 

nervous symptoms  

 
Mary Shelley, Frankenstein 

Diet-induced obesity and food choices 
Herein, we employed three diet protocols: a three-diet food-choice protocol, 
a free-choice HFHS diet, and a non-choice HFHS diet. 

Food preference diets 
The diets for the food-choice paradigm in Paper I were modified from [31]. 
The composition was altered slightly, based on a pilot study, to enhance the 
preference for the palatable high-fat diet and to produce stable individual 
food preferences. The rats were simultaneously provided with three different 
diets: a palatable high-fat diet and two reference diets, viz. a high-protein and 
a high-carbohydrate (Figure 2). Preference for the high-fat diet was the main 
outcome and was determined by average kcal% from the palatable high-fat 
diet over the last three days of the paradigm. 

 

 
Figure 2 Subjects had access to high-fat, high-protein, and high-carbohydrate diets 
in the home cage. High-fat diet was provided in a food bowl. Food preference was 
consistent in the individual but varied between individuals within the group. 
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Free-choice HFHS 
The high-fat high-sugar (HFHS) diet employed in Paper II, Paper IV, and 
Paper V had previously been used for diet-induced obesity [139,197]. In 
addition to ad libitum regular chow and tap water, rats exposed to the HFHS 
have free access to a bowl of lard and to a bottle of sucrose (30% w/v) solu-
tion. la Fleur and colleagues showed that after 7 d of HFHS access, rats had 
ingested more calories than a group with access to regular chow only and, as 
a consequence, had increased total fat weight and plasma levels of both 
leptin and glucose [139]. 

More recently, it was reported that gene expression of POMC and NPY in 
the ARC of free-choice HFHS-treated animals was affected by this dietary 
protocol [138]; NPY expression was upregulated and POMC downregulated, 
in agreement with the hyperphagic behaviour. 

The strength of the HFHS diet is that the regular food is supplemented 
with palatable, calorically dense tastants, as opposed to standard obesogenic 
diet paradigms that substitute the regular chow for a high-energy diet alto-
gether [81,143]. Thus, this paradigm is well suited for the withdrawal proce-
dure, since the palatable food items may easily be added or removed, while 
the regular chow and tap water remains throughout the experiment. In addi-
tion, individual food preferences and the effects thereof on body weight may 
be analyzed. In our experience, individuals will differ greatly in both macro-
nutrient intake and body weight gain in this paradigm. However, it should be 
noted that previous investigations have not differentiated between OP and 
OR animals on this diet. 

Non-choice HFHS 
The van Heek series for DIO comprise three diets with different amounts of 
energy from fats. The high-fat/high-sugar (D12451; Research Diets, New 
Brunswick, NJ, USA; 45 kcal% from fat, 20 kcal% from sucrose) diet used 
in Paper V has been used extensively and effectively to produce DIO, see 
e.g. [35,83,270]. Note that this diet is commonly referred to as ‘high-fat diet’ 
in the literature, despite the fact that it also contains a high amount of su-
crose. In this thesis, we more adequately refer to this diet as ‘high-fat high-
sugar’. 

Gene expression measurements 
Real-time quantitative PCR 
Kary Mullis developed the polymerase chain reaction in the early 1980s and 
was awarded the Nobel Prize in chemistry for this achievement (see [25]). 
While the standard PCR protocol amplifies a DNA product, it cannot be 
easily used for quantification, since the concentration of amplicon will reach 
a plateau that is dependent only on the amounts of reagents (nucleotides), not 
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on the amount of starting material. However, if a dye (SYBR green, TaqMan 
probes, etc.) is added during the actual reaction, the amplicon concentration 
can be measured at each cycle, in real time. The cycle at which the signal 
reaches a certain threshold value may then be used to calculate the original 
concentration. 

In this thesis, the qPCR method is used to determine the gene expression 
levels of genes of interest in relevant tissue samples collected from the ex-
perimental animals. After RNA extraction, reverse transcriptase (RT) is used 
to transcribe mRNA into complementary DNA (cDNA). Random hexamers 
are used as primers for the RT reaction, which means that all RNA in the 
sample will be transcribed into cDNA. The primers for the qPCR analysis 
are, however, specific for the genes of interest and will amplify only seg-
ments of these genes. 

Reference genes 
To correct for different amount of total cDNA in samples due to variance 
during dissection, sample handling, RNA extraction or RT reactions, it is 
necessary to use an internal reference. In this thesis, several reference genes 
were employed. The ideal reference genes should be expressed in the same 
amount in all cells within a given tissue type, and should not be affected by 
the treatment or experiment itself, since this would exaggerate or obscure the 
potential effects of the intervention on the expression of the genes of interest. 
The most stable reference genes are commonly found among the ‘house-
keeping genes’, i.e. genes coding for proteins involved in basal cellular func-
tion and thus vital for cell survival. Reference genes employed in this thesis 
are listed in Table 5. 
 
Table 5 House-keeping genes used in this thesis 

Reference gene Cellular function 
bACT �-actin, Structure and kinetics of the cytoskeleton 
GAPDH Glyceraldehyde 3-phosphate dehydrogenase; 

glycolytic pathway enzyme 
bTUB �-tubulin; structure and kinetics of the cytoskele-

ton 
CYCLO Cyclophilin; protein folding and interactions 
RPL19 Ribosomal protein L19 
H3b Histone protein 3b 
SDCA succinate dehydrogenase complex, subunit A; 

mitochondrial protein 
The most stable group of reference genes was determined for each set of samples 
using the method proposed by [274]. 
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Instead of using a single house-keeping gene as reference, we determined the 
most stable set of reference genes as proposed by Vandesompele [274]. 
Thus, we analyzed multiple house-keeping genes for each set of samples (i.e. 
for each brain region and experiment) and used the geometric means of the 
most stable genes as reference. The main drawback of the Vandesompele 
method is that it requires a substantial amount of material for the reference 
genes; samples that produce a small amount of cDNA cannot be analyzed in 
this way. Due to this problem, in the analyses of VTA samples in this thesis, 
a single HKG was used as reference. 

Conditions for the qPCR reactions are described in Paper I. Primers for 
the reference genes and for the genes of interest are shown in Table 6. 
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Table 6 Primers for qPCR (see Abbreviations) 

Transcript Accession Forward primer Reverse primer 
Reference (house-keeping) genes 
bACT BC063166 cactgccgcatcctcttcct aaccgctcattgccgatagtg 
CYCLO M19533 gagcgttttgggtccaggaat aatgcccgcaagtcaaagaaa 
GAPDH X02231 acatgccgcctggagaaacct gcccaggatgccctttagtgg 
H3b XM_235304 attcgcaagctcccctttcag tggaagcgcaggtctgttttg 
RPL19 NM_031103 tcgccaatgccaactctcgtc agcccgggaatggacagtcac 
SDCA NM_130428 gggagtgccgtggtgtcattg ttcgcccatagcccccagtag 
bTUB NM_173102 cggaaggaggcggagagc agggtgcccatgccagagc 
Neuropeptides 
AgRP XM_226404 tgtaaggctgcacgagtcc ttgaagaagcggcagtagcac 
CART NM_017110 tgcttgtgaaggggtgacagc ttaaagcggctccagggacaa 
CRF NM_031019 gttgagaaactgaagagaaaggg actgttgttctgcgaggtac 
Dynorphin NM_019374 aagaaggctacacggcactg tgagacgctggtaaggagttg 
Galanin NM_033237 cttccctacgccgctgatc gtccaagtgtctccgtccag 
GALP NM_022633 gctgtatgccgtgcttttcc agtctggtgtttctgcgagg 
GHRF NM_031597 ttaagatgggaattttaggg ccttgaccaggagagatc 
GRF NM_012767 gagtgtgacattgacgctgag cgctgctgggtatagaaatgc 
MCH NM_012625 tcggttgttgctccttctctg gtggtcttgtcatcgtcatcc 
Nociceptin NM_013007 cttgcttcccacggctgc ctgctgaacacgctggagag 
NPB NM_153293 tgccctgtgtgtcaaagatg tgcagcgacaagaagacg 
NPFF NM_022586 taagggaccccacccatcac tggagcagaacacgcatgag 
NPY NM_012614 cagaggcgcccagagcag cagccccattcgtttgttacc 
Orexin NM_013179 ctccttcaggccaacggtaac cagggcagggatatggctcta 
Oxytocin NM_012996 cggtggatctcggactgaac tagcaggcggaggtcagag 
POMC AF510391 tgggtcacttccgctggg tcctccgcacgcctctg 
PRRP NM_022222 cggcaggagaagggcaac acgctgagagaacttggtgc 
Somatostatin NM_012659 agcccaaccagacagagaac cctcatctcgtcctgctcag 
TRH NM_013046 caggctttaggtctaggatgatg tctctgaagtcggtaaggaagg 
Vasopressin NM_016992 tgctcaacactacgctctctg cctcctcttgggcagttctg 
Ucn 2 NM_133385 ctcctccctcagaactatcc ggctggctttagagttgc 
Receptors 
CRF2 NM_022714 agagaatgcctggagaatgg gtcatacttcctctgcttgtc 
D1 M35077 cgggctgccagcggagag tgcccaggagagtggacagg 
D2 NM_012547 agacgatgagccgcagaaag gcagccagcagatgatgaac 
MOR NM_013071 aaagccctggatttccgtacc gcagaccgatggcagaagag 
KOR NM_017167 taccagcatattcaccttg aatgacatccacatcttcc 
Other    
DAT S76145 gctgcgtcactggctgttgc ctgtccccgctgttgtgaggt 
AAAD U31884 ctggggaagggggaggagtg gcagctggcggatcattttag 
TH NM_012740 gcccccacctggagtattttg agacacccgacgcacagagc 
COMT NM_012531 tgggctggggcttggtga gatgcgctgctcctttgtgtc 
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Exploration of novel environments: rodent models 
In this thesis, several tests have been used to study anxiety-like behaviour 
and novelty-induced locomotion in rats. These models all rely on the innate 
exploratory drive. This drive to explore novel and unknown areas are of 
considerable value for most species; without it, animals would not find new 
food sources or mates, and would not identify threats. For rodents in the 
wild, however, exploration comes with the risk of predation and the evolu-
tionarily fit animal accurately balances the risks of exploration with the po-
tential benefits. Importantly, internal and external factors influence this be-
haviour; external factors include e.g. known presence of predators or light, 
while internal factors include physiological and emotional states. 

Since exploratory drive is also preserved in the laboratory animal, and in 
the laboratory setting, we may use tests of exploration to measure the emo-
tional state of animals, provided that we can control for external and, to 
some extent, internal factors. This is the basis for the tests of exploration of 
novel environments used in this thesis. In all tests, the subject is placed in a 
novel arena and behaviour is recorded for a short period of time (10-20 min). 

 

 
Figure 3 The Multivariate Concentric Square Field™. 1) Dark Corner Room; 2) 
bridge; 3 centre field; 4) hurdle. Picture kindly provided by Dr. Erika Roman. 

The Multivariate Concentric Square Field™ (MCSF) 
The MCSF is an arena used for the evaluation of a range of explorative and 
risk/safety assessing strategies in rats and mice [168]. The arena consists of a 
number of compartments with different environmental settings, such as an 
open centre field (41 × 41 cm), a dark corner room (DCR), a hole-board 
device accessible by openings slightly elevated above the floor (hurdle), and 

1 

2 3 

4 
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an illuminated, wire mesh platform (bridge). Three corridors connect these 
zones. See Figure 3. 

The bridge and the DCR are contrasting areas with regard to risk and 
safety. Food deprived male rats remove pellets placed on the bridge and 
hoard them in the DCR [168]. Lactating females carry their offspring to the 
DCR if the pups are placed on the bridge [168]. Because the bridge is thus 
associated with risk, the number of visits to this area is interpreted as risk-
taking behaviour [224]. 

Herein, we evaluated the risk-taking behaviour in the MSCF of rats that 
differed in their preference for palatable HF food. The test has previously 
been used to compare strains of animals that differ in their preference for 
alcohol. AA rats that are alcohol-preferring have elevated risk-taking behav-
iour in the MCSF compared to ANA (not alcohol-preferring) rats [225]. The 
AA rats spent more on the bridge and less time in the DCR, compared to 
ANA rats. In the alcohol-preferring sP rats, however, risk-taking is lower 
than in their counterparts, the not alcohol-preferring sNP strain [223]. 

The elevated plus-maze (EPM) 
The EPM is a test of anxiety-like behaviour utilizing rodents’ aversion for 
unprotected areas: a high preference for the open arms (associated with risk) 
of the maze is interpreted as a low level of anxiety-like behaviour, i.e. risk 
taking is inversely associated with anxiety-like behaviour [199]. The prefer-
ence for open arms over closed arms (expressed as either %time spent on 
open arms or %number of entries into open arms) is the classical index of 
anxiety-like behaviour in the EPM, since this parameter is independent from 
locomotor activity, but it has been shown that inclusion of additional pa-
rameters such as time spent in centre, or number of stretched attend postures 
and head dips over the edge of any arm may provide further strength to the 
analysis [222].  

Open field (OF) 
The open field test is commonly used to study locomotor activity in rodents 
after e.g. drug administration. In the present thesis, we also used it as a 
measure of anxiety-like behaviour. For analysis, the circular arena (diameter 
90 cm) was divided into three areas: a centre area of 30 cm across (A), an 
intermediate zone of 15 cm (B) and a thigmotaxis zone of 15 cm next to the 
walls (C). A change in distance moved in the centre with no change in total 
distance is used as a measure of anxiety [210] since the centre of an open 
field is associated with risk.  
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Operant self-administration 
Apparatus 
Food-reinforced operant responding was studied in MED-PC operant cham-
bers (Med Associates Inc., St. Albans, VT, USA) placed inside sound at-
tenuating boxes. When the program started, two levers were extended from 
the same wall and a house-light on the opposite wall was illuminated. 
Presses on the active (right) lever produced, according to different schedules, 
deliveries of a single food pellet to a receptacle. Each delivery was coupled 
with the illumination of a cue light above the active lever. During 5 s after a 
delivery, presses on the active lever were recorded but had no programmed 
consequence. Presses on the left (inactive) lever had no programmed conse-
quence at any point but were also recorded. Each session lasted 60 min. See 
Figure 4. 
 

  
Figure 4 The rodent subject during a trial in the operant box. A) Responding on the 
active lever causes illumination of the stimulus light above the lever and the delivery 
of a reinforcer to the receptacle (food cup). B) The rat collects the reinforcer in the 
receptacle. Pictures kindly provided by Dr. Chris Pickering. 

Acquisition 
During the acquisition phase, rats are food deprived to increase the motiva-
tional value of food pellets. The animal explores the operant chamber for 
two acquisition sessions on two consecutive days; food is returned to the 
home cage two hours after the second session. Rats put in the box for the 
first time approach the lever and activate it as part of their exploration rou-
tine; this lever press response is readily reinforced by the delivery of a rein-
forcer (food pellet). Food deprivation during acquisition ensures that >95% 
of all animals acquire the lever press response within three days. 

A B
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Fixed ratio and progressive ratio 
On a FR schedule, the subject needs to press the lever a fixed number of 
times to receive each delivery. Low FR schedules are needed to maintain 
self-administration of substances like ethanol [204] while higher FR sched-
ules (e.g. FR5) are more suitable for psychostimulants which have excep-
tionally high reinforcing ability and can support the execution of several 
thousand lever press responses within a single session [159]. In this thesis, 
we chose to use FR5 based on a pilot experiment. It should be noted that 
using extensive training and an increased number of food pellets awarded (6 
pellets of 45 mg), rats can be trained to press on a FR300 schedule [228], a 
feat which would not be accomplished reproducibly via delivery of a single 
precision pellet.  

To measure motivation, it is generally accepted to use the progressive ra-
tio (PR) schedule of reinforcement, which exponentially escalates the lever 
press response requirements within-session [216]. The response required for 
the delivery of a pellet equalled 5e(delivery number×0.2)-5 which yields the follow-
ing sequence: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 
178, 219, 268, 328, etc. This formula has been frequently used previously for 
measurement of motivation for sucrose [172,216]. The break point is defined 
as the maximum number of pellet deliveries in this PR session and is an 
index of the amount of effort an animal is willing to make in order to earn 
the reward [216]. Again, reinforcers like ethanol produce small break points 
[204] while psychostimulants sustain higher break points [255]. The break 
point on a PR schedule is also thought to measure craving for the reinforcer 
[159] and, thus, an increase in the PR response provides evidence for food 
craving.  

There are important conceptual differences between the FR and PR 
schedules. To highlight these differences, we chose to set no limit to the 
number of available rewards during the FR5 sessions in this thesis. In other 
words, the subjects were able to freely self-administer pellets of the appro-
priate type. This is in sharp contrast to the PR scenario, where animals are 
able to receive only a restricted number of rewards, far below the desired 
amount. As such, the PR is a measure of the reward efficacy, or the motiva-
tion towards the reward [216], whereas the FR schedules rather measure 
consummatory behaviour.  

Questionnaires 
Food Craving Inventory (FCI) 
Food craving is defined as an intense desire to eat certain kinds of food 
[284]. By measuring self-reported craving scores on a Likert scale from 1 to 
5 for a number of food items, preferences for macronutrients or groups of 
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food items (e.g. high-fat diets) may be measured [285]. White et al. [291] 
developed the FCI, an instrument that evaluates preferences for foods rich in 
1) high-fats, 2) sweets, 3) carbohydrates, and 4) fast food. Such food crav-
ings are strongly correlated to subsequent food intake [165] and are associ-
ated with body weight in males and females [40]. Note that there is a qualita-
tive differences between the two high-fat food categories such that ‘Fast 
Food’ have a higher content of saturated fatty acids (e.g. french fries, chips), 
whereas the relative amount of proteins is higher in the ‘High-Fats’ category 
(e.g. fried fish, steak). 

Dutch Eating Behavior Questionnaire (DEBQ) 
Wardle et al. developed and validated this frequently employed question-
naire [281] that contains three different scales: Emotional eating, Restrained 
eating, and External eating. Representative questions include: “Do you have 
a desire to eat when you are anxious, worried or tense?” (Emotional eating); 
“When you have put on weight do you eat less than you normally do?” (Re-
strained eating); “If you see others eating do you also want to eat?” (External 
eating). 

Swedish Parenthood Stress Questionnaire (SPSQ) 
The SPSQ measures aspects of perceived psychosocial stress associated with 
parenting [191] and it is a revised version of the American Parenting Stress 
Index [2]. The psychometric qualities for SPSQ are valid for the total score 
and the subscales. The incompetence subscale focuses on general experi-
ences of care-giving, while role restriction is concerned with life restrictions 
due to parents’ responsibilities. The social isolation subscale examines feel-
ings of loneliness and availability of social contacts. The spouse relationship 
problems scale concerns partnership issues. The health problems scale 
measures parental physical health. Responses are on a five-point Likert scale 
and higher scores indicate higher levels of stress. 
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Results and discussion 

Rats, however, are not simply walking 96-well plates 

 

Anxiety-like behaviour and high-fat diet preference (Paper I) 
Preferences for palatable high-fat food and food choices stemming from 
these preferences have been linked to weight gain. But what are the molecu-
lar and behavioural determinants of preference for such food? In this study, 
we tested the hypothesis that preference for a palatable high-fat food is asso-
ciated with 1) anxiety-like behaviour and 2) hypothalamic gene expression 
of neuropeptides known to affect food intake (Table 7). 

We found that in outbred Wistar rats, there was high inter-individual vari-
ability in anxiety-like behaviour in the elevated plus-maze (EPM). Variance 
was also observed with regard to preference for a palatable high-fat diet in a 
food choice paradigm (ranging from 26% to 95% of total food intake). These 
findings were expected [208,244] and formed the basis for the correlation 
analysis employed to identify relationships between the behaviours. 

The main finding of this study was that a risk-taking behavioural pheno-
type characterized by low anxiety-like behaviour was predictive of a high 
preference for the HF diet. We identified strong correlations (rs=0.629) of 
open arm activity (risk taking) in the EPM and preference for the HFD (Fig-
ure 5); this indicated an inverse association of anxiety-like behaviour and 
HFD preference (high open arm activity equals low anxiety-like behaviour). 
Because intake of high-fat foods has been linked to weight gain and adipos-
ity in humans [91,167,217,218] and laboratory animals [278], this suggests 
that the risk taking trait may also make the individual more prone to weight 
gain. 
Table 7 Experimental set-up for the food preference study (Paper I) 

Day 1 15-16 18-22       31 
Adaptation & MSCF Food-choice Wash-out Tissue 

handling EPM paradigm (Standard chow) collection 

Behavioural tests (MCSF, Multivariate Concentric Square Field™; EPM, elevated 
plus-maze) were conducted prior to the food-choice paradigm. A ‘wash-out phase’ 
on standard rodent chow was included subsequent to the exposure to the food choice 
diets. 
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The animals were killed and dissected after a ‘wash-out’ period included 
to allow the effects of the brief access to the food choice diets to subside 
and, thus, mRNA levels to return to standard chow-feeding conditions. As-
sociations of food preferences and gene expression were analyzed with 
Spearman rank correlations. Our laboratory has previously employed a simi-
lar approach to associate self-administration of ethanol with genes in the 
hypothalamus [202], prefrontal cortex, hippocampus and amygdala in rats 
[203]. 

Expression levels of 21 transcripts within the hypothalamus were ana-
lyzed using quantitative real-time PCR. While several genes (AgRP, NPY, 
MCH, TRH) were associated with intake of standard chow or body weight, 
the expression of a single gene correlated to HFD preference: urocortin 2 
(Ucn 2; Figure 5). A number of neuropeptides have been previously impli-
cated in food or macronutrient preferences. Thus, it was somewhat surpris-
ing that we identified only a single neuropeptide whose expression was re-
lated to food preference. On the other hand, this makes the implication of 
Ucn 2 in food preference especially intriguing. 

Ucn 2 is part of the CRF family of neuropeptides and binds selectively to 
the type 2 receptor, CRF2 [215]. Ucn 2 injected i.c.v. produces an anorectic 
response in food-deprived rats [186], reduces nose-poking for food  [123] 
and overall chow intake in non-deprived rats [68].  

The present association of Ucn 2 expression levels and preference for die-
tary fat may implicate Ucn 2 in vulnerability to DIO. Indeed, genetically OP 
rats bred for susceptibility to DIO are, in a pre-obese chow-fed state, less 
sensitive to the anorectic effects of Ucn 2 than obesity-resistant rats, indicat-
ing differences in the Ucn 2 system between these strains [68]. Also, CRF2-
deficient mice consume more than wild-type littermates when kept on a 
high-fat diet [21].  
 

 
Figure 5 HFD preference is associated with open arm exploration (% of total en-
tries); expression of Ucn 2 is associated with preference for the palatable high-fat 
diet (HFD). rs, Spearman rank correlation; *p<0.05; ***p<0.001. 
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High-fat diets affect locomotor activity and gene expression (Paper II) 
The aim of this study was to investigate the effects of short term (10 days) 
exposure to palatable diets on behaviour in the open field test (locomotion 
and anxiety-like behaviour), and on gene expression in a number of sites 
related to food intake regulation and reward. We exposed animals to either 
free-choice HFHS diet, or to HF or HS alone. 

Since it is known that there is a large variance in the anxiety-like behav-
iour in outbred rat popoulations [208], we screened the subjects for anxiety-
like behaviour in the elevated plus-maze prior to the diet intervention and 
matched the diet groups for baseline behaviour within the two separate stud-
ies. By the end of the experiments, the rats were again tested for anxiety-like 
behaviour. However, we used the open field test for the retest since the EPM 
is not suited for repeated testing due to carry over effects according to most 
[3,4,49,69] but not all [45] reports. This general design has been previously 
used with pharmacological treatments but not with regard to feeding 
[150,151]. Thus, the outline of this experiment was 1) baseline test for anxi-
ety-like behaviour and novelty-induced locomotion in the elevated plus-
maze, 2) access to high-fat diet and/or high-sugar diet for 10 days, 3) retest 
in the open field, 4) animals were killed and tissue samples collected. 

There was a hyperphagic response in all diet groups compared to controls. 
However, the short exposure (10 days) was not sufficient to produce any 
statistically significant differences in body weight between the groups (Fig-
ure 6A). In the HFHS group, there was a positive correlation between HF 
diet consumption and body weight change (rs=0.590, p=0.021; Figure 6B). 
In the HF group, this correlation was similar but did not reach statistical 
significance (rs=0.559, p=0.096). 

Figure 6 A) Body weight (mean±SEM) did not differ between high-fat (HF) and/or 
high-sugar (HS) diet groups after 10 days. B) Consumption of the HF diet was 
associated with body weight gain during the 10 days in the groups with access to 
either HF diet alone or both high-fat and high-sugar (HFHS). 
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The experimental set-up was chosen to fully compensate for baseline be-
havioural profile. Indeed, there was no difference between the diet groups 
when the unadjusted values were compared. Two regression models were 
tested, one with locomotor activity (total distance moved in the open field) 
as the dependent variable and the other with time spent in centre as the de-
pendent variable (this variable is inversely related to anxiety-like behaviour). 
The main finding of this study was that consumption of the HF diet was 
associated with both increased locomotion and reduced anxiety-like behav-
iour. 

In addition, we observed that tyrosine hydroxylase (TH) expression was 
upregulated in the VTA of HFHS animals. This is particularly interesting 
since our laboratory has previously reported the same effect, but in food 
restricted animals. Furthermore, MOR expression was upregulated in the 
lateral hypothalamus of HF animals. 

Taken together, these results show that short-term exposure to a free-
choice high-fat diet induces behavioural adaptations such as elevated loco-
motor activity and attenuated experimental anxiety. The changes observed in 
gene expression relevant to reward after high-fat diet exposure indicate that 
these behavioural adaptations are related to reward function. 

Anxiety-like behaviour and motivation for palatable food (Paper III) 
The aim of this study was to investigate the associations of behavioural 
traits, such as anxiety-like behaviour and novelty-induced locomotion, with 
the operant self-administration of sucrose and high-fat pellets in non-food 
deprived rats. This is relevant because anxiety and novelty-seeking have 
been associated with obesity and binge eating in humans [73,88,110,239]; 
Sullivan et al. also reported elevated novelty-seeking in obese subjects that 
were unsuccessful on a weight loss program [261]. Furthermore, we wanted 
to test whether the association of risk-taking behaviour and preference for 
palatable food (Paper I) would extend to the operant paradigm. 

 
Figure 7 Active lever press response on progressive ratio schedule (PR) for 95% 
sucrose pellets is significantly correlated to total number of arm entries (FRQ total), 
open arm preference (%DUR open arms) and number of unprotected head dips in 
the EPM. * P <0.05; ** P <0.01. 
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We set up the operant self-administration technique in our laboratory. Im-
portantly, we optimized a protocol for self-administration of palatable food 
in sated, i.e. non-deprived, animals. Male Wistar rats were subjected to the 
EPM test of anxiety-like behaviour. The rats were tested for FR5 and PR 
operant responding for different food pellets (50% sucrose food pellets, 99% 
sucrose pellets, and high-fat food pellets). 

The main finding was that the PR active lever press response for 95% su-
crose, but not the other pellet types, was associated with % time spent on 
open arms (P=0.019) and total activity (P=0.009) in the EPM (Figure 7). 

On the FR5 schedule, self-administration of all pellet types was associ-
ated with total activity in the EPM (50% sucrose, P=0.009; 95% sucrose, 
P=0.020; high-fat, P=0.034). This indicated a robust association of novelty-
induced activity and self-administration of palatable food in sated rats, as 
well as a specific association of PR lever press response for 95% sucrose and 
low anxiety-like behaviour. It has been argued that such active lever press 
response on PR may be interpreted as craving for the reinforcer; thus, our 
findings indicate an inverse relationship of experimental anxiety and craving 
for sucrose. 

The association of high novelty-seeking [173,201] and low anxiety-like 
behaviour [41] with self-administration of drugs in experimental animals has 
been reported. Self-administration of food or sucrose pellets is commonly 
included as control in such experiments, and indicate weak associations of 
novelty-seeking with certain features of FR responding for sucrose 
[43,77,130]. 

In this experiment, we studied sated (non-deprived) animals in order to 
use a valid model of food overconsumption in humans, i.e., eating palatable 
food when the homeostatic demands have already been met. While food 
deprivation further motivates the subjects to food-reinforced behaviour, it is 
recognised that rodents, as well as humans and other mammals, are moti-
vated for palatable food even when sated [22]. Indeed, the subjects in our 
study were held on ad libitum access to standard chow but still consumed 
substantial amounts of food on the FR5 schedule in the operant chamber. 
Also, homeostatic signals such as insulin and leptin have previously been 
shown to affect sucrose-motivated operant responding [89], but we found no 
correlations of circulating factors to the operant response in the present ex-
periment. Given the weak associations of self-administration of palatable 
food and response to novelty in earlier studies, it is tempting to speculate 
that operant responding for palatable food in sated animals is associated with 
response to novelty, while influence from homeostatic signals occludes this 
connection in food-restricted animals. 

Craving at withdrawal from palatable feeding (IV) 
In Paper IV, we wished to develop an animal model of craving for palatable 
food, based on the concept that food craving is produced not by caloric re-
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striction per se, but by the exclusion of palatable foods from the diet. We 
used a previously described model of diet-induced obesity [137,139,197] to 
study the effects of long-term access to a high-fat high-sugar (HFHS) diet on 
self-administration reinforced by palatable food (sucrose pellets). We tested 
the assumption that animals that differ in their vulnerability to DIO, i.e. OP 
and OR animals, would differ also in their behavioural response to HFHS. In 
addition, we studied the effects of forced withdrawal from HFHS on the self-
administration of sucrose. See Table 8. 
Table 8 Experimental set-up for the food craving experiment (Paper IV & V) 

wk: 1 2 3 4 5 6 7 8 9 10 11 12 
Diet Chow High-fat/High-sugar Withdrawal (chow) 

Procedure Acquisition Diet induced obesity Operant testing Operant testing & 
open field test 

Animals acquired the lever press response task prior to any dietary manipulations 
and were subsequently exposed to high-fat high-sugar food during 4 weeks before 
any further tests. Animals were grouped as obesity-prone or -resistant based on 
weight gain at 5 weeks. During withdrawal, animals returned to standard rodent 
chow for 18 days. 

The animals were divided into OP and OR groups in relation to animals 
fed a standard diet. Operant self-administration of palatable pellets did not 
differ between OP and OR animals during access to the HFHS diet. How-
ever, during withdrawal, the OP rats displayed elevated break points for 
sucrose pellets (Figure 8), anxiety-like behaviour, and a delayed re-
adaptation to a standard diet compared to OR rats. 

These findings show that extended access to a HFHS diet causes differen-
tial adaptations in OP and OR animals that become apparent at withdrawal 
from such diets. We interpret the elevated break points in the OP animals as 
craving for palatable food in the state of withdrawal. 
 



 52 

 
Figure 8 Active lever press response and break point (mean ± SEM) on progressive 
ratio (PR) schedule motivated by sucrose (A) prior to withdrawal (WD), (B) 1st 
week of WD, and (C) 2nd week of WD from the high-fat high-sugar diet (HFHS). 
OP, obesity-prone; OR, obesity-resistant; *p<0.05. 

Potential neural circuitry underlying the food craving in rats (Paper V) 
The observation (in Paper IV) that OP animals exhibited craving and other 
signs of withdrawal during abstinence from the HFHS diet prompted us to 
pursue the molecular mechanisms behind these behaviours. Thus, after the 
behavioural tests were complete, we decapitated the animals and collected 
the NAcc and CPu for gene expression analysis. At this point, 18 days had 
elapsed since the animals’ access to the palatable HFHS diet. D1 and D2 re-
ceptor gene expression was analyzed, as well as expression of COMT, and 
the opioid receptors MOR and KOR. In the NAcc, we found a 25% lower 
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gene expression of D1 receptor in the OP compared to OR animals, as shown 
in Figure 9. 

These differences in gene expression between OP and OR animals may be 
present prior to the dietary manipulations, they may be the result of extended 
access to HFHS diet, or they may be produced by the withdrawal condition. 
To investigate the effects of extended and continuous access to HFHS (no 
withdrawal), the second experiment was performed where the animals were 
killed after 5 weeks of HFHS access. Animals were grouped based on weight 
gain into OP and OR. We found that D1 receptor expression was lower in the 
OP group, and that MOR gene expression also was lower in the OP animals 
under this condition. Thus, these differences between the obesity phenotypes 
were present during continuous access to HFHS and extended well into the 
withdrawal phase. 

Finally, to parse the effects of extended access to HFHS diet from the ef-
fects of body weight gain, we analyzed mRNA levels in the NAcc in two 
groups of rats pair-fed for identical calorie intake, that received either stan-
dard chow or HFHS (HFHS pair-fed, these animals are lean i.e. have identi-
cal weight curves to chow-fed controls; Figure 9C). We found that both D1 
and D2 receptor expression was reduced in HFHS pair-fed animals compared 
to chow-fed controls. Thus, dopamine receptor downregulation occurred in 
response to exposure to HFHS even when energy intake did not meet the 
desired level. 

Lower striatal D2 levels have been previously reported in obese rats [113] 
and humans [276,301]. The functional relevance of this receptor down-
regulation in obese individuals is not presently understood, but it is worth 
noting that OLETF rats, that have a genetically induced downregulation of 
D2 receptors in the NAcc, display increased sensitivity to D2 agonists [113] 
and antagonists [112]. Thus, the present results suggest that after extended 
access to HFHS diet, the mesolimbic reward system is sensitized to dopa-
minergic signals even in the non-obese state (lean HFHS pair-fed animals). 
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Figure 9 Body weight change and relative gene expression (measured using RT-
PCR) in the NAcc (mean±SEM) during the high-fat high-sugar (HFHS) access in 
obesity prone (OP) and obesity-resistant (OR) animals; A) Extended and continuous 
HFHS access (no withdrawal); B) Withdrawal after extended access to HFHS diet; 
C) Extended but pair-fed HFHS access. D1, dopamine D1 receptor; D2, dopamine D2 
receptor; COMT, catechol-O-methyl transferase; MOR, mu opioid receptor; KOR, 
kappa opioid receptor; *p<0.05; **p<0.01; ***p<0.001. 

The finding from the mRNA expression analysis that opioid receptors are 
expressed at different levels before and during withdrawal raises the ques-
tion whether opioidergic signaling is involved in the observed behavioural 
effects during withdrawal. In a study by Colantuoni et al. [59], it was illus-
trated that opioidergic pathways indeed are related to withdrawal from palat-
able food: in rats that had been subjected to daily sucrose presentations for 

A 

B 

C 
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an extended period of time, injections of the opioid antagonist naloxone in-
duced a state similar to opiate withdrawal, indicating that the animals had 
adapted to a presumably higher release of endogenous opioids. This effect 
was not observed in control animals that had not been exposed to sucrose.  
The present data show that the opioid system is differently affected by with-
drawal in OP vs. OR animals. Thus, KOR signaling may be related to the 
craving and anxiety-like behaviour previously observed in OP but not OR 
animals at withdrawal from HFHS. 

Parental food preferences and body weight in offspring (Paper VI) 
Parental factors, such as stress and food habits may produce an unhealthful 
environment and lead to obesity in preschool children. In the present study, 
we interviewed parents of 915 children (Figure 10) and collected body 
weights of the children to examine the relationship of parental factors, such 
as food preferences, to body weights in preschool children. Food preferences 
were measured with the Food Craving Inventory that records preference for 
high-fat/high-protein food items (‘High-Fats’), high-sucrose (’Sweets’), 
high-carbohydrates (‘Carbohydrates’), and ‘Fast food’. 

 
Figure 10 Flow chart of the data collection. Parents who declined to participate did 
not provide demographic data. Parents who dropped out provided demographic 
data but did not answer the full questionnaire on eating behaviour, parental stress, 
and other factors. 

The levels of food preferences were compared between mothers and fathers. 
Overall, both mothers and fathers reported highest preference for Carbohy-
drates and there was no difference between the genders in this variable 
(p=0.14). There were, however, gender differences in the scores for other 
food types. FCI scores for Sweets were reported to be higher in females 
(t766=9.0; p=2.9E-18), while craving for High-Fats (t766=5.04; p=5.8E-7) and 
Fast Food Fats (t766=10.9; p=7.4E-26) were higher in males. Total craving 
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scores were slightly higher in males than in females (t766=3.2; p=0.0013). 
These results validate and expand on previous findings [40].  

The relationship of preferences for High-Fats and Sweets was analyzed 
using Spearman correlations. Preferences for High-fats and Sweets were not 
associated in mothers (rs= –0.055, p=0.099). A weak positive correlation was 
found in fathers (rs=0.10, p=0.005). 
 
Table 9 Food preference by body weight in mothers  

  Normal-weight mothers Overweight mothers   
 Mean SD Mean SD P-value 
FCI scores           
High-Fats 2.53 0.73 2.12 0.57 1.2E-19 
Sweets 2.38 0.59 2.75 0.69 3.7E-17 
Carbohydrates 2.52 0.51 2.69 0.64 2.4E-05 
Fast Food 2.08 0.68 2.28 0.77 4.5E-05 
Total 2.38 0.41 2.46 0.42 0.003 
      
Eating behaviors      
Restrained 2.25 0.90 2.85 0.89 2.0E-22 
Emotional 1.82 0.67 2.68 1.01 1.1E-44 
External 2.81 0.62 3.27 0.67 5.3E-25 

Scores are presented as the mean value and SD of the different factor scores from 
the Food Craving Inventory. Mothers are divided into normal-weight and over-
weight categories based on self-reported body weight. 

In mothers, each score differed between normal-weight and overweight 
mothers (Table 9). Craving scores for High-Fats were higher in normal-
weight than in overweight subjects. All other scores were higher in over-
weight mothers. In fathers, differences between normal-weight and over-
weight individuals were less pronounced (data not shown). Restrained, emo-
tional and external eating scores were all higher in overweight than in nor-
mal-weight parents. 

Mothers’ and fathers’ food preferences were associated with body 
weights of offspring as shown by logistic regression, and the results for 
mothers are presented in Table 10. In both mothers and fathers, preference 
for High-Fats was associated with lower odds for children to be over- or 
underweight. Fast Food preference did not show any associations with body 
weight of offspring. The associations of paternal craving scores and chil-
dren’s body weight showed a pattern similar to the results from mothers. 
Preference for Sweets in fathers was not associated with body weight of 
offspring. 
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Table 10. Associations of maternal food craving scores with odds ratios for being 
overweight and underweight in preschool children 
  Overweight children   Underweight children   
  OR (95% CI) P-value   OR (95% CI) P-value   
High-Fats 0.34 (0.22-0.53) 0.000 *** 0.43 (0.29-0.63) 0.000 ** 
Sweets 2.02 (1.40-2.92) 0.000 *** 1.40 (0.95-2.05) 0.085  
Carbohydrates 1.56 (1.01-2.41) 0.045 * 2.57 (1.62-4.05) 0.000 ** 
Fast Food 0.99 (0.72-1.35) 0.939   0.96 (0.69-1.32) 0.785   

Associations are presented as odds ratio (95% CI). Parental preferences for various 
food categories were assessed using the Food Craving Inventory scale [291]. Chil-
dren’s body weight was measured during ambulatory medical care visits and classi-
fied into underweight, normal-weight, and overweight according to the guidelines of 
the International Obesity Task Force [60,61]. Data are adjusted for parental educa-
tion, age, work status, and self-reported body weight. A p-value less than 0.05 was 
considered significant. 

Parental stress was associated with lower preference for ‘High-Fats’ in 
both mothers and fathers, and higher craving scores for ‘Sweets’ and ‘Car-
bohydrates’ in mothers. Overall, the associations were stronger in females, 
perhaps mirroring the fact that mothers are more prone to parental stress than 
fathers [190]. Stress has been previously implicated in food intake and obe-
sity in both human and animal studies [71,131]. Although, the level of emo-
tional stress has been associated with the intake of carbohydrates in females 
[148], this is the first report suggesting increased preference for high-
carbohydrate food in association with psychosocial stress. 

Problems caused by parenting may be very stressful both for the parent 
and the child. Parental stress has previously been associated with increased 
body weight of preschool children by us and others [131,257]. The present 
results show that food preferences and, presumably, food choices are associ-
ated with parental stress and, hence, may constitute a link between stress in 
parents and body weight in offspring. 
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Figure 11. Association of unadjusted food preference (mean±95% CI) in parents 
and BMI of their 3-y-old children. A) High-fats preference is highest in the parents 
of normal weight children. B) Sweets preference is lowest in mothers of normal 
weight children, compared to mothers of underweight or overweight children. 

In conclusion, parents of normal weight children reported higher preference 
for high-fat/high-protein foods and lower preference for sweet-tasting foods 
as compared with parents of both overweight and underweight children 
(Figure 11). Thus, parental attitudes towards food in general and high-
fat/high-protein foods in particular may impact body weight development 
during earlier childhood stages. The present findings indicate that parents’ 
food preferences and resulting choices of food to be presented at meals in the 
family are likely implicated in the previously reported positive association 
between parental stress and children’s body weight [257]. Our findings of 
increased number of normal-weight children in families where parents show 
a high preference for high-fat/high-protein foods warrant longitudinal inves-
tigations to study the association of parental food preference and body 
weight of young children over time. These results may be relevant for de-
signing health and dietary policy strategies against early childhood obesity. 
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General discussion 
From food preference to craving 
Based on our review of the literature, and based on the findings reported 
here, we propose a theoretical model that delineates how food preference 
may lead to overeating and weight gain, which, in turn, produces neural ad-
aptations that may propel repeated overeating and ultimately craving for 
food and loss of control over food intake. Genes and environment may inter-
act at each stage of this process; food preference, overeating, weight gain 
following excessive food intake, neural adaptations in response to palatable 
food, and ultimately food craving generated by restrained eating may all be 
influenced by a genetic predisposition, with different genetic variants inter-
acting at different stages. A genetic variant relevant to the dopaminergic 
system may e.g. determine an individual’s response to long-term palatable 
food exposure, but have no impact on the propensity to gain weight. Genetic 
factors that affect any of these steps may be conceived as part of the ‘thrifty 
genotype’ proposed by Neel [176] to describe vulnerability to obesity in the 
modern environment. We present the model graphically in the Conclusions 
section (Figure 13). The main outlines and the conclusions drawn from our 
own studies are presented here. 

1. Preference for high-fat foods is determined by a genetic 
predisposition (related to risk-taking behaviour in rats) 
Energy-dense and highly refined foods are constantly available in our mod-
ern environment and may lead to obesity if consumed in excessive amounts. 
However, overconsumption is not seen in all individuals. We showed (Paper 
I; Paper II; Paper III) that there is a high variability in food preference of 
outbred rats, and that food preference and motivation for palatable food are 
linked to a risk-taking behavioural phenotype (Paper I; Paper III). In addi-
tion, we identified baseline Ucn 2 expression in the hypothalamus as a co-
variate of preference for HF diet (Paper I). 

2. Free access to palatable, preferred food leads to overeating and 
subsequent body weight gain in prone individuals 
When provided with ad libitum access to high-fat diets, animals with a pref-
erence for the food will consume larger amounts than required. Such over-
consumption was shown to significantly impact body weight gain both short-
term (Paper II) and long-term (Paper V). It should also be noted that while 
the preference and resulting intake of energy-dense food is associated with 
body weight gain, other metabolic factors also contribute to variance in body 
weight. The finding that only some animals gain weight in the DIO paradigm 
is in agreement with the gene × environment interaction proposed by Neel 
[176]: the OP animals do not differ from OR until HFHS diets are provided 
and the OP gain weight. When animals had free access to energy-dense food 
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over extended periods of time, the animals could be divided into OP and OR 
individuals based on their weight gain (Paper IV; Paper V). 

3. Exposure to palatable diets causes behavioural adaptations and 
perturbations in gene expression relevant to reward 
Upon both short-term and long-term exposure to HF and HS diets, behav-
ioural adaptations occurred (Paper II, Paper IV). We observed such effects 
both during access to the palatable diets (Paper II), and after discontinuation 
of HFHS access (Paper IV). Perturbations in systems relevant to reward may 
explain these behaviours. Specifically, gene expression of receptors for do-
pamine and opioids were implicated by our results. Noteworthy, we showed 
strong effects of HFHS diet on dopamine receptor gene expression after 
extended pair-fed HFHS access (Paper V). In this experiment, the animals 
were not able to consume the desired levels of HFHS diet and, thus, the po-
tential confounding factor of body weight was excluded from these results. 

4. Adaptations in the reward system drives further consumption of 
palatable food 
The aforementioned data allow us to speculate that extended exposure to 
palatable tastants alter the function of the mesolimbic dopamine system and, 
hence, processing of reward. We suggest that such alterations increase the 
preference for palatable food. In contrast to La Fleur et al. [139], we did not 
observe any differences in operant responding for palatable food when 
HFHS was available in the homecage. However, when the HFHS diet was 
removed and only the control chow provided, all animals that previously had 
access to HFHS responded by a severe and long-term reduction in food in-
take, indicating reduced preference for or acceptance of the standard diet 
(Paper IV). 

5. Adaptations specific to OP individuals produce signs of withdrawal 
during discontinued HFHS access 
At forced abstinence from HFHS we observed a number of behaviours spe-
cific to the OP rats and including craving for palatable food as well as anxi-
ety-like behaviour and delayed re-adaptation to the standard rodent chow 
(Paper IV). We also showed that molecular adaptations differ between OP 
and OR animals: dopamine and opioid receptors were differentially ex-
pressed in the NAcc in the two groups (Paper V). This finding suggests that 
extended palatable food exposure affects the preference/acceptance for pal-
atable food in all animals, but stimulates craving only in OP rats. Thus, these 
individuals appear to be at risk for craving and resulting loss of control over 
food intake. 
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A controversy over terms 
The term ‘food addiction’ is controversial and provocative, yet compelling 
enough to spawn commentaries [65], symposia [66], and animal experiments 
[15]. In lay sources a growing problem of ‘food addiction’ is reflected by 
popularity of this phrase: the search for this term performed by Corwin and 
Grigson [66] with the Google search engine produced 334,000 entries in 
January 2009, while in March 2010 the number reached 12,500,000 items.  
Although this effect may stem in part from progress in the search engine, it 
certainly parallels the increasing interest in this issue. 

In the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) 
the American Psychiatric Association clinically defines drug addiction as 
substance dependence using a set of behavioural criteria of which at least 
three of the following items should be present within one year: 1) tolerance, 
2) withdrawal, 3) larger amounts of drug taken than intended, 4) unsuccess-
ful efforts to cut down drug use, 5) large part of life spent trying to obtain the 
substance, using the substance, or recovering from the substance, 6) time 
spent with family, friends and recreational activities given up because of the 
drug, 7) substance use continues despite knowledge of negative conse-
quences [10]. It should be noted that compulsive use or loss of control over 
use is implicated in three of these criteria (3, 4, and 7). Loss of control over 
intake is observed also in overeating, which thus meets these criteria in a 
broader sense and may be classified as a ‘substance dependence’ or an ad-
diction. However, the DSM-IV criteria were developed for drugs of abuse 
such as heroin, ethanol, and cocaine, and not for a ‘substance’ (i.e. food) that 
is required for the survival of the organism, socially accepted, and legal. 
Many argue that the term ‘addiction’ should be reserved for drug addiction. 

In the view of this author, the problem is more semantic than scientific. 
Compulsive intake does occur in both drug addicts and e.g. in binge eaters. 
Craving for the substance or food may be implicated in such loss of control 
over intake. The implications are the same whether we label the behaviour 
‘food addiction’, addictive-like behaviour, or compulsive food intake. As we 
show and as we discuss in this thesis, there are both similarities and differ-
ences between drug use/addiction and overeating palatable food. Both the 
similarities and differences can be of service provided one wants to under-
stand the nature of overeating in obesity or of drug addiction. 

Preference for palatable food is associated with a risk-taking phenotype, 
not with anxiety-like behaviour 
A risk-taking behavioural profile in rats, characterized by low anxiety-like 
behaviour, was associated with preference for palatable diets in the food-
choice paradigm and motivation for palatable diets in the operant paradigm. 

We propose that Ucn 2, an anorexigenic neuropeptide, is related to this 
association, based on the finding that gene expression of Ucn 2 peptide was 
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associated with the preference for a HF diet and that expression of CRF2, the 
receptor for Ucn 2, was associated with elevated risk-taking behaviour. 

We found no indications that high levels of anxiety-like behaviour would 
be predictive of subsequent overconsumption of either HF or HS diets; this 
negative finding was replicated in three studies. Thus, the association of 
anxiety in humans with the consumption of palatable ‘comfort foods’ is not 
replicated in rodents with regard to performance in the standard test for 
anxiety-like behaviour, the EPM. 

DIO may be produced in rats of the OP but not OR phenotype 
We have used palatable and energy-dense HFHS diets to induce excessive 
feeding and obesity in rats. Importantly, we have shown that vulnerability to 
DIO is a highly individual trait; in rats provided with long-term access to 
HFHS diets, some animals were prone to weight gain (OP) while other 
seemed resistant (OR). Since vulnerability to weight gain in humans is also 
an individual trait that may lead to obesity when the person is provided ac-
cess to HFHS diets, the DIO paradigm has high face validity as a model of 
human obesity. 

The importance of acknowledging variance in DIO vulnerability is under-
scored by our behavioural (Paper IV) and molecular (Paper V) findings. 
Indeed, the operant experiment in Paper IV was designed to study differ-
ences between these phenotypes; hence, we were able to identify the effects 
of withdrawal from HFHS in OP animals. This heterogeneity may confound 
the effects if the phenotypes are not treated as separate groups. Hence, the 
present results, together with an ample amount of literature [144,278], allows 
us to propose that vulnerability to DIO should be acknowledged in the 
analysis of results and, more importantly, in the design of studies. 

We looked at factors that predispose rats to gain weight of which the first 
was food preference for a palatable high-fat food. We show that preference 
for or intake of dietary fat indeed produces excessive weight gain in rats; 
preference for high-fat food (Paper II), and consumption of the HFHS diet 
(Paper V), were associated with body weight gain. While this effect was not 
detected in Paper IV, the present findings add to the body of evidence show-
ing that preference for or acceptability of energy-dense food is a trait that 
may propel excessive weight gain. Thus, the question arises as to the deter-
minants of such food preference. 

Sensitivity to reward is a genetic trait that may be manifested by 
preference for palatable food 
Palatability of food and thus the hedonic impact of food consumption affect 
how much we eat. Therefore, in a group of individuals, it is reasonable to 
postulate that those who experience the highest level of pleasure from eating 
palatable food may overconsume and, hence, be liable to gain weight over 
time. Such sensitivity to reward may be manifested by e.g. preference for 
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high-fat high-sugar food. Indeed, evidence indicates that reward sensitivity is 
associated with preference for palatable food and to overeating and BMI 
scores [74]. According to this viewpoint, palatable foods are sought because 
they are particularly rewarding. 

Based on the findings from the animal models in this thesis, we suggest 
that sensitivity to reward is affected by a genetic predisposition that favours 
preference for palatable food and motivation to obtain palatable food re-
wards, in effect causing overconsumption of energy-dense diets and subse-
quent weight gain. Interestingly, such genetic predisposition is also associ-
ated with a risk-taking, low-anxiety phenotype, as shown in Paper I and Pa-
per III. 

Some points from alcohol research are of relevance to this discussion: 
Cloninger proposed that there are two separate types of alcoholism: type I 
alcoholism that is late onset and where alcohol use precipitates in response 
to adverse life events, and type II alcoholism that is early onset, has a strong 
genetic component, and that is associated with a novelty-seeking phenotype 
[54,55]. Novelty-seeking in humans, characterized by impulsiveness, mo-
notony intolerance, excitability, and disorderliness [55], has been associated 
with not only alcoholism [54,109], but also drug abuse [63] and compulsive 
gambling [70]. Interestingly, Piazza and colleagues showed that novelty-
induced locomotion, considered an animal model of novelty-seeking, is as-
sociated with the self-administration of amphetamine [201], a finding that 
was subsequently replicated for other drugs of abuse [41,173,262]. Similarly, 
we found in this thesis that a risk-taking phenotype was associated with ele-
vated preference and motivation for palatable food. 

Extended exposure to palatable food may induce reward deficiency that 
further increases preference and craving for palatable food 
In contrast, it might be speculated that individuals that are not as responsive 
to food (i.e. reward deficient) need to consume more palatable food in order 
to feel pleasure. Reward deficiency has been implicated in alcoholism and 
drug addiction [37]. According to this hypothesis, genetic variants in e.g. the 
D2 receptor make individuals less sensitive to natural stimuli, e.g. food, such 
that the individuals require stronger stimulants (drugs or alcohol) in order to 
be satisfied. Similarly, food preferences might shift toward those food items 
that have the strongest hedonic value, i.e. foods with high levels of fat and 
sugar. The hypothesis is that subjects with reward deficiency seek drugs or 
palatable food in order to compensate for the dysregulation of reward [277]. 

A condition similar to reward deficiency syndrome, the allostatic state, 
has been proposed to occur after repeated drug use [134]. According to this 
theory, drug addiction may be viewed as a negative hedonic state, a devia-
tion from a ‘reward set point’, that motivates the drug addict to take drugs to 
alleviate the negative mood. 
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Based on the findings from the animal models in Paper II, IV and V, we 
propose that access to palatable food induces adaptations in the mesolimbic 
dopamine system that may, in effect, put the animals in a state of reward 
deficiency. We reported the striking effect (Paper IV) that animals in a state 
of withdrawal from palatable food reduce their caloric intake to less than 
half of control levels, even though standard chow is available ad libitum 
(Figure 12). These animals required two weeks to readjust to the consump-

tion of standard rodent chow. After a prolonged hyperphagia on energy-
dense diets, increased demands of standard chow would otherwise have been 
expected; animals had thus adapted to the hedonic value of the tastants, not 
to the intake of large amounts of food. During this period, there was also 
elevated motivation for palatable food in the operant paradigm. We interpret 
this finding as a devaluation of the food reward provided by standard chow, 
brought about by continuous access to palatable food and hedonic feeding. 
As illustrated in Paper V, this effect may indeed be associated with dopa-
minergic signaling and opioid receptor activity. 

Perturbations in dopamine signaling in the obese: cause or effect? 
Reduced D2 levels have been detected in subjects of both drug addiction and 
obesity [276,296,301]. This could be due to that long-term exposure of drugs 
of abuse or palatable food changes receptor presentation, or that individuals 
with low D2 levels are predisposed to these conditions and, thus, that the 
dopaminergic disturbances predate the disorder. 

Figure 12 Caloric intake in controls (grey), obesity-prone (white) and obesity-
resistant (black) rats during access to high-fat high-sugar (HFHS) diet and during 
withdrawal therefrom (Paper IV). Note that both OP and OR display hypophagia 
and that OP rats are slower to recover from this state. 
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To approach the implication of dopamine function in the vulnerability to 
drug abuse, Volkow [297,299] recruited healthy human volunteers that did 
not have a history of drug use and injected them with the psychostimulant 
methylphenidate, i.e. Ritalin®. The subjects rated whether their subjective 
experience of the drug’s effects were pleasant or unpleasant; however, base-
line striatal D2 receptor levels had already been measured using PET. Inter-
estingly, lower baseline D2 availability was associated with higher subse-
quent ratings of pleasantness. Thus, response to the psychostimulant action 
is affected by the dopaminergic phenotype of the subjects. This response 
(experiencing the drug as pleasant) may predispose individuals to repeated 
drug use. Importantly, these volunteers were not exposed to drugs before the 
experiments. Low levels of D2 in the striatum may, hence, be extant without 
drug addiction. This suggests that low D2 levels in drug addicts may predate 
the drug addiction. In the context of palatable food, Stice et al. [258] showed 
that genetic variants of the D2 gene were associated with activity in the dor-
sal striatum in response to palatable food. 

The present findings clearly illustrate that HFHS diets are capable of al-
tering the dopaminergic system. While we report lower levels of dopamine 
receptors in the NAcc of OP rats, in agreement with previous studies of ro-
dent and human subjects, we also show that HFHS diet reduces both D1 and 
D2 receptors in the NAcc upon extended HFHS exposure in lean, pair-fed 
animals. Such reductions of dopamine receptors have been associated with 
increased sensitivity to dopaminergic stimulations in rodents [112,113] and 
reward in humans [297,299]. Thus, we illustrate that perturbations in the 
dopamine system possibly related to reward sensitivity can be induced by 
extended access to high-fat high-sugar diets. 

Taken together, we suggest that perturbations in the reward function may 
predispose individuals to overeating and weight gain, and that such perturba-
tions may also be evoked or exacerbated by continuous food reward associ-
ated with HFHS diets, thus providing a positive feedback leading to even 
greater overconsumption of palatable food (Figure 13). Both genetic predis-
position and – as shown in this thesis – adaptations brought about by ex-
tended HFHS exposure may implicate dopaminergic and opioidergic path-
ways. 
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Conclusions 

Humans, however, are not simply big rats 

 
 
We have provided evidence for a common sequence of events, influenced by 
both genetic and environmental factors, that leads from food preference to 
craving. In Figure 13 we propose a model that shows major stages of this 
transgression. In the Discussion we present how genetic and environmental 
factors may contribute to this ‘evolution’ of a common food preference to 
oftentimes undesirable food craving; specific sections of the General Discus-
sion are marked with appropriate numbers in our model (Figure 13). 
 
 
 
 

 

Figure 13 From food preference to craving. Food preference and availability of 
high-fat high-sugar foods may stimulate overeating. In vulnerable individuals, over-
eating may lead to adaptations in the reward system that propel further overeating 
and craving for food. This state is characterized by a loss of control over food in-
take. Genetic predisposition and environmental factors interact with this progress at 
each step. Numbers refer to the specific sections in the General Discussion. 
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The specific findings from the studies were that: 
 
• Preference for palatable food is associated with a risk-taking phenotype, 

but not with anxiety-like behaviour. Such preference may lead to over-
sonsumption of food and subsequent weight gain. 

 
• Vulnerability to obesity induced by HFHS diets in rats is an individual 

trait; animals may be categorized as either OP and OR. 
 
• Exposure to HFHS diet induces behavioural adaptations in rats that indi-

cate perturbations in the reward processing. 
 
• Both OP and OR animals display reduced intake of standard rodent 

chow after withdrawal from a HFHS diet; this effect persists to the point 
of weight loss for up to two weeks.  

 
• Extended HFHS diet exposure induces molecular adaptations (down-

regulation of both D1 and D2 receptor gene expression in the NAcc) that 
are related to the diets per se and not depending on concomitant weight 
gain. 

 
• OP rats display distinct behaviour compared to OR at withdrawal from 

HFHS, including anxiety-like behaviour, slower recovery from hypo-
phagia, and craving for palatable food. 

 
• OP and OR animals differ in gene expression of both dopamine and 

opioid receptors within the NAcc and CPu. These differences are in-
duced by the HFHS diet but persist even after long-term withdrawal 
from such diets. 

 
• Reduced preference for high-fat/high-protein foods in parents is associ-

ated with body weight disturbances in the offspring. 
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