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Chronic stress increases susceptibility to food

addiction by increasing the levels of DR2 and

MOR in the nucleus accumbens
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Background: Stress-related obesity might be related to the suppression of the hypothala-

mic-pituitary- adrenocortical axis and dysregulation of the metabolic system. Chronic stress

also induces the dysregulation of the reward system and increases the risk of food addiction,

according to recent clinical findings. However, few studies have tested the effect of chronic

stress on food addiction in animal models.

Purpose: The objective of this study was to identify whether chronic stress promotes food

addiction or not and explore the possible mechanisms.

Method: We applied adaily 2 hrsflashing LED irradiation stress to mice fed chow or

palatable food to mimic the effect of chronic stress on feeding. After 1 month of chronic

stress exposure, we tested their binge eating behaviors, cravings for palatable food, responses

for palatable food, and compulsive eating behaviors to evaluate the effect of chronic stress on

food addiction-like behaviors. We detected changes in the levels of various genes and

proteins in the nucleus accumbens (NAc), ventral tegmental area (VTA) and lateral hypotha-

lamus using qPCR and immunofluorescence staining, respectively.

Results: Behaviors results indicated chronic stress obviously increased food addiction score

(FAS) in the palatable food feeding mice. Moreover, the FAS had astrong relationship with

the extent of the increase in body weight. Chronic stress increased the expression of

corticotropin-releasing factor receptor 1(CRFR1) was increased in the NAc shell and core

but decreased in the VTA of the mice fed with palatable food. Chronic stress also increased

expression of both dopamine receptor 2 (DR2) and mu-opioid receptor (MOR) in the NAc.

Conclusion: Chronic stress aggravates the FAS and contributed to the development of

stress-related obesity. Chronic stress drives the dysregulation of the CRF signaling pathway

in the reward system and increases the expression of DR2 and MOR in the nucleus

accumbens.

Keywords: chronic stress, obesity, food addiction, dopamine receptor 2, mu-opioid receptor,

nucleus accumbens

Introduction
An increasing number of studies have reported that uncontrollable stressful incidents or

chronic stress states can induce obesity. Twomain explanations for the observation that

chronic stress induces obesity have been reported. First, chronic stress induces dysre-

gulation of the hypothalamic-pituitary-adrenocortical (HPA) axis and increases the

metabolic risk factors, such as changes in neuropeptide Y (NPY), insulin, and cortisol

levels, among others.1–3 Peripheral hormone changes induce an abnormal body fat

distribution and body weight gain.4,5 Second, chronic stress induces dysregulation of
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the reward system and increases cravings for palatable

food.6,7 Palatable food comforts individuals in the stressed

state and increases food consumption in response to stress.8,9

However, neither of those hypotheses adequately explain

compulsive eating behaviors in individuals subjected to

chronic stress. During acute severe stress, an increased corti-

cotropin-releasing factor (CRF) level may reverse animals’

appetitive response to palatable food to an aversive response,

whereas people who experience severe stress exhibit an

increased vulnerability to obsessive-compulsive

disorders.10,11 Compulsive eating behavior is the main char-

acteristic of food addiction. Moreover, chronic stress has

recently been shown to result from the development of

a food addiction. Posttraumatic stress disorder symptoms

are associated with an increased risk of becoming overweight

or obese.12 Furthermore, symptoms of posttraumatic stress

disorder are associated with an increased prevalence of food

addiction in a cohort of women.13 Thus, food addiction may

be another important factor contributing to stress-induced

obesity.

Over the past decade, the concept of food addiction has

attracted increasing attention because it has been shown to

have a strong relationship with obesity.14–17 More than half of

the severely obese population meets the diagnostic criteria for

food addiction.17 A higher food addiction score (FAS) results

in a greater body weight gain. In addition, the FAS has been

used as a predictive factor for weight loss.18 These convincing

data suggest that food addiction may be a major cause of

obesity.

Thus, we postulate that chronic stress increases the vul-

nerability to food addiction and subsequently contributes to

stress-induced obesity. In the present study, we verified our

hypothesis and explored the possible mechanisms.

Methods
Subjects
Male C57/BJ mice, 4-week old on arrival (SLAC

Laboratory, Changsha, China), were raised in plastic

cages in a 12-h reverse light cycle with free access to low-

fat food (standard chow containing 10% fat by calories

and 3.28 kcal/g; Academy of Military Medical Sciences,

Beijing, China) and water.

The study was approved by Institutional Animal Care

and Use Committee of both University of the South China

and Fudan University. All procedures were carried out in

accordance with Guidance for Animal Experimentation of

the University of the South China, Guidance for Animal

Experimentation of Fudan University and the Chinese

Guidelines for Care and Use of Laboratory Animals.

Test the effect of acute light stress on

feeding behaviors
Twenty-four mice were divided into three groups: a control

group, a white LED light group and a flashing LED light

group. At 6:00 pm and 12:00 pm, mice were provided with

chow or palatable food. We measured their food intake for 3

hrs. In the first hour, mice in all groups were fed in the dark

and their baseline volume of food intake was measured. In

the second and third hours, mice in the control group were

fed in the dark, mice in the white LED group were fed in the

presence of a white LED light, and mice in the flashing LED

light group were fed in the presence of a flashing LED light.

Food intake was measured hourly.

Test the effect of ultrasound waves on

feeding behaviors and locomotion
The ultrasonic rat repellent sends out ultrasound at three

different frequencies: an electromagnetic wave of 0.8–8 Hz

for an interval of 160 s, an ultrasound wave of 20–50 kHz for

an interval of 80 s and an ultrasound wave of 35 kHz for an

interval of 80 s. The device imitates the vocalizations of

threatened young mice that disturb adult mice and thus

arouses fear and escape behaviors.19 It provides an aversive

feeding environment and disturbs the appetite. Before the

experiment, we conducted preliminary studies to test whether

the ultrasonic rat repellent induced negative effects. Twenty-

four mice were divided into two groups: an ultrasound group

and a control group. Mice in both groups were fed chow or

palatable food in the dark. In the second half hour, mice in

the ultrasound group were exposed to the ultrasonic rat

repellent. Food intake was measured every half hour.

We also performed open-field tests to test the effect of the

ultrasonic rat repellent on spontaneous activities. Animals

were placed in the open field apparatus (Med Associates,

USA) for 30 mins to allow them to acclimate to the environ-

ment. Then, the mice were placed in the open-field system

and the system recorded activity in 10 mins intervals. Their

total distance traveled and time spent in the central area were

recorded to evaluate the effect of the ultrasonic rat repellent.

Effect of chronic stress induced by

flashing LED irradiation on food addiction
After 2 weeks of acclimation, 40 mice were subjected to the

chronic stress experiment. Animals were randomly divided
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into four groups: chow group, fat-bingeing group, chronic

stress/chow group and chronic stress/fat-bingeing group. The

daily food intake of the mice in each group was measured as

the baseline level of energy consumption for the following

week. In order to induce food addiction-like behaviors, we

applied a fat-bingeing protocol, which was previously

reported.20,21 From 6 pm to 8 pm, mice in the fat-bingeing

group and chronic stress/fat-bingeing group were supplied

with palatable food (containing 45% fat by calories and 4.58

kcal/g; Academy of Military Medical Sciences), and mice in

the other groups were supplied with low-fat food. In order to

induce chronic stress effect, we applied a daily flashing LED

light irradiation which was proved to take a negative effect

on feeding behaviors. Mice in the chronic stress/chow group

and chronic stress/fat-bingeing group were exposed to the

flashing LED light source (consisting of an LED array of 3

LEDs, 240–300 lm·s·m −2, colorful flashes converted ran-

domly among seven colors, 1 array/1 cage, Figure 1). Mice in

other groups were fed in the dark.

Throughout the duration of food addiction induction, 2

hrs food intake from 6:00 pm to 8:00 pm, 22 hrs food intake

from 8:00 pm to 6:00 pm, body weight were measured.

Protocol for the food addiction

behavioral tests
After 1-month period of flashing LED-induced chronic

stress, mice in all groups were deprived of food for 24 hrs

to test the food-withdrawal dependence behavior. First, anxi-

ety-like behaviors were tested using the light/dark conflict

test and elevated plus maze test. Then, the palatable food

craving test was conducted with mice in all groups by sup-

plying the animals with palatable food. The 2 hrs palatable

food intake was measured to determine their cravings for

palatable food. After these tests, all mice had 1 day of rest

with access to low-fat food and water. Then, the motivation

for food was evaluated in the dark-light conflict system.

Next, another 24 hrs fast was conducted and compulsive

eating behaviors were evaluated (Figure 1). After these

experiments, the mice were sacrificed, and their brains were

removed for qPCR and immunofluorescence staining.

Anxiety-like behaviors
Elevated plus maze test

The elevated plus-maze test was performed as previously

described.22 The following parameters were used to evaluate

anxiety-related behavior: the percentage of total arm time in

the open arms (ie, 100 * open arm time/(open arm time +

closed arm time)) and the number of entries into the open arm.

Light/dark conflict test

The test was performed as previously described.20 The

following parameters were used to evaluate anxiety-

related behavior: the percentage of total time in the light

box (ie, 100 * light box time/(light box + dark box time))

and the number of entries into the light box.

Binge-like eating test
Binge-like eating behaviors in mice are defined as the con-

sumption of one-third of their normal total daily caloric

intake within 2.5 hrs of palatable food presentation.21 We

measured the palatable food consumption from 6:00 pm to

8:00 pm over 5 days to evaluate the binge-like eating beha-

viors of mice in the chronic stress/fat-bingeing group and fat-

bingeing group. The mean palatable food consumption was

compared with the control group to evaluate the behavior.

Motivation for palatable food
We measured the animals’ cravings for palatable food after

fasting and responding to food signals to evaluate their

motivation for palatable food.

Craving for palatable food after fasting

After the tests of anxiety-related behaviors, mice in each

group were provided palatable food. The energy consumption

in 2 hrs was recorded to evaluate cravings for palatable food.

Figure 1 Schematic of the experiment.

Abbreviation: EPM, Elevated plus maze test.
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Food signal response test

After 24 hrs of rest, mice were placed in the light/dark box for

20 mins and their responses to palatable food were measured

in the dark/light conflict system. Food was placed in

a container and suspended from the ceiling of the light box.

The mice could smell the odor of the food but not touch it.

First, low-fat food was used in the test. When the food was

placed in the apparatus, the mice were allowed to acclimate

to the test environment for the first 5 mins. Videos of the

activity of the mice were recorded for the next 5 mins. The

recorded activity trajectories were analyzed with the Wablab

system. Then, the mice were removed from the apparatus,

and their odor cues were removed. The palatable food seek-

ing motivation test was performed in the next 10 mins, and

the same procedure was used as described above for the low-

fat food. The percentage of total time animals spent in the

light box when palatable foodwas present (ie, 100 * light box

time/(light box + dark box time)) and the difference in the

percentage of total time spent in the light box between

palatable food and low-fat food signals were used to evaluate

the responses to food signals. Both the palatable food craving

and the time spent in the light box were used to evaluate the

motivation for palatable food.

Compulsive eating
Compulsive behaviors are described as compulsive use

despite negative consequences.23 We placed the mice in the

feeding field and exposed them to ultrasonic rat repellent to

model compulsive eating behaviors. The ultrasonic rat repel-

lent sends out ultrasounds with three different frequencies: an

electromagnetic wave of 0.8–8 Hz for an interval of 160 s, an

ultrasound wave of 20–50 kHz for an interval of 80 s and an

ultrasound wave of 35 kHz for an interval of 80 s. The device

imitates the vocalizations of threatened young mice that

disturb adult mice and thus arouses fear and escape

behavior.19 It provides an aversive feeding environment and

disturbs the appetite. After the motivation test, all mice (1

mouse/1 cage) were placed in an open field (16 m2) without

obstacles. The ultrasonic rat repellent was suspended

1 m above the cages, ensuring that each mouse was exposed

to the ultrasonic wave equally. The animals had access to

palatable food for 2 hrs. The energy consumption in 2 hrs was

recorded to evaluate the compulsive eating behavior.

Food addiction score
Previous papers reported excessive intake, heightenedmotiva-

tion for food and compulsive-like eating as the main

parameters to evaluate food addiction-like behaviors in animal

models.21,24 We compared the value recorded for each mouse

with mean value for the mice in the control group (chow

group) to evaluate these parameters. When the value of the

parameter exceeded the mean ±2 SD of the control group, this

value was defined as a positive result. For example, energy

consumption in the binge-like eating behavior test received

a score of 1 point when the value exceeded themean ± 2 SD of

the chow group. Energy consumption recorded in the compul-

sive eating behavior test received a score of 1 point when the

value exceeded the mean ± 2 SD. The FAS for each mouse

was calculated as the algebraic sum of individual scores for

each of these food addiction-like behaviors.

Brain tissue microdissection and qPCR
After all tests, the mice were sacrificed. Their brains were

quickly removed, frozen and stored at −80°C prior to the

PCR analysis. Samples of the nucleus accumbens shell

subregion (NAc-sh), nucleus accumbens core subregion

(NAc-Co), lateral hypothalamus (LH) and ventral tegmen-

tal area (VTA) were microdissected on a freezing micro-

tome. Briefly, the brain was frozen, placed in a tissue-

processing cassette and surrounded with embedding med-

ium. We held the brain with forceps to ensure the proper

horizontal orientation of the brain. The frozen and

embedded brain was sliced using the freezing microtome

in the rostral to caudal direction (Figure 2). We used

a 0.25-mm2 punch to microdissect the shell and core of

the NAc from the brain tissue, as shown in Figure 1B. The

lateral ventricle was used to judge the boundaries of the

core and shell subregions of the NAc. LH and VTA tissues

were dissected using the same methods.

Immunofluorescence staining and cell

counting
Frozen sections from mice in each group were subjected to

immunofluorescence staining to further examine the stress-

induced molecular changes in the NAc. Briefly, rats were

euthanized at 12 weeks by an overdose of anesthesia. The

brains were dissected and postfixed with 4% formaldehyde

for 2 days. After dehydration in a sucrose solution, the

brains were embedded with Leica OCT and then sectioned

at 12-μm thickness. After blocking with serum, sections

were incubated with primary anti-mu-opioid receptor

(MOR) (ab10275, Abcam, USA) and dopamine (DA)

receptor 2 (DR2) antibodies (ARG10779, arigo, China).

Then, the sections were incubated with donkey anti-rabbit
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IgG antibodies to detect DR2 and MOR (ab150075,

Abcam), followed by staining of the nuclei with hematox-

ylin. Images were captured and analyzed using a confocal

microscope (DMRE; SP5 microscope, Leica, Wetzlar,

Germany). Regions of interest were defined bilaterally in

the NAc core and NAc shell (1.0–1.7 mm anterior to the

bregma). The MOR-positive or DR2-positive cells were

quantified using the Image-Pro Plus software package

(Media Cybernetics).

Statistics
The results are presented as mean ± SEM. During the

period of addiction-like behavior induction, food intake

data are reported as the daily energy consumption on

the odd days of the consecutive 30 days. One-way

ANOVA tests were used to detect differences in 2

hrs consumption and 24 hrs consumption of each

group in the consecutive 30 days to assess the changes

in energy consumption over time. Two-way ANOVA

with Bonferroni’s post hoc tests were used to detect the

differences in the trends of energy consumption

between two groups. Parametric data, including the

FAS, the body weight increase, qPCR results and the

percentage of positive cells were analyzed using

Student’s independent sample t-test and the Wilcoxon

signed-rank test. Both logistic regression and linear

regression methods were used to analyze the relation-

ship between the FAS and body weight increase.

GraphPad Prism v 6.0 (GraphPad Software, San

Diego, CA, USA) was used for the statistical analyses.

Results
Stress promotes the daily consumption of

palatable food
Stress induced by an acute white LED light with an

intensity of 300 lm·s·m −2 decreased palatable food

consumption, but the animals became habituated to this

stress (Figure 3D). However, the effect was longer last-

ing when mice were exposed to a flashing LED light.

Thus, we applied the flashing LED light with an inten-

sity of 300 lm·s·m−2 as the chronic stressor in the

chronic stress experiment. We measured the daily 2

hrs food consumption from 6:00 pm to 8:00 pm and

24 hrs food consumption over 30 consecutive days. In

the first 5 days, Flashing LED stress decreased food

consumption both in mice fed chow and palatable food

(Figures 4 and 5). On the following days, the animals

Figure 2 Schematic of the brain tissue microdissection for qPCR tests. (A) The frozen and embedded brain was sliced into sections from the rostral to caudal direction

using a freezing microtome. When the slice was at the level of the target nucleus, a 0.5*0.5*0.5 mm3 tissue was dissected from the corresponding nucleus. The locations of

the nucleus accumbens, LH and VTA are displayed in the right panels of Figure 2A. (B - D) Locations of the nucleus accumbens shell and core (Figure 2B), LH (Figure 2C),

and VTA (Figure 2D) in the coronal plane. LH, lateral hypothalamus; LV, lateral ventricle; NAc, nucleus accumbens; Shell, nucleus accumbens shell; Core, nucleus accumbens

core; VTA, ventral tegmental area.
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became habituated to the stressor. However, the effect of

the stressor on the chronic stress/fat-bingeing group did

not disappear. Mice in the chronic stress/fat-bingeing

group consumed more palatable food after 20 days.

Mice in the fat-bingeing group and chronic stress/fat-

bingeing group tended to consume more palatable food

in the 2 hrs palatable food consumption test, but the

mice in the chow group and chronic stress/chow group

did not change their food consumption (Figures 4 and

5). However, only the mice in chronic stress/fat-

bingeing group exhibited an increasing trend in 24

hrs food consumption.
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Figure 3 Stress induced by an acute flashing LED light decreased the consumption of both chow and palatable food. (A) Effect of LED (with lihgt intensity of 100 lm/s) stress

on chow food intake; (B) Effect of LED (with lihgt intensity of 100 lm/s) stress on palatable food intake; (C) Effect of LED (with lihgt intensity of 300 lm/

s) stress on chow food intake; (D) Effect of LED (with lihgt intensity of 300 lm/s) stress on palatable food intake. * denotes significant differences compared with the

control group (*P<0.05).
Abbreviation: LED, Light Emitting Diode.
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Flashing LED stress aggravates

anxiety-like behaviors

We conducted an anxiety behavior test to measure the

effect of the chronic stressor. The flashing LED stressor

exerted a long-lasting effect on the anxiety behaviors

(Figure 6). Although significant differences in the light/

dark conflict test were not observed between groups, the

mice in chronic stress groups showed anxiety-like beha-

viors in the elevated plus maze test.

Palatable food induces binge-like eating

behaviors, but chronic stress enhances

the outcome
After interment palatable food feeding from 6:00 pm to 8:00

pm, 1 of 10mice in the fat-bingeing group exhibited binge-like

behaviors, while 2 of 10mice in the chronic stress/fat-bingeing

group exhibited these behaviors. No mice in other groups

exhibited binge-like eating behaviors. However, mice in the

chronic stress/fat-bingeing group consumed excess amounts

of palatable food compared with the other groups (Figure 7).

Motivation for palatable food increases in

the fat-bingeing models, but chronic

stress enhances the outcome
In the present study, we measured food signal response and

the palatable food cravings to evaluate the motivation for

palatable food. We used two types of food signals in the food

signal response test: palatable food and chow food. Food

signal can attack mice to seek for food (Figure 8A). Mice

spent different amounts of time in the light box in the pre-

sence of different food signals. When animals were exposed

to chow signal, no significant differences in the time spent in

the light box and the number of shuttles from the light and

dark boxes were observed between the different groups.

However, when the mice were exposed to the palatable

food signal, the mice in the fat-bingeing group and chronic

stress/fat-bingeing group spent more time in light box where

the palatable food was located (Figure 8B-C). The data

indicated that mice with fat-bingeing always increased

responding for palatable food than control group. After

a 24 hrs fast, the mice in all groups were provided palatable

food to measure their cravings for palatable food. Mice in the

chronic stress/fat-bingeing group consumed more palatable

food than the control group (Figure 8D). The data indicated

that chronic stress and repeated palatable food feeding co-

enhanced palatable food craving. The time spent in the light

box in the presence of palatable food signal, but not the chow

signal, exhibited a strong relationship with the craving for

palatable food (Figure 8E and F).

Chronic stress aggravates compulsive

eating behaviors in mice fed palatable

food
The ultrasonic rat repellent used in the present study

sends out ultrasound waves with frequencies of 20–50

kHz and exerts negative effects on both food intake and

locomotion. The ultrasound wave decreased the intake

of both chow and palatable food (Figure 9A and B).

Moreover, the mice exposed to the ultrasound wave

exhibited anxiety behaviors, as evidenced by less time

spent in the central of the open field, although the

distance traveled increased (Figure 9C and D). Thus,

our present study applied this method to evaluate com-

pulsive eating behaviors. In the compulsive eating beha-

vior test, chronic stress aggravated compulsive eating

behavior in fat bingeing mice (Figure 9E). In addition,

food consumption in the presence of the ultrasound
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wave might predict the severity of food addiction. We

analyzed the relationship between the FAS and palatable

food consumption in the presence of the ultrasound

wave. The results revealed a positive correlation

between the FAS and compulsive eating. Mice with

a higher FAS consumed more palatable food in the

compulsive behavior test.

Food addiction score and body weight

increase
In the present study, acute stress decreased the body weight

of mice in chronic stress/chow group and chronic stress/fat-

bingeing group during the first few days. Over the following

days, mice appeared to habituate to the stressor. However,

the body weight of mice fed palatable food while exposed

to chronic stress appeared to increase faster than mice in the

other groups (Figure 10A). Chronic stress promoted the

progression of obesity in the fat-bingeing groups.

We compared the test results for each mouse with the

reference range defined as the mean value ±2 SD of the

control group (chow group) to evaluate food addiction.

Chronic stress aggravated FAS in fat bingeing mice

(Figure 10A). Additionally, the FAS was positively corre-

lated with the increase in body weight (Figure 10C). The

mice with high FASs exhibited a greater increase in body

weight.

CRFR1, DR2 and MOR mediated the

effect of chronic stress on food

addiction-like behaviors
We assessed the expression of the CRF1 mRNA in the

NAc core and shell, LH and VTA to investigate the mole-

cular changes induced by chronic stress. Chronic stress-

induced dysregulation of the CRF system. The expression

of the CRF receptor 1 (CRFR1) mRNAwas upregulated in

the NAc shell and core, whereas its expression was down-

regulated in the VTA in the both chronic stress/chow

group and chronic stress/fat-bingeing group (Figure

11A–D). CRFR1 expression was also increased in the

LH of the chronic stress/fat-bingeing group. CRFR1
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expression was also downregulated in the NAc shell of the

fat-bingeing group.

The expression of DR1 and DR2 in the NAc andMOR in

the NAc, LH and VTA of mice in each group was measured

to assess addiction-related changes (Figure 12A–H). DR1

expression was not significantly different among the groups.

DR2 expression was upregulated in the NAc core of the

chronic stress/chow and chronic stress/fat-bingeing groups,

while it was downregulated in the NAc shell of the fat-

bingeing group compared with expression in the mice in

the chow group. MOR expression was upregulated in the

NAc core of the chronic stress/chow group and chronic

stress/fat-bingeing group but was downregulated in the

NAc shell. No significant difference in MOR expression

was observed in LH and VTA among groups.

We also performed immunofluorescence staining to further

assess the changes in the levels of these molecules in the NAc.

DR2s were abundantly distributed from the shell to the core of

the NAc, while the MOR was mainly expressed in the NAc

shell (Figure S1 and S2). In the present study, we determined

the number of positive cells in the slices from each group of

mice. Chronic stress increased the expression of DR2 in the

NAc shell and core in the fat-bingeing mice, but not mice fed

chow (Figures 13 and 15). However, MOR expression was

increased in the NAc of mice in both the chronic stress/chow

and chronic stress/fat-bingeing groups (Figures 14 and 15).

Discussion
Although multiple studies have reported that chronic stress

is a critical risk factor for obesity,25–27 the present study

verified the results from the perspective of food addiction.

Chronic stress promoted the development of food addic-

tion and contributed to the development of obesity.

Chronic stress not only aggravated the binge eating beha-

viors but also compulsive eating behaviors. Moreover, the

animals’ motivation for palatable food increased after

exposure to chronic stress while feeding. These feeding-

related behaviors are the main features of food addiction.

Chronic stress obviously increased the FAS and promoted

the development of obesity in the mice fed palatable food.

Although palatable food comforts stressed individuals

and mice exposed to stress selectively consume palatable

food, the explanations are not as simple.8 Mice exposed to

acute stress decreased rather than increased their intake of

palatable food in our study. However, mice exposed to

chronic stress increased their intake of palatable food.

The process underlying the shift from decreased to

increased intake depends upon adaptations in the reward

circuitry in the brain.28 When animals are exposed to

severe stress, dysregulated DA release and CRF in the

reward circuitry drives the switch in the appetitive

response to palatable food to an aversive response.29

When repeatedly exposed to a stressor, mice gradually
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habituated to the stressor and their food consumption was

restored. Mice selectively increase their response to pala-

table food cues following chronic stress.30 In addition,

chronic stress exposure enhances vulnerability to cue-

induced relapse.31 Thus, mice selectively enhance their

motivation for palatable food after repeated stress expo-

sures. The dysregulation of the reward system increases

vulnerability to palatable food dependency. The shift from

acute stress to chronic stress reflected the process of dys-

regulation of reward system in the brain and also the

development of food addiction.

The shift from acute stress to chronic stress also

studied extensively in clinical studies.2 Acute stress

induces hyperactivity of HPA-axis but patients in

chronic stress exhibited hypoactivity of HPA-axis.

Dysregulation of HPA activity is critically responsible

for the stress-inducing obesity.3 Population with HPA-

axis hypoactivity always exhibited a worse metabolic

problems and obesity whereas chronic depression

patients with HPA-axis hyperactivity do not suffer

from metabolic disorders.2 Thus, the status of HPA-

axis activity might be related with scale of obesity

and metabolic. However, studies also indicated the

relationship between HPA-axis activities and

addiction.32,33HPA activity in some level reflects the

risk of addiction.33 Therefore, dysregulation of HPA-

axis contributes to the development of food addiction.

Recent studies also indicated that chronic stress drives

the dysfunction of the motivational system mediated by

the HPA-axis.34 The release of CRF from the hypothala-

mus also plays a critical role in the regulation of reward,

motivation, and cravings for foods.29,35 CRF regulates
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the release of DA in the NAc, which is involved in

processes of reward, motivation and other important

pathways relevant to food intake.29 However, severe

stress abolishes these effects.29 CRFR1 is considered

the primary receptor mediating stress-related psycho-

pathologies and thus is thought to be responsible for

stress-induced eating and cravings. Based on our results,

chronic stress downregulated the expression of CRFR1 in

the VTA, in which the majority of DA neurons project to

the NAc. In contrast, CRFR1 expression was upregulated

in the NAc shell and core and LH. Interestingly, different

nuclei exhibited different responses to chronic stress. We

presume that these nuclei might receive regulatory infor-

mation from both CRF and glucocorticoids (GCs). GCs

might further regulate the expression of CRFR1; GCs

might induce a negative feedback regulatory mechanism

in the VTA might to modulate CRF expression in the

PVN, while the LH and NAc receive positive feedback

regulation.

We also detected MOR expression in the NAc, LH and

VTA and found that changes in MOR expression might be

one of the possible mechanisms involved in the effects of

chronic stress. Chronic stress increased MOR expression

in both mice fed chow and palatable food. Thus, the

changes in MOR expression appear to be relevant to

chronic stress. MOR expression increases endogenous

opioid release in the NAc and subsequently increases the

motivation for the reward. In the stressed environment,

palatable food counters the negative mood.8 Repeated

stimulation drives the motivation for the palatable food.

The upregulation of MOR has been shown to excite dopa-

minergic neurons and contribute to the development of

behavioral sensitization.36 The possible relationship and

molecular mechanisms should be investigated in future

studies.

Chronic stress decreased DA release from the VTA

following repeated exposure to palatable foods. Thus, we

examined the levels of DA receptors in the NAc shell and
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core. DR2 expressed in the NAc core, but not the shell,

participates in the regulatory effects of chronic stress.

DR2 are required to regulate the process of food addic-

tion. Downregulation of DR2 occurs in both the obese

and food addiction models.37,38 A reduction in the DR2

level increases vulnerability to addiction. Knockdown of

striatal DR2 promotes the development of food addiction-

like behaviors.37 The mice in the fat-bingeing group

exhibited similar behaviors. However, DR2 expression

was upregulated in the stress/fat-bingeing group, which

were exposed to chronic stress and provided repeated

access to palatable food. Other relevant studies reported

similar results.39–43 Chronic stress increases DAT binding

in the striatum39 and NAc,40 as well as DR2 levels in the

PFC.44 In contrast, knockout of DR2 in the NAc core

suppresses chronic stress-induced cocaine behavioral

sensitization, drug seeking and relapse behaviors.45 The

results may seem paradoxical. However, our results

might account for the apparent discrepancy. Stress-

coupled addiction might be a different aspect of these

behaviors. Traditional addiction models, similar to the

condition of the consumption of palatable food by mice

in our study, provide the repeated palatable foods or

drugs to induce behavioral sensitization. These repeated

reward signals result in decreased DA levels in the NAc,

and chronic stimulation results in the downregulation of

DR2 and the loss of synaptic plasticity. The underlying

mechanisms may involve the continuous decrease in

cAMP levels after DA receptor binding to a ligand.

However, chronic stress produces the opposite effect. In

the present study, chronic stress increased CRFR1

expression. The binding of CRFR1 to CRF increases

Ca2+ and cAMP levels.34 In addition, chronic stress

increases dopaminergic transmission and DR2 expres-

sion. Considering the evidence described above, we pos-

tulate that stress-coupled food addiction involves

different mechanisms. The present study did not detect

changes in DR1 levels in the NAc, although a previous

study indicated that DR1 is possibly involved in the

process of chronic stress.30
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In addition of CRF, changes of peripheral hormone

induced by dysregulation of HPA-axis might be also

responsible for the changes of reward system.46 Stress

increases levels of peripheral corticosterone and GC.4

This elicits high expressions of NPY, which is a well-

known peripheral orexigenic hormone and increases

feeding.4,46,47It could regulate motivation for palatable

foods its receptors extensively expressed in hypothala-

mic and extrahypothalamic regions.48 Central DA

could regulate expression of peripheral NYP through

DAR–PI3K–NF- kappa B signaling pathway in the

hypothalamus.49 Peripheral NYP also elicits changes

of opioid receptors to increase motivation for

foods.47,50 Chronic stress could reduce NYP expressing

GABAergic neurons densities in orbitofrontal cortex51

and hippocampus and seral other regions in the brain.52

Loss of inhibitory control of GABAergic neurons con-

tributes to development of impulsivity diseases53 which

also exists in food addiction.20 Therefore, NYP might

be another potential mechanism involved in food

addiction although it was not studied in the present

research.

In the present study, we initially applied the ultrasonic

rat repellent to produce a negative effect and evaluate

compulsive eating behaviors. The method did not affect

feeding behavior in itself, which is unusual, as previously

Figure 13 Images of immunofluorescence staining show DR2-positive cells in the slices from each group.

Figure 14 Images of immunofluorescence staining show MOR-positive cells in the slices from each group.
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reported methods such as shock and acupuncture alter feeding

behaviors. Previous methods always induce bodily injury and

passively inhibited feeding behaviors.54 This situation does

not simulate the relationship between feeding and chronic

stress in humans. Humans employ an active feeding process.

When humans are exposed to severe stress, they always

actively intake more or less food but are not disturbed pas-

sively in response to bodily injury. Instead, the ultrasonic rat

repellent did not disturb limb activities but aroused fear and

escape behaviors by sending out ultrasound waves with fre-

quencies of 20–50 kHz. Mice in the present study that were

exposed to the ultrasound waves exhibited anxiety behaviors,

although their locomotion increased. Thus, the ultrasonic rat

repellent produced the alarming effect that prompted the mice

to escape from the stimulus. The effect was also reported

previously.19 When mice received a harmful stimulus or

were exposed to aversive situations, such as predator exposure

and fighting or during drug withdrawal,55 they also emit

20–25-kHz ultrasound signals.56 When the recording of ultra-

sound signals is played back to rats, they exhibit freezing

behaviors, which is a common response to distal threatening

stimuli.56 The uncomfortable signal received by the sensory

organ likely produces alarming signals and disturbs feeding.

Ultrasound signals decreased the intake of both chow and

palatable food. Based on these findings, we applied this

method to evaluate compulsive eating behaviors. The intake

of palatable food by mice exposed to the ultrasound wave

predicted the FAS. When mice consumed a greater amount of

palatable food in the compulsive eating test, they presented

a higher FAS. In addition, the ultrasonic vocalizations of mice

are regulated by the reward system.55,57,58 Dysregulation of

the reward system in subjects with addiction-related diseases

might blunt ultrasound signals. This method appears to be

suitable to detect the sensitivity of the reward system to

respond to harmful or helpful stimulus. Therefore, the assess-

ment of food consumption during exposure to an ultrasound

wave might be a useful and easily manipulatable method to

evaluate compulsive eating behaviors. However, the present

study did not assess the underlying mechanisms. Future stu-

dies should be designed to study this new method.
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shell in fat-bingeing feeding mice. (B) Chronic stress increased DR2 of NAc-core in fat-bingeing feeding mice. (C) Chronic stress increased MOR of NAc-shell both in chow

food feeding mice and fat-bingeing feeding mice. (D) Chronic stress increased MOR of NAc core in fat-bingeing feeding mice. *denotes significant differences in daily food

intake between the fat-bingeing group and chow group, and # denotes significant differences between the fat-bingeing group and chronic stress/fat-bingeing group (*P<0.05,
##P<0.01; ###P<0.001).
Abbreviations: NAc-shell, nucleus accumbens shell; NAc-core, nucleus accumbens core; DR2, dopamine receptor 2; MOR, mu-opioid receptor.
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Supplementary material

Figure S1 Images showing DR2 immunofluorescence in various ROIs in brain sections.
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Figure S2 Images showing MOR immunofluorescence in various ROIs of the brain slices.
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