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Summary 

 

Humans and laboratory animals overconsume preferred food, including food 

high in sucrose. When overeating occurs in repeated episodes, it is referred to as binge eating. 

The aim of this project was to study mechanisms responsible for binge eating of high-sucrose 

food. First, effectiveness of different sweet food availability models to induce binge eating in 

rodents was investigated: one of them included calorie deprivation outside of the binge eating 

daily episode, whereas the other incorporated exposure to sweetened solutions as an addition 

to a high-sugar food. I examined whether the magnitude of this overconsumption can be 

inhibited by direct injections of a non-selective opioid receptor antagonist, naltrexone, into the 

paraventricular nucleus of the hypothalamus (PVN). An immunohistochemical staining for 

the neuronal activity marker, c-Fos, and the satiety mediator, oxytocin, was performed to 

determine whether blocking opioid receptors in the PVN increased feeding-related activity of 

oxytocin neurons in this site. Finally, using the Allen Brain Atlas, a list of novel candidate 

genes possibly involved in the rewarding process of overeating was created.  

I found that binge eating responses were enhanced by energy deprivation 

occurring outside the binging episode. Enriching a palatable meal with sweet caloric or non-

caloric solutions did not propel binge eating further. Antagonism of PVN opioid receptors did 

not reduce the amount of sweet food ingested during a binging episode and it does not 

stimulate activity of oxytocin neurons. Finally, I found almost 50 novel genes whose 

distribution suggests possible involvement in feeding reward. In conclusion, opioids in the 

PVN do not play the primary role in stimulating binge eating in animals fasting outside the 

timeframe of a single binging episode. Under these conditions, the role of the opioid-oxytocin 

pathway in the PVN appears minor. Novel genes need to be studied in relation to their 

possible involvement in overeating in binging animals.  
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1. Introduction 

 

1.1. Obesity and binge eating 

 

In today’s society, obesity is increasing rapidly. According to the World Health 

Organization (28), the number of overweight adults globally was roughly 1.6 billion in 2005, 

and as many as 400 million adults were obese. Furthermore, the WHO predicts that in 2015, 

the numbers will increase to 2.3 billion overweight adults and 700 million will be classified as 

obese (28). Obesity is a consequence of consuming considerably more calories than what is 

needed to satisfy the energy needs. 

Binge eating is a phenomenon characterized by repeated episodes of 

overconsumption of food over a short period of time, where the amount of food exceeds what 

would normally be consumed within the same period of time during similar circumstances 

(2). It has been suggested that long-term binge eating could lead to weight gain and obesity, 

since studies have shown that roughly 34% of interviewed obese subjects in a weight-loss 

program met the criteria for the binge eating disorder (29). 

It should be noted that binge eating also can be induced in experimental animal 

feeding models. Short timeframe meals of palatable foods can be used to mimic binge eating 

in animals, since a large amount of food is consumed during just one meal (3). Palatability 

and anticipation of a scheduled exposure to a rewarding tastants (substances that stimulates 

the sense of taste) act as reinforcing factors leading to a feeding response of a very high 

magnitude.   

 

1.2. Food intake control 

 

Studies on physiological mechanisms underlying food intake behavior have 

identified a number of processes that shape a consummatory response. It has been shown that 

the brain plays a significant role in feeding regulation. Food intake is controlled by a network 

of pathways in the brain; these pathways encompass neuropeptides, classical 

neurotransmitters and hormones. Neuroactive substances involved in feeding regulation can 

be divided roughly into those that increase and those that terminate consummatory activity. 

Those increasing food intake are referred to as orexigens, and those decreasing it are called 

anorexigens. Further, orexigens elevate consumption for several reasons: the main driving 

forces to eat are hunger (signaled by, e.g., an empty stomach, low plasma osmolality or low 

blood glucose levels) and reward (eating for pleasure derived from palatability of ingested 

food). Among brain orexigens driving feeding for energy, neuropeptide Y, ghrelin and 

Agouti-related protein have been shown to increase calorie intake in rodents (8, 15). On the 

other hand, opioids and dopamine have been linked to a drive to ingest palatable tastants and 

this drive appears to be almost completely unrelated to the organism’s energy needs or the 

caloric value of the palatable food of choice.  For example, Giraudo et al. (9) reported that rats 

injected with a mu opioid receptor agonist derived most of their calories from a calorie-dilute 

10% sucrose solution rather than from energy-dense yet bland chow. 

Central anorexigenic factors are released within the brain and to the periphery 

(via the pituitary) in response to an increase in energy stores or upon reaching satiety, which 

is conveyed by, among others, gastric distension or elevated plasma osmolality. Conversely, 

when tasty (thus, rewarding) foods are presented, reward pathways are activated and this can 

lead to overconsumption of palatable foods that greatly exceeds basic energy needs (20).  

Release of the anorexigenic neuropeptide oxytocin (OT) is linked with satiety 

and it has been associated with the end of a meal. It has been reported that OT plasma levels 

rise at feeding termination and elevated activity of OT neurons occurs at that time (23). The 
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activity of OT neurons can be determined immunohistochemically based on the level of 

colocalization of an immediate-early gene transcription factor, c-Fos, that indicates neuronal 

activity, in OT neurons. Moreover, administration of OT directly in the brain dose-

dependently decreases food intake in free-feeding rats, as well as in schedule-fed food-

deprived rats (1). Injections of agents that induce early satiety, such as alpha-melanocyte 

stimulating hormone and glucagon-like peptide-1, activate OT neurons (25). Finally, 

activation of OT neurons has been linked with ingestion of substances that jeopardize 

homeostasis, including toxins and ions (23) (26). Under such conditions, OT seems to serve 

as a signaling molecule that precipitates an immediate termination of ingestive behavior in 

order to minimize the consumption of tainted food (26).  

Overconsumption of preferred tastants is thought to be strongly dependent on 

the activity of the reward system; opioid peptides and receptors constitute one of its main 

components. For example, studies have shown that blocking of opioid receptors with selective 

(binding preferentially to opioid receptors of a certain subtype) and non-selective antagonists, 

such as naloxone or naltrexone; leads to decreased intake of a high-sucrose diet (5) (18), and 

that opioid receptor agonists are particularly effective at increasing consumption of preferred 

foods (18). Prolonged intake of palatable foods leads to changes in mRNA levels of genes 

encoding components of the opioid system in several feeding-related brain sites (22). 

One of the most puzzling questions is how palatability can possibly be capable 

of leading to significant food overconsumption that goes beyond energy needs, that subjects 

the organism to dangerously high levels of ions in the blood or food volume in the stomach. 

In fact, it has been conceptualized that the release of opioids occurring at the time of 

anticipated or actual consumption of palatable food causes inhibition of central pathways that 

mediate satiety. It has been suggested that endogenous opioids target, among others, the 

anorexigenic OT system. Antagonism of opioid receptors leads to an increase in activation of 

OT neurons in the paraventricular nucleus of the hypothalamus (PVN) (21), the site hosting 

the largest population of these cells in the brain and known for its role in feeding control (22) 

(10). Previous experiments  have shown that rats injected with an opioid  receptor agonist had 

significantly lower OT neuronal activity at the end of a tasty meal than control animals did 

(20). Aside from the PVN, opioid receptors are present in nearly all of the central sites that 

are related to food intake regulation. They have been found in sites that are mainly associated 

with reward, such as the nucleus accumbens (ACB), ventral tegmental area (VTA), bed 

nucleus of the stria terminalis (BST) and caudate putamen (CP), as well as in the 

hypothalamic arcuate nucleus and brainstem nucleus of the solitary tract, classically thought 

of as mainly regulating consumption for energy.  

 

1.3. Aims  

 

The goal of the current project was to further elucidate mechanism underlying 

overconsumption of high-sucrose palatable food at the behavioral, neuropeptidergic and 

genetic level. First, I investigated effectiveness of different sweet food availability models to 

induce binge eating in rodents. Food intake behavioral studies are most commonly conducted 

in mice and in rats. These experiments were utilized both of these rodents since they are 

equivalent for this type of study. Once the model assuring highest level of food 

overconsumption was established, I examined whether the magnitude of this 

overconsumption could be diminished by antagonism of opioid receptors in the PVN, as well 

as examining the response of oxytocin neurons in this area in the brain.  Finally, I employed 

the Allen Brain Atlas (http://www.brain-map.org) (14) (19), the largest computerized 

database of in situ hybridization maps defining distribution of over 21,000 genes in the mouse 

brain, to search for novel genes that can mediate feeding reward. 
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2. Results 

 

2.1. Two models of sucrose binge eating  

 

2.1.1. Binge eating in non-deprived mice. 

 

To investigate whether intake of a sweetened drink along with a meal of 

palatable food had any influence on binge eating behavior, mice were fed palatable food along 

with either water, a sucrose solution, a sucralose solution or a saccharin solution 2h/day for 12 

days. The mice also had access to bland, regular chow and water during the night, hence not 

energy deprived at the time of the meal. Analysis of the feeding data revealed that the mice 

ingested substantially more of the sweet pellets, presented only for 2 hours a day, compared to 

the bland pellets that were available during the entire night (Fig. 1). The mice still consumed a 

considerable amount of the bland food. Therefore, this model of binge eating did not produce 

a single-meal consummatory response of the highest magnitude. There were no significant 

differences between the groups in the amount of food consumed when the intakes of palatable 

food and the bland food were analyzed separately (Fig 2). When the total caloric intake was 

calculated, the group given a saccharin solution ate significantly more than the water drinking 

mice (P= 0.0252; Fig. 3).  

 

 

 
Fig 1. Amount of bland (brown bars) and sweet (pink bars) chow consumed by mice. The amount of food was 

calculated cumulative over the 7 days that food intake was measured. The mice were schedule-fed sweet pellets 

two hours daily, and had access to either water, a sucrose solution, a sucralose solution or a saccharin solution 

along with the meal (n=6 for all groups). The bland food was available during the night, along with water ad 

libitum.  

 

 

 
Fig 2. A: Cumulative caloric intake of the sweet chow for the 7 days that food intake was measured. B: 

cumulative caloric intake of the bland chow for the same time. No significant differences were observed between 

the groups. Calorie value of diets: sweet chow: 1 kcal = 0.21 g; bland chow: 1 kcal =0.28g 
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Fig. 3. A: Total caloric intake and consumed over the 7 days that food intake was measured. A significant 

difference was noted between the total caloric intake of the group that had water to drink with the meal and the 

saccharin-drinking group (p=0.0252). B: volume liquid consumed over the same time. A significant difference 

was seen between the water-drinking group and the sucrose-drinking group (P=0.0332). The sucrose group also 

drank significantly more than the sucralose-drinking group (P= 0.0231). 

 

 

2.1.2. Binge eating in energy-deprived rats 

 

To investigate if the binge eating response would be enhanced even further by 

complete energy deprivation outside of the meal, rats (n=7) were schedule-fed either high-

cornstarch powder or high-sucrose powder for two hours daily. No food was available outside 

of the scheduled meal, while water was available ad libitum. Control measurement of bland 

high-cornstarch diet intake in rats schedule-fed parallel with the high-sucrose diet-given 

animals showed that the high-sucrose diet was preferentially ingested over the cornstarch 

food. The intake of the non-sweet diet was 13.09 +/- 1.3 g per meal, whereas that of the sugar 

diet was 19.1 +/- 2.0 g per meal. This indicated that energy-deprivation outside of the meal 

propelled binge eating even further, since the entire daily calorie intake was derived from one 

large meal, and the high-sucrose diet was clearly more powerful in triggering 

overconsumption.  

 

2. 2.  Blocking of opioid receptors in the paraventricular nucleus of the hypothalamus. 

 

To examine whether the magnitude of overconsumption of sweet food could be 

diminished by antagonism of opioid receptors in the PVN, rats were equipped with a 

permanent cannula aimed at the PVN. Following the post-operative recovery, they were put 

on a daily scheduled access to a palatable high-sugar powdered diet (as described in Section 

2.1.2) 2 h per day for 21 days. To determine whether injections of the opioid receptor 

antagonist naltrexone into the PVN had an effect on high-sugar food intake following a 

prolonged binge eating period, rats were injected on day 21 with one of three doses of 

naltrexone or artificial spinal fluid (vehicle) just prior to the meal. Food intake was measured 

2 h post-injection. 

I found that after the long-term binge eating of sucrose, naltrexone even at the 

dose as high as 100 nmol did not reduce overconsumption of the palatable sweet diet (Fig. 3).  

The brains were double stained for c-Fos and oxytocin (OT), to compare the amount of c-Fos-

positive (activated) OT neurons in the PVN (Fig. 4). No significant differences were found in 

the activity of the OT neurons; hence it can be concluded the anorexigenic factor OT is not 

affected by blocking of the opioid receptors in the PVN, and neither is overconsumption of a 

high-sucrose diet. 
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Fig. 3. A: Food intake on day 21 of rats injected with artificial cerebrospinal fluid (aCSF, vehicle), 10 nmol, 30 

nmol and 100 nmol Naltrexone just prior to food presentation (n=7). No significant differences were seen. B: 

The red area on the illustration shows where the cannula was aimed into the paraventricular nucleus of the 

hypothalamus (PVN). Bl, basolateral nucleus of the amygdala; La, lateral nucleus of the amygdala; Ce, central 

nucleus of the amygdala 

 

 

 

 

 

 
Fig. 4. A: Percentage of c-Fos positive oxytocin neurons in the paraventricular nucleus of the hypothalamus 

(PVN). No significant difference was revealed (P= >0.05). B: Photomicrograph of coronal sections of the PVN 

doubly stained for the marker of neuronal activity, c-Fos (black nuclei) and the satiety mediator oxytocin (brown 

cells). The small arrows points to Fos-positive (activated) oxytocin neurons, the large arrow point to oxytocin 

neurons lacking c-Fos activity. 

 

 

2.3. Novel genes for the mediation of feeding reward: Allen Brain Atlas analysis. 

 

To investigate novel gene candidates involved in food intake regulation, using 

the Allen Brain Atlas, I created a list of genes that have a similar distribution as the mu opioid 

receptor throughout the mouse brain. The mu receptor was chosen as the main target of 

naltrexone and is known to mediate feeding reward (7), being present in the PVN as well as 

throughout the entire reward circuitry (13). The list, consisting of almost 50 genes, is 

presented in Table 1. Although their precise roles are unknown, these genes may be 

considered potentially capable of mediating feeding reward. This is obviously a very 

preliminary list of candidate molecules whose possible involvement in feeding reward has to 

be investigated using a variety of methods, such as analysis of their expression levels in 

response to different feeding regimens or colocalization with other genes known to regulate 

consumption. In Fig. 5, the expression patterns of mu, kappa and delta opioid receptors are 
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illustrated, with the PVN marked in dark green. The expression patterns of the genes are 

anatomically correlated, which makes it possible to see where they are expressed in the 

regions of interest.  The expression levels and densities are translated to colored circles. The 

colors represent expression levels, ranging from dark blue as the lowest expression levels, to 

dark red representing the highest expression levels. The size of the circles represents the 

density of the expressed genes, small circles indicate low expression density, and large circles 

represent high expression densities. The expression patterns in Fig 5. show that the mu opioid 

receptor expression level and density is low to moderate in the PVN, the kappa opioid 

receptor is expressed sparsely, and the delta opioid receptor has a very high expression level 

and density.  

 

 
Fig. 5. Expression of mu (MOR), kappa (KOR) and delta (DOR) opioid receptors in the hypothalamus, with 

focus on the paraventricular nucleus of the hypothalamus (the area colored in dark green). The illustration was 

generated using data derived from the Allen Brain Atlas, using the Brain Explorer v 1.4. The gene expression 

data is translated into colored circles. The color of the circles represent expression level, where dark blue is the 

lowest expression levels, green is medium expression level and dark red is highest levels. The size of the circles 

represents expression density patterns, a small circle indicates sparse expression density, and large circles 

represent high expression density. 
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Table 1. Genes with expression patterns resembling the opioid mu receptor

a
.  

                                             Expression level
b
 in  

Gene
c
 ACB

d 
VTA

e 
BST

f 
CP

g 

Oprm1
h  

++ ++ ++ +/++ 

Hif1a  ++ ++ ++ ++ 

Apba1 +/++ ++/+++ ++ + 

Ephb1 ++ ++ ++ ++ 

Prkcq ++ ++ ++ ++ 

Fgf21 + + + + 

Sirt6 ++ ++ ++ ++ 

Asb10 + + + + 

Aqp1 + + + + 

Pthlh ++ +/++ + ++/+++ 

Nrp1 +/++ + ++ + 

Rxra + + + + 

Mmp10 ++ + + + 

Crhbp +/++ ++ +/++ + 

Ace ++ +/++ + ++/+++ 

Inhba ++ + + ++ 

Aqp1 + + + + 

Tle1 ++ + +/++ ++ 

Myo5b ++ +/++ ++/+++ ++/+++ 

Adamts2 + + + + 

Pcsk5 + + +/++ ++ 

Csf2rb2 + + + + 

Fat3 +/++ + +/++ ++ 

Plxdc2 ++ ++ ++ ++ 

Rasa2 + +/++ + + 

Pla1a + + + + 

Tdrd7 ++ ++ ++ ++ 

Insrr +/++ +/++ + + 

Cage1 + + ++ + 

Slitrk6 + + + + 

Cntn5 ++ ++ + ++ 

Galnt10 + ++ ++ ++ 

Gpr174 + ++ + + 

Hsf4 + + + + 

Abca13 + + + + 

Rgs6 + + + ++ 

LOC432590 +/++ + +/++ ++ 

BC049816 + + + + 

A930009E21Rik + + + + 

LOC432449 ++ + + ++ 

V2r16 + ++ + + 

9530004P13Rik + + + + 

1810041L15Rik ++ +/++ ++ + 

LOC432938 + + + + 

Nctc1 + ++ + + 

AF529169 + ++/+++ + + 

4930578G10Rik + + + + 
a 
From the Allen Brain Atlas (14) 

b 
Expression level scores from + (very low) to +++ (very high) 

c 
Yellow highlight, genes previously linked to feeding (11) (30); green highlight, genes previously (but not fully) 

studied genes (27) (17); grey highlight, encoding unknown or hypothetical proteins. 
d 
Nucleus Accumbens 

e 
Ventral tegmental area 

f 
Bed nucleus of the stria terminalis 

g
 Caudate putamen 

h
 mu opioid receptor 1.
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3. Discussion 

 

Two models of binge eating 

 

The current study employed two models of binge eating: with energy 

deprivation and without it. The rats used in this experiment were subjected to food 

deprivation outside the 2-h time period when the palatable diet was available. Conversely, the 

mice had overnight access to bland food and the palatable diet (plus the palatable caloric or 

non-caloric fluid, where applicable) was given as an addition to their regular food. Using 

these two rodent models, I found that calorie deficit potentiates a binge eating response, 

although binge-like eating was apparent in both cases, since they daily consumed a large 

amount of calories during a short period of time. 

The non-deprived mice consumed considerably more of the sweet pellets during 

just one 2-hour daily meal than of the bland chow that was available during a much longer 

time-frame that spanned throughout the entire 12-hour period of circadian feeding activity. 

This outcome signifies binge eating, as the majority or all calories were obtained in a single 

bout of consummatory activity. The phenomenon of overconsumption of preferred foods is 

well known, and sucrose is one of the most palatable tastants that drives overeating (20). It 

should be noted, however, that the mice did not completely abandon feeding during the 

availability of the bland chow, indicating that the sweet chow is the preferred food, yet the 

bland pellets are not entirely avoided and they also have a palatable component (either thanks 

to their flavor or the caloric value). Therefore, this model of binge eating did not produce a 

single-meal consummatory response of the highest magnitude. 

It is noteworthy that when consumption of a palatable solid diet is accompanied 

with exposure to a palatable sweet drinking solution (caloric or non-caloric), the amount of 

food ingested did not differ from when only water was offered as fluid. This suggests that 

inclusion of palatable sweet fluids in a meal during a binge eating episode does not enhance a 

binging response. 

Feeding data from the mouse study revealed no differences between the groups 

in the intake of calories during the meal of the palatable sweet food. Interestingly though, 

when the total caloric intake (bland chow calories, palatable chow calories and, where 

applicable, fluid calories) was calculated cumulatively, I discovered a significant difference 

between the group that was given the saccharin solution and the group that had water to drink 

along with the palatable meal. This suggests that intake of an artificial sweetener-enhanced 

drink along with large meals of tasty food may influence the total daily caloric intake. One 

should note that the group given the sucrose solution did not consume more calories than the 

other groups, even when the calories from the solution itself were taken into account. The 

sucrose concentration, 5%, was chosen to resemble e. g. sweetened tea; therefore it differs 

from the sucrose concentration of sweet soft drinks, which is roughly 10%. Previous 

experiments have shown that the motivation to ingest a sucrose solution corresponded well 

with a concentration of sucrose in a solution (5).  

The sucrose-drinking group in this experiment was also the group that drank the 

most fluid along with the meal, significantly more than both the water drinking group 

(P=0.0332) and the sucralose drinking group (P=0.0231). The fact that the sucrose drinking 

group consumed more fluid than the other groups may have influenced the amount of food 

ingested, since fluid affect gastric distention.  

The experiment with the food-deprived rats revealed a stronger consummatory 

response towards the sweet powdered diet compared to the high-cornstarch (bland) one: the 

rats ingested substantially (approximately 35%) more of the high-sucrose than high-
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cornstarch food in a single daily meal. Simultaneously, the binge eating model, which 

incorporated both exposure to a palatable sweet diet and complete energy deprivation outside 

the meal consisting of this high-sugar food, proved much more powerful to induce a 

pronounced binging response than the above-mentioned deprivation-free paradigm in mice. In 

fact, this can be more comparable to the human binge eating behavior: binge eaters usually 

limit their food intake to one or two very large meals per day, instead of spreading their total 

calorie intake over several meals, moderate in energy consumption (24). Therefore, in the 

subsequent pharmacological studies utilizing the opioid receptor antagonist, naltrexone, of the 

two paradigms of overeating palatable foods (in the energy non-deprived mouse versus in the 

calorie-deprived rat), the energy deprivation model of binge eating behavior was employed. 

 

Blocking of opioid receptors in the PVN 

 

It has been established that opioids and opioid receptor antagonists alter 

consumption of preferred foods, including sucrose (18, 21) (6). It has also been found that 

mRNA levels of opioid peptide and receptor genes are altered in central reward areas in 

animals chronically exposed to sugar (22). However, the role of PVN opioid receptors is 

somewhat controversial. For example, Giraudo et al. (9) found that in energy-deprived rats 

(after an overnight deprivation), an intra-PVN injection of an opioid receptor agonist 

increased the intake of a palatable sucrose solution despite the fact that this solution could 

provide the animals with relatively few calories due to a low energy density of the applied 

15% sugar-sweetened water. This study suggested that PVN opioids mediate 

overconsumption of sugar even in a deprived state. On the other hand, other authors indicated 

that injecting opioid receptor antagonists preferentially decreases consumption of a high-fat 

diet, i.e., lower doses are required to reduce consumption of high-fat food than of a diet high 

in sugar. Naleid et al. (18) found that intra-PVN injections of naltrexone did not inhibit 

sucrose consumption in ad libitum chow-fed rats. However, when naltrexone was injected 

subcutaneously (hence; a generalized action of the drug occurred), they found a near-

significant decrease of sucrose intake. They also found that naltrexone inhibited fat intake in 

both fat-preferring and sucrose-preferring rats, but it had no effect on sucrose consumption in 

sucrose-preferring animals in a food-choice experiment which included both high-sucrose and 

high-fat diets (18). In the present study, I found that PVN-infused naltrexone does not affect 

intake of a high-sucrose diet in a prolonged binge eating model that was also associated with 

complete energy deprivation outside the scheduled meal availability period. It seems, 

therefore, that when binge eating persists over a long time period and it is driven by both 

palatability of the high-sugar diet and by the energy deficit induced by deprivation throughout 

most of the day (with the exception of the meal itself), opioid receptors in the PVN are 

secondary in mediating this effect. It can only be speculated whether this outcome is due to 

the combination of energy deficit and sugar-derived palatability leading to overconsumption 

or, for example, the localization of opioid receptors targeted by the naltrexone treatment. In 

the latter case, it can be hypothesized that if opioids participate even in this model of binge 

eating, this relationship is driven by receptors located outside the PVN. Future studies are 

needed to resolve this issue.  

In addition, I found that blocking the opioid receptors in the PVN did not 

increase the number of activated neurons that synthesize a satiety mediator, oxytocin. This 

mirrors the feeding data: since the opioid receptor antagonist injected in the PVN did not 

support early satiation, it was expected that a number of Fos-positive (thus, active) oxytocin 

neurons would remain the same regardless of whether naltrexone or the control aCSF solution 

had been infused into this site. Hence, it can be concluded that, in a long-term binge eating 

model, with a scheduled access to a high-sucrose diet and energy deprivation outside the 
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palatable meal timeframe, the relationship between the opioid system and activity of oxytocin 

neurons in the PVN does not seem to play a crucial role. It should be emphasized that under 

different sugar overfeeding paradigms, this pathway appears to be of special importance. The 

relationship between oxytocin neuronal activity and sugar intake has been established (16) 

and this activity can be modified by peripheral administration of an opioid receptor agonist, 

butrophanol tartrate (20). 

 

Complexity of binge eating of sucrose 

 

As the current model does not seem to rely on the activity of the opioid-oxytocin 

pathway within the PVN, the question arises as to what other reward-related molecules 

present in the PVN may participate in binge eating of high-sugar diets. The analysis of the 

Allen Brain Atlas revealed that a number of genes whose functions are still largely unknown 

resemble in their distribution within the PVN and reward areas that of the mu opioid receptor, 

the main target receptor for naltrexone. Although their precise roles are unknown, they may 

be considered as potential candidate genes capable of mediating feeding reward. This is 

obviously a very preliminary list of candidate molecules whose possible involvement in 

feeding reward has to be investigated using a variety of methods, such as analysis of their 

expression levels in response to different feeding regimens or colocalization with other genes 

known to regulate consumption. This effort to search for other genes involved in feeding 

reward seems crucial in light of this study, as opioids clearly do not mediate rewarding 

properties of ingestive behavior under all circumstances. It is particularly important since 

binge eating has more rewarding components than just the flavor of food itself. For example, 

previous studies have shown that rats placed on a scheduled meal regimen of preferred 

tastants develop compulsive eating patterns, and that these eating patterns are so rewarding 

that even when palatable tastants are replaced with bitter tasting foods, binge eating continues 

and some of its rewarding value persists despite the lack of a rewarding flavor (12). 

Furthermore, Olszewski et al. (21) demonstrated that rats subjected to a binge eating schedule 

as short as 20 minutes are still able to consume significantly more of a preferred diet, which 

suggests the presence of a strong motivation component reinforced by both food palatability 

and a scheduled and extremely time-limited nature of a meal. This suggests that the binge 

eating pattern itself relies on a much wider network of genes than investigated thus far.  

 

 Future perspectives 

 

There are obviously numerous physiological factors involved in 

overconsumption of palatable foods in binge eating. The involvement of these factors is 

modified by a vast variety of models of binge eating observed in humans and re-created in 

animal models. Therefore, a search of an effective treatment for binge eating disorder has to 

take into account this variability and, hence, employ diverse approaches. In line with that, it 

has already been indicated that a combination of cognitive behavioral therapy along with a 

balanced diet, and individual-dependent pharmacological and psychopharmacological 

treatment are superior to any single-dimensional therapy (4). 
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4. Materials and methods 

 

4.1. Animals 

 

Mice 

 

Male C57BL/6J mice, weighing ca. 27 g at the beginning of the experiment 

were single-housed in macrolon cages in a climate controlled room with a constant 

temperature (21 °C) and a 12:12h daylight/dark period (lights on at 07:00).  

The animals were meal fed (14:00-16:00) sweet pellets (Bioserv, F0021), caloric 

value = 4.65 kcal/gram, along with drinking solutions of 5 w/v % sucrose (0.2 kcal/ml), 0.05 

% sucralose or 0.1 % saccharin (n=6 for all treatments) for 12 days, to mimic binge eating. 

The mice had access to bland chow (Lactamine, Sweden), caloric value = 3.6 kcal/gram, from 

16:00-09:00, and water was available ad libitum. The food intake as well as fluid intake was 

measured and corrected for spillage.  

 

Rats 

 

Adult male Sprague-Dawley rats, weighing 375 g at the beginning of the 

experiment, were used in the study. The animals were single-housed in wire-mesh cages with 

a 12:12h daylight/dark period (lights on at 07:00) in a climate controlled room with a constant 

temperature (21 °C). Food (high-sucrose powder, for diet composition, see Table 2) was 

presented in jars in home cages for 2 hours a day (from 10:00 to 12:00) for 21 days, water was 

available ad libitum. Food intake was measured and corrected for spillage (dropped powder 

was collected in containers placed under the wire mesh floor). All animal procedures were 

approved by the Uppsala Animal Welfare Committee. 

 
Table 2. 

Composition of the high-sucrose powder and high-cornstarch diet used in the study 

 

Components   Sucrose diet (g per 100 g food) Cornstrach diet (g per 100 g food) 

  (3.89 kcal/g)  (3.89 kcal/g) 

 

 

Casein  20.0  20.0   

DL-Methionine  0.3  0.3  

Corn oil  5.0  5.0 

Corn strach  15.0  65.0 

Sucrose  50.0  0.0 

Vitamin mix
a
  3.5  3.5 

Mineral mix
b
  1.0  1.0 

Choline chloride 0.2  0.2 

Cellulose  5.0  5.0 

     
a, b 

Vitamin mix and mineral mix was purchased from Bio-Serv. 

 

 

4.2. Surgery 

 

The animals used in experiments utilizing naltrexone injections were fitted with 

a single cannula aimed at the PVN. They were anesthetized with Nembutal (40 mg/kg) and 

cannulated unilaterally with a 26 gauge stainless steel guide cannula, positioned 0.5 mm 
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lateral, 1.9 mm posterior to bregma, and 7.3 mm below the skull surface into the PVN. A 

recovery period of at least 7 days was allowed before the experiment was carried out. 

Verification of the cannula placement was performed following the completion of 

experimental trials. The animals were perfused (see section 4.4), the brains were dissected, 

sectioned and the verification was based on the positioning of the guide cannula tract. 

 

3.3. Injectants 

 

Naltrexone (RBI, Natick, MA) was dissolved in the artificial cerebrospinal fluid 

(aCSF) (containing 145 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 1.2 mM NaH2PO4, 26 mM 

NaHCO3, 1.3 mM MgCl2, 10 mM glucose, pH 7.4), in doses of 10 nmol, 30 nmol and 100 

nmol. A control group was injected only with aCSF. Injection volume was 1 microliter and 

the injections were performed with a Hamilton syringe over 30 seconds into the PVN.  

The animals were habituated to injections (by injections with aCSF, 3 sessions 

during the 21 day- period, these injections were unrelated to food intake). Experimental 

injections were given to the animals on day 21 just prior to food presentation. 

  

 

4.4. Slice preparation 

 

Animals were deeply anesthetized with intraperitoneal pentobarbital (100 

mg/kg) injection, followed by perfusion with a fixative consisting of 0.9 % NaCl and 4 % 

paraformaldehyde (Sigma-Aldrich) in 0.1 M phosphate buffer, and the brains were dissected 

out and stored in the aforementioned fixative at 4ºC for 48 h. Using a vibratome ( VT 1000S, 

Leica), the hypothalamus was cut into 75 µm coronal sections and placed in wells with TBS 

(0.139 % Trizma Base (Sigma), 0.606 % Trizma HCl (Sigma) and 0.876 % NaCl in milliQ 

water). 

 

4.5. Immunohistochemical staining 

 

The sections were incubated in 10% methanol 4% hydrogen peroxide in TBS for 

10 min and rinsed 4×10 min in TBS. Next, the sections were incubated in goat polyclonal anti 

c-Fos antibodies (Santa Cruz biotechnology) diluted 1:3000 in supermix (0.25 % gelatin and 

0.5 % Triton X-100 diluted in TBS) for 48 h at 4ºC. The sections were then rinsed in TBS, 

and incubated with secondary antibody biotinylated rabbit anti-goat IgG diluted 1:400 in 

supermix for 1 h at room temperature. After that, sections were again rinsed in TBS and 

incubated in avidine-biotin complex solution (1µl (Novastain kit) diluted in 800 µl supermix) 

for 1 h at room temperature. The sections were rinsed again in TBS stained with a 3.3´ 

diaminbenzidine tetrahydrochloride (Sigma). 

The stained sections were mounted on gelatinized glass slides and analyzed for correct 

cannula placement.  

 

The double immunohistochemical staining for c-Fos and oxytocin was 

performed as described above, with the exception that the concentration of the primary anti-

oxytocin antibody was 1:19000.  It was followed by immunohistochemical detection of 

oxytocin neurons, by counting manually the number of c-Fos positive oxytocin neurons and 

the number of oxytocin neurons lacking c-Fos activity. All antibodies are presented in table 3.  
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Table 3. Antibodies used for immunohistochemical staining 

 

Antigen Antibody  Manufacturer  Label
a
 Dilution

b 

 

 

c-Fos Goat anti-c-Fos antibodies Santa Cruz biotechnology  1:3000 

Goat IgG Rabbit anti-goat IgG (H+L)  Vector laboratories Biotin 1:400 

 antibody   

Oxytocin Rabbit anti-oxytocin AB 911  Chemicon International  1:19000 

 antibody   

Rabbit IgG Goat anti-rabbit IgG (H+L) Vector laboratories Biotin 1:400 

 antibody 

 
a
 NiCl was added to the 3.3´ diaminbenzidine tetrahydrochloride (DAB) solution for the c-Fos staining, to give 

the staining a black/purple color, to distinguish it from the brown oxytocin staining.  
b
 The antibodies were diluted in supermix (section 4.5). 

 

 

3.6. Allen Brain Atlas analysis 

 

Using the Brain Explorer v 1.4, from the Allen Brain Atlas (http://www.brain-

map.org), a list of genes, whose functions are not fully studied and possibly involved in food 

intake control, was derived. The Brain Explorer v 1.4 has a feature (Neuroblast) that makes it 

possible to search for genes that have a similar distribution within the mouse brain as a 

selected gene. The Allen Brain Atlas gene data are derived from in situ hybridization of 

mRNA transcripts of sections of brains of 8 week old male (C57BL/6J) mice (13). I focused 

on genes that had similar distribution patterns as the mu opioid receptors in the PVN. Genes 

that were expressed in all areas in the brain were excluded, as these likely represented 

housekeeping genes, as were genes that had been found to be coding for cytoskeleton 

components. I looked at the expression levels in four different areas in the brain known to be 

major parts of the reward system, namely the nucleus accumbens (ACB), ventral tegmental 

area (VTA), bed nucleus of stria terminalis (BST) and caudate putamen (CP). 
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