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Abstract—Binge eating is defined by the consumption of an

excessive amount of food in a short time, reflecting a form of

hedonic eating that is not necessarily motivated by caloric

need. Foods consumed during a binge are also often high

in fat and/or sugar. Ghrelin, signaling centrally via the

growth-hormone secretagogue receptor (GHSR), stimulates

growth hormone release and appetite. GHSR signaling also

enhances the rewarding value of palatable foods and

increases the motivation for such foods. As ghrelin interacts

directly with dopaminergic reward circuitry, shown to be

involved in binge eating, the current studies explored the

role of GHSR signaling in a limited access model of binge

eating in mice. In this model, mice received either intermit-

tent (INT) or daily (DAILY) access to a nutritionally complete

high-fat diet (HFD) for 2 h late in the light cycle, alongside

24-h ad libitum chow. In CD-1 mice, 2-h exposure to HFD

generated substantial binge-like intake of HFD, as well as

a binge-compensate pattern of 24-h daily intake. INT and

daily groups did not differ in 2-h HFD consumption, while

INT mice maintained stable intake of chow despite access

to HFD. GHSR knock-out (KO) and wild-type (WT) mice both

binged during HFD access, and exhibited the same binge-

compensate pattern. INT GHSR KO mice did not binge as

much as WT, while DAILY KO and WT were comparable.

Overall, GHSR KO mice consumed fewer calories from

HFD, regardless of access condition. GHSR KO mice also

had reduced activation of the nucleus accumbens shell,

but not core, following HFD consumption. These data

support the ability of INT HFD in mice to induce a binge-

compensate pattern of intake that emulates select compo-

nents of binge eating in humans. There also appears to be

a role for GHSR signaling in driving HFD consumption under

these conditions, potentially via mediation of reward-related

circuitry. � 2016 IBRO. Published by Elsevier Ltd. All rights

reserved.
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INTRODUCTION

Binge eating is defined by the consumption of an

excessive amount of food in a short time frame and is

often associated with a sense of loss of control over the

ability to cease eating once nutritional needs have been

met (APA, 2013). Binge eating, therefore, reflects a form

of hedonic eating that is not motivated by the necessity for

calories or specific macronutrients, and is likely to be reg-

ulated in part by mesolimbic reward circuitry (Davis et al.,

2009; for a review, see Bello and Hajnal, 2010). In support

of this view, it is most often highly-palatable and energy-

dense foods that are consumed during a binge episode

(Kales, 1990; Elmore and DiCastro, 1991), and consump-

tion of such foods are known to influence the short- and

long-term plasticity of both homeostatic and brain reward

circuitry (Bello et al., 2009; Johnson and Kenny, 2010).

The precise mechanisms underlying the eating behavior

seen in individuals that binge eat remain poorly under-

stood. Identifying the factors that contribute to binge eat-

ing in both normal weight and obese binge eating disorder

(BED) models, components of which may be dissociable,

will aid in the understanding of the disorder and ideally

improve treatment options for those that binge eat.

A number of animal models of binge-type eating have

been developed (Corwin et al., 1998; Boggiano et al.,

2007; Berner et al., 2008; Bello et al., 2009; Lardeux

et al., 2013; Bake et al., 2014a). The limited access

model, first demonstrated in rats by Corwin et al.

(1998), is used to elicit binge-like consumption and alter

patterns of fat intake that emulate select components of

eating behaviors seen in humans with BED. This model

is based on findings which show that restricting access

to a substance can reliably enhance intake when that sub-

stance again becomes available (Wayner and Fraley,

1972; Pinel and Huang, 1976; Corrigall and Coen,

1989), and is thought to partially underlie the repeated

failures of dieters who attempt to self-restrict intake of

energy dense foods. In this model, rats placed under time

restricted and sporadic access to fat demonstrate a

binge-compensate pattern of feeding, such that they con-

sume a greater number of calories on access days, and a

reduced number of calories on non-access days relative

to the control group who do not receive fat (Corwin

et al., 1998). While this model does not accelerate the
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development of obesity in all studies, it can alter patterns

of intake and dietary composition, which may be reflected

in changes in endocrine function and central nervous sys-

tem activation.

Recent studies examining the impact of intermittent

(INT) but regularly scheduled, and therefore predictable,

access to high-fat diet (HFD) found that rats with INT

access exhibit a number of metabolic consequences,

such as impaired glucose tolerance, increased insulin

levels and increased fat mass, relative to controls (Bake

et al., 2014b). Interestingly, the lack of alterations in both

orexigenic and anorexigenic peptide gene expression in

the arcuate nucleus of the hypothalamus (ARC) prior to

scheduled HFD or sucrose access in mice and rats, sug-

gests that alternate mechanisms may be involved in the

regulation of such binge-eating behavior (Bake et al.,

2013). The excessive intake under such access condi-

tions may be driven by reward systems that supplant

the hypothalamic homeostatic control of feeding. Rats

allowed INT scheduled access to a sweet-fat mixture

not only consumed more food, but also exhibited higher

terminal ghrelin levels as compared to rats with continu-

ous access (Bello et al., 2009), suggesting that ghrelin

signaling may play a role in increasing consumption of

the palatable food when access is restricted. Elevated

ghrelin levels have also been found in rats that developed

binge-like eating when exposed to chow followed by a

sweet-fat mixture subsequent to 2 h of daily food depriva-

tion (Cottone et al., 2008).

Ghrelin, is a 28-amino acid peptide that is produced

primarily by endocrine mucosal cells in the stomach

(Kojima et al., 1999; Date et al., 2000) and its predomi-

nant functions include the stimulation of growth hormone

release and the regulation of food intake and energy bal-

ance, both in the short- and long-term (Cummings, 2006).

Ghrelin plays a role in meal initiation by peaking just prior

to a meal in schedule fed humans and rodents

(Cummings et al., 2001; Drazen et al., 2006). Elevated

levels of ghrelin also result in a greater accumulation of

body fat stores and a concomitant reduction in physical

activity, leading to increased weight gain and reduced

basal metabolic rate (Tschop et al., 2000). Ghrelin binds

to the growth-hormone secretagogue receptor of the 1A

subtype (GHSR; Howard et al., 1996), present at appre-

ciable levels in widespread regions of the rat and mouse

brain as detected by in situ hybridization (Guan et al.,

1997; Zigman et al., 2006). Outside of ghrelin’s actions

on homeostatic nuclei in the ARC (for review see

Horvath et al., 2001; Abizaid and Horvath, 2008), ghrelin

exerts a substantial influence on reward circuitry (for

review see: Abizaid and Horvath, 2008; Abizaid, 2009;

Dickson et al., 2011; Skibicka and Dickson, 2011a,

Perello and Dickson, 2015). Both systemic and direct ven-

tral tegmental area (VTA) ghrelin administration enhances

the release of dopamine (DA) in the nucleus accumbens

(NAcc) (Abizaid et al., 2006; Jerlhag et al., 2006, 2007)

and increases excitatory inputs onto VTA DA producing

cells that co-localize with GHSR (Abizaid et al., 2006).

Ghrelin administration also increases the rewarding value

of highly palatable food (Egecioglu et al., 2010; Perello

et al., 2010) as well as the motivation to work for such
foods (Skibicka et al., 2011b, 2012; King et al., 2011).

Given the ability of ghrelin to interact directly with

dopaminergic reward circuitry known to be involved in

binge eating, it could potentially be involved in the devel-

opment of binge eating behaviors generated by INT

access to highly palatable foods in mice.

To date, the role of ghrelin in binge eating in humans

has been equivocal. An early study implicated the

presence of the Leu72Met variant of the ghrelin gene in

the development of BED in a small cohort of human

subjects (Monteleone et al., 2007). Additional studies

have reported that plasma ghrelin is reduced in obese-

BED individuals (Geliebter et al., 2005; Monteleone

et al., 2005) as well as in those with a higher frequency

and severity of binge-purge behaviors (Troisi et al.,

2005). Interestingly, the post-prandial suppression of

ghrelin is also attenuated in obese-BED populations

(Geliebter et al., 2005), which may reduce the satiating

effect of a meal and may contribute to over-eating in the

short term. It is currently unknown whether ghrelin signal-

ing in normal-weight populations of humans or rodents is

important for the development of binge eating on high-fat

foods.

We initially set out to establish whether the limited

access model utilized in rats (Corwin et al., 1998; Davis

et al., 2007) would be reproducible in mice using a nutri-

tionally complete HFD. In Experiment 1, we hypothesized

that subjecting adult male mice to a limited access model

of HFD, allowing access for 2 h per day 3 times a week,

would elicit a binge/compensate pattern of caloric intake,

relative to both mice fed a HFD for 2 h daily and chow-fed

controls. Given ghrelin’s central role in driving food intake

and enhancing food reward, in our second experiment we

hypothesized that mice lacking intact ghrelin receptors

(GHSR-KO) would exhibit an attenuated binge-like pat-

tern of eating typically demonstrated under this access

schedule in wild-type (WT) rodents. We also examined

differences between the mice in terms of neuronal activa-

tion in reward-related brain regions using c-Fos

immunohistochemistry.
EXPERIMENTAL PROCEDURES

Animals
Experiment 1. Twenty adult male CD-1 mice (Charles

River, St. Constant, QC) weighing 35–45 g were housed

individually in a temperature and humidity controlled

vivarium with a 12:12 light/dark schedule (Lights on:

07:00 to 19:00). All mice had ad libitum access to water

and nutritionally complete standard laboratory chow

(Teklad Global 14% Protein Rodent Maintenance Diet

2014, Harlan Laboratories, Madison, WI, USA; percent

of kilocalories derived from fat: 13, protein: 20,

carbohydrates: 67; 2.9 kcal/g) for the duration of the

study. After one week of acclimatization to the vivarium

environment, bodyweight and food intake were

measured for 7 days to serve as a baseline. At the end

of the baseline period, mice were given access to a

nutritionally complete HFD overnight (Open Source
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Diets, D12492; Research Diets, Inc., New Brunswick, NJ;

percent of kilocalories from fat: 60, protein: 20,

carbohydrates: 20; 5.24 kcal/g). Mice were exposed to

HFD overnight to prevent neophobia toward the diet, as

well as to eliminate any mice that did not consume any

HFD during the overnight exposure period. Two groups

were matched by body weight and overnight HFD

consumption and assigned to either (1) DAILY (n= 9);

or (2) INT (n= 10) access to HFD for the remainder of

the experiment.

Experiment 2. To determine whether a lack of GHSR

signaling would either hinder the development or reduce

the magnitude of binge-like consumption of a HFD

under an INT access schedule, we used mice sustaining

an in-frame deletion of the ghsr gene which was

replaced with a LacZ reporter gene (n= 18; GHSR

KO), and their WT littermates (n= 18; GHSR +/+),

originally crossed onto a C57BL/J6 � DBA background,

and subsequently backcrossed onto a C57BL/J6

background strain. Mice were originally obtained from a

colony at Yale University as a kind gift from Dr. Tamas

Horvath and derived from founder strains created at

Regeneron Pharmaceuticals (Tarrytown, NY, USA).

Baseline measurements and overnight HFD exposure

were conducted as outlined in Experiment 1. However,

two-thirds of the mice matched on 3-day chow

consumption and overnight HFD intake were

subsequently divided into 4 experimental groups: (1) KO

DAILY and (2) WT DAILY, given access to the HFD for

2 h beginning at 15:30 each afternoon; (3) KO INT and

(4) WT INT, given access to HFD for 2 h beginning at

the same time as in the DAILY group, but only on

Monday, Wednesday and Friday (M,W,F). The

remaining mice formed two control groups, receiving

HFD only during the initial overnight exposure period,

but strictly ad libitum chow over the course of the

experiment (1) Control KO (n= 6) and (2) Control WT

(n= 4). All procedures were approved by the Canadian

Council on Animal Care (CCAC) and the Carleton

University Animal Care committee.

Limited access model

Mice were allowed ad libitum access to standard chow

throughout the course of the experiments. Food intake

and body weight were measured daily. For four weeks

(Experiment 1) or six weeks (Experiment 2), mice were

given either daily access to the HFD (DAILY) composed

of 60% kilocalories (kcal) from fat for two hours

beginning at 15:30, or were given access to the diet

only 3 times per week, (INT; MWF) at the same time of

day. HFD was placed in small glass flat-bottomed bowls

in the home cage of the mice on the days that they

were scheduled to receive the HFD. The amount of

HFD consumed during the 2-h period was recorded. At

the time of HFD removal, the bottom of the cage was

examined to ensure that no spillage was left

unrecorded, potentially inflating KCAL intake during this

period. We used a 4-week paradigm in Experiment 1 to

determine if this length of exposure would be sufficient

to induce binge-like feeding in mice. In designing
Experiment 2, we hypothesized that GHSR KO mice

may binge less than WT within a 4-week period, but that

given the opportunity, may eventually match intake seen

in WT, and therefore Experiment 2 was designed to be

6-weeks in length.

Immunohistochemistry
Experiment 2. One hour following their last exposure

to HFD, mice were injected with a lethal dose of

Dorminal (1 mg/kg i.p.; CDMV, Quebec, Canada) and

perfused transcardially with 0.9% saline, followed by 4%

paraformaldehyde. Brains were then extracted and post-

fixed in 4% paraformaldehyde for 24 h, followed by

submersion in a 30% sucrose solution (w/v) prior to

sectioning for cryoprotection. Forty micrometer sections

containing the NAcc core and shell regions (Figs 18–22,

Paxinos and Franklin, 2001) were sliced at �21 �C on a

Thermoscientific Cryostat. Sections were placed into

wells containing 0.1 M phosphate buffer and every sixth

section was subsequently processed for c-FOS IR using

a standard immunohistochemical detection protocol simi-

lar to what has been outlined previously (Abizaid et al.,

2005). Briefly, free-floating sections were washed in

0.1 M phosphate buffer (PB, pH 7.4), followed by incuba-

tion in a quenching solution (PB and 1% H2O2) at room

temperature (RT) for 30 min. Sections were then rinsed

in PB and incubated at RT for 1 h in a blocking solution

comprised of 0.3% Triton-X and bovine serum albumin

(BSA) in PB. Sections were then incubated for 48 h at

4 �C in a FOS-anti-rabbit primary antibody (Oncogene

Science, Boston, MA, USA; 1:20,000) solution containing

Triton-X and BSA. Sections were then rinsed in PB and

incubated in a biotinylated IgG secondary antibody (don-

key anti-rabbit; Jackson ImmunoResearch Laboratories

Inc., Westgrove, PA, USA; 1:250) for 1 h, followed by

an avidin–horseradish peroxidase complex (ABC Elite

Kit, Vector laboratories, Burlington, ON, Canada; 1:500)

and reacted with 0.05% diaminobenzidine and 0.03%

H2O2 (DAB, Sigma Aldrich, St. Louis, MI, USA) for

10 min, resulting in a dark brown staining of c-FOS-

positive nuclei. Sections were then mounted on gel-

coated slides, dehydrated in a series of graded alcohol

concentrations and submersed in Clearene (Surgipath).

Slides were then cover-slipped using Permount (Fisher

Scientific, Ottawa, ON, Canada). A control group of mice

not receiving HFD throughout the experiment served as a

comparison group.

Two to three coronal sections obtained from each

mouse were examined to quantify c-Fos IR. All photos

were taken under a 10� objective lens using standard

bright-field microscopy on an Olympus BX51

microscope (Olympus Canada, Markham, ON, Canada)

attached to an Olympus (DVC 2000C) camera, using

Stereo Investigator 8 software (MBF Bioscience,

Williston, Vermont, USA). The quantification of c-Fos IR

was conducted using the Image J64 software (NIH

freeware). C-Fos-positive cells were counted bilaterally

in the NAcc. The counts reported are the mean (±

standard error of the mean (SEM)) percent of control

mice for each group.
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Statistical analyses
Experiment 1. To examine the patterns of intake

across time, food intake data were analyzed using a

two-way repeated measures ANOVA (day � access

group) followed by Bonferroni corrected post hoc tests,

where overall differences were found. Independent

sample t-tests were conducted on data examining

overall means.

Experiment 2. Data were analyzed using either a two-

way ANOVA (genotype � access schedule) or a repeated

measures two-way ANOVA (day � genotype � access

schedule), where appropriate. Where a significant

overall difference was detected, follow up multiple

comparisons using the Bonferroni correction were

performed. All data are expressed as mean ± SEM. All

statistical analyses were performed with SPSS 20.0.0

for Macintosh (IBM Corp., Armok, NY, USA) and

statistical significance was set at a= 0.05.
RESULTS

Experiment 1
High-fat diet (Fig. 1A, C). The total number of calories

consumed from HFD during the 2-h access period did not

differ between DAILY and INT groups on any day of the

experiment (day � access group, F(12,204) = .826,

p> 0.05). However, a significant main effect of day

(F(1,17) = 12.356, p< 0.05) demonstrated that all mice

increased the average amount of HFD that they

consumed across the study period, starting at 5.5

± .5 kcal on the first access day and increasing to 14.3

± 1.1 kcal by the last access day. The overall average

number of kcal consumed during the access period was

equal to 10.9 ± 1.1 for the DAILY mice and 12.1 ± 0.7

for the INT mice (t(17) = 0.436, p> 0.05), which in both

cases came exclusively from HFD as the mice ate

negligible amounts of chow during this period. While

there were no group differences in HFD diet intake

during the access period, CD-1 mice given either DAILY

or INT HFD access schedules both exhibited binge-like

eating behavior during the 2-h exposure to HFD late in

the light cycle. Mice in the INT group consumed 85%

± 6% of their average daily baseline intake from HFD

whereas the DAILY mice consumed 71%± 7% within

the same time period, however, the difference between

groups was not statistically significant (t(17)=1.375,

p> 0.05, see Fig. 1C).

Standard chow (Fig. 1B). In the 22-h period following

access to the HFD, we found that the INT group

consumed a significantly greater amount of calories

from standard chow, relative to the DAILY group

(day � access group, F(12,204) = 9.994, p< 0.05). Post-

hoc comparisons revealed that this difference emerged

on the second access day and continued for the

remainder of the access days (p< 0.05 for access days

2 through 13).
Total daily caloric intake (Fig. 1D). Total 24-h intake

was significantly different between groups on both

access days (t(17) = 10.140, p< 0.05), upon which the

INT group consumed a greater number of calories than

DAILY mice (28.0 ± .6 vs. 20.1 ± .5), and on non-

access days (t(17) = 9.871, p< 0.05), upon which INT

mice consumed fewer calories than DAILY mice (10.1

± .5 vs. 17.4 ± .5).
Change from baseline daily intake (Fig. 1E, F). To

determine if total daily intakes differed from average

baseline intake, we calculated a change from baseline

score for every day of the study. A two-way repeated

measures ANOVA (day � group) demonstrated that

mice consumed differing amounts of kcal (relative to

their baseline) across access days, depending on

their access condition (day � group interaction:

F(12,204) = 4.235, p< 0.05). On average, mice with INT

access to HFD ate 11.2 ± 0.9 kcal whereas the group

with DAILY access ate merely 2.6 ± 0.9 kcal above

their average baseline intake on access days

(F(1,17) = 41.887, p< 0.05). With the exception of the

first HFD access day, the INT group had higher intakes

than the DAILY group on all access days (p< 0.05).

Across non-access days, the INT group reduced

their caloric intake to a greater extent than the

DAILY group relative to their baseline (day � group

interaction: F(15,255) = 4.100, p< 0.05), and differences

between groups were significant on non-access days

1,3,4,6,7,8,9,11,12,13,14,15, and 16 (p< 0.05).

Therefore, restricting access of the HFD for two hours

to only three days per week (M,W,F) induced a overeat-

compensate pattern of consumption in the INT mice.

Unexpectedly, this was not due solely to excessive

consumption of HFD during the 2-h access period on

the part on the INT mice, as both groups consumed

binge-like amounts of HFD in 2 h. Rather, differences

between groups appeared to emerge as a result of the

INT mice showing greater chow consumption on HFD

access days (see Fig. 1B). The overall mean change

from baseline data for both access and non-access

days can be seen in Fig. 1F. Both DAILY and INT

groups increased caloric intake on days when they had

access to HFD, relative to their baseline, but INT mice

increased intake to a significantly greater extent than did

DAILY mice (t(17) = 6.472, p< 0.05). On non-access

days, DAILY mice maintained a level of intake similar to

baseline (1.1 ± .7 kcal), but the INT group reduced their

intake (�5.1 ± .7 kcal; t(17) = 6.034, p< 0.05) likely

due to increased caloric consumption on the previous

days.
Cumulative intake (Fig. 1G). We found that mice in the

INT group exhibited greater cumulative 24-h caloric intake

(comprised of both diets) across HFD access days,

relative to the DAILY group (day � access group:

F(12,204) = 89.53, p< 0.05). Post-hoc tests revealed

that significant differences emerged on the second

access day, and persisted throughout the course of the

experiment (p< 0.05 on all days). By the end of the

experiment, INT mice had eaten 336.6 ± 7.3 kcal on



Fig. 1. (A–I) Feeding patterns, diet selection and body weight in CD-1 mice. Caloric intake from HFD (2 h) across the experiment (A). Intake of HFD

on access days (M,W,F) did not differ between DAILY and INT mice, however, INT mice show greater chow intake within the same 24-h period.

Percent of baseline intake consumed during 2 h of HFD access (C). All mice consumedP 71% of their average daily intake within 2 h. Caloric intake

from chow across the experiment, showing enhanced intake in INT mice on access days (C; *p< 0.05). Total daily intake (24-h kcal) was higher in

INT mice than in DAILY mice on access days and lower than DAILY mice on non-access days (D, *p< 0.05). Change from baseline kcal across the

experiment (E, *p< 0.05), and average change from baseline intake on access and non-access days (F, *p< 0.05). INT mice consumed a

significantly greater amount of calories on days that they received access to HFD. They also reduced their intake relative to baseline on days

following access to HFD, demonstrating a binge-compensate pattern of intake. DAILY mice did not significantly over- or under-consume relative to

baseline on either access or non-access days. Cumulative 24-h intake on HFD access days (G). Mice in the INT group consumed a greater

cumulative number of kilocalories on these days, relative to the DAILY mice. Statistically significant differences were found beginning on Day 2 of

access and persisted over the course of the experiment. (*p< 0.05). Percentage of kilocalories over the course of the experiment derived from

either HFD or standard chow (H). Mice in the DAILY group consumed a greater percentage of their kilocalories from HFD than from chow, whereas

mice in the INT group consumed a greater percentage from standard chow (a,b, p< 0.05). Body weight at the end of the experiment (I).
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access days, whereas DAILY mice had consumed 244.8

± 6.5 kcal on the same days.

Diet Composition (Fig. 1H). Over the course of the

experiment, the INT group consumed a greater
percentage of their daily calories from standard chow

(69.4 ± 4.1) compared to the DAILY group (39.2 ± 4.2;

F(1,18) = 27.5, p< 0.05). The opposite pattern was

found in the DAILY group, who consumed a greater

percentage of their calories from HFD (60.8 ± 4.2) than
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the INT group (30.6 ± 4.1). That the group with a greater

frequency of access to HFD consumed a greater

percentage of their overall calories from HFD is line with

previously reported results (Corwin et al., 1998), even

though the animals in the INT group also demonstrated

binge-like consumption during HFD exposure. Despite

consistently bingeing during the short exposure window

3 days a week, the INT animals did not consume as many

overall calories from HFD as those that received the HFD

every day for the same amount of time.

Body weight (Fig. 1I). Body weights did not differ

between DAILY and INT mice fed HFD upon completion

of the experiment (t(17)=1.895, p> 0.05).

Experiment 2
High-fat diet (Fig. 2A, B, G). GHSR KO and WT mice

demonstrated differential patterns of intake when placed

under the different schedules of HFD access. A two-way

repeated measures ANOVA revealed that there was no

effect of day over the course of the experiment,

suggesting that HFD intake was stable across the

6-week period. However, significant main effects of both

access (F(1,23) = 11.574, p< 0.05) and genotype

(F(1,23) = 13.076, p< 0.05) were present. KO mice ate

less of the HFD than did WT mice (6.1 ± .4 g vs. 7.9

± .4 g, respectively) and DAILY MICE ate more HFD

than INT mice (7.9 ± .4 g vs. 6.1 ± .4 g, respectively;

see Fig. 2A).A two-way ANOVA (access � genotype) for

overall average HFD kcal consumption on access days

revealed similar results, with main effects of both

genotype (F(1,27) = 16.211, p< 0.05) and access

(F(1,27) = 8.6753, p< 0.05). KO mice consumed less of

the HFD during access relative to WT mice, and DAILY

mice consumed a greater amount of HFD than INT

mice. However, a significant interaction between access

schedule and genotype was also found (F(1,27) = 5.461,

p< 0.05), suggesting that the effect of genotype on

HFD intake is dependent on access schedule. While

both KO and WT mice receiving DAILY HFD ate a

similar amount of HFD during the access period

(p> 0.05), KO mice receiving HFD on an INT schedule

failed to increase their intake of HFD to the extent seen

in WT mice (p< 0.05), see Fig. 2B.

As in Experiment 1, placing mice under an INT or

DAILY schedule of HFD access induced binge-like

consumption during the HFD access period. A two-way

ANOVA examining the mean percentage of control

group kcal consumed from HFD during the 2-h HFD

access revealed a main effect of genotype

(F(1,23) = 7.236, p< 0.05), with WT mice consuming a

greater percentage of daily control intake from HFD

(50.1%± 3.4%) as compared to KO mice (35.4%

± 3.5%, see Fig. 2G). Main effect of access was also

significant (F(1,23) = 11.499, p> 0.05) with DAILY mice

(53.9%± 2.5%) consuming more than INT mice

(41.9%± 2.5%). A marginal interaction (F(1,23) = 4.129,

p= 0.054) suggested that there was a trend, showing

that KO mice receiving HFD intermittently did not binge

to the same extent as the rest of the groups, and this is
likely to be contributing to the main effect of access,

resulting in lower intake in INT mice.
Standard chow (Fig. 2C and D). A two-way repeated

measures ANOVA for kcal derived from chow across

access days revealed a day � access interaction

F(34,510) = 2.235, p< 0.06), such that both INT and

DAILY groups reduced their chow intake over the

course of the experiment. A main effect of access was

also found (F(2,30) = 15.307, p< 0.05), with INT and

DAILY mice both consuming less chow than control

mice (see Fig. 2 C; M,W and F). Overall average chow

intake on access days also differed between groups. A

main effect of access (F(2,36) = 17.989, p< 0.05) was

revealed by a two-way ANOVA (genotype � access

schedule). Both DAILY (p= 0.000) and INT (p= 0.001)

mice consumed less chow than the control group, as

control mice did not receive HFD and therefore calories

were derived exclusively from chow. While DAILY mice

consumed modestly less chow than the INT mice on

access days (9.4 ± .6 kcal vs. 11.4 ± .6 kcal), this

difference was not statistically significant (see Fig. 2D).

Two-way repeated measures ANOVA on non-access

days revealed a day � access interaction (F(2,660) =

2.214, p< 0.05), showing that DAILY mice reduced

their chow intake on non-access days across the

experiment, although these were not technically non-

access days for this particular group as they were still

receiving fat on these days. There was also a main

effect of access (F(2,30) = 17.76, p< 0.05). On most

non-access days, both control and INT groups were

consuming more chow than the DAILY groups (see

Fig. 2C; T,R,S and S).
Change from baseline caloric intake (Fig. 2E, F). To

examine whether the DAILY and INT access conditions

induced changes in overall daily food consumption

relative to the control chow-only group, we calculated

the change from baseline kilocalories that all access

groups consumed over a 24-h period (kcal consumed

on access days-average baseline kcal). The means

were calculated separately for days on which the mice

had access to a HFD and for days on which they had

access exclusively to chow (i.e. non-access days; only

occurred within the INT and control groups). Within the

DAILY group, consumption on alternating access and

non-access days should not differ, theoretically, since

these days are comprised of identical timing and food-

related cues. On access days, there was a significant

main effect of access condition (F(2,35) = 3.956,

p< 0.05). Mice receiving INT access consumed a

greater number of calories above their average baseline

intake (2.9 ± 0.5) compared to the control groups (0.7

± 0.6). DAILY mice consumed an intermediate number

of calories above baseline (1.3 ± 0.6), but did not differ

from either the control (p> 0.05) or INT groups

(p> 0.05). There was no main effect of genotype

(F(1,35) = 9.66, p> 0.05), nor a significant interaction

(F(2,35) = 0.324, p> 0.05, see Fig. 2E).

On non-access days, there was a main effect of

access condition (F(2,35) = 6.314, p< 0.05), wherein



Fig. 2. (A–J) Feeding patterns, diet selection and body weight in C57-GHSR KO and WT mice. Caloric intake from HFD (2 h) across the experiment

(A) and overall average HFD intake on access days (B; a,b: p< 0.05; denotes access group differences; *p< 0.05, denotes differences between

KO and WT mice within the INT group). Mice receiving DAILY access to HFD consumed modestly more HFD than those in the INT access group.

KO mice in the INT group did not eat as much HFD as INTWTmice. Patterns of caloric intake from chow across the experiment (C; On access days:

* denotes controls > daily mice, § denotes that INT > DAILY mice. On non-access days: # denotes that INT mice > DAILY mice, ^ denotes that

DAILY > controls; all symbols reflect p< 0.05). Overall average chow intake on access days (D). Control mice ate the greatest amount of chow,

followed by the INT and DAILY mice (a,b, p< 0.05). Change from baseline intake on access days (E) and non-access days (F). INT access to HFD

resulted in an elevated caloric intake on access days, and a reduction on non-access days, relative to baseline intake (main effect of access,
*p< 0.05). Percent of average daily control group caloric intake consumed during 2-h HFD diet exposure (G). DAILY groups consumed more than

INT groups (main effect of access, *p< 0.05) and KO mice consumed less than WT mice (main effect of genotype, *p< 0.05), however there was a

trend toward KO INT mice consuming less than WT mice (marginal interaction: p= 0.054). 24-h intake on access and non-access days (H),

showing that both INT and DAILY HFD access induced increases in total daily intake on access days (a,b, p< 0.05) and on non-access days

DAILY mice ate the most, as they received HFD on these days. Diet composition across experiment (I). DAILY mice ate a greater percentage of

their cumulative experimental calories from HFD relative to the INT mice (main effect of access condition, a,b: p< 0.05). GHSR KOmice consumed

a lower percentage of their kcal from HFD regardless of access condition (main effect of genotype, p< 0.05). Body weight at end of the experiment

(I). A main effect of genotype revealed that GHSR KO mice weighed less than WT mice (*p< 0.05), but there was no main effect of access and no

access by genotype interaction.
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the INT groups reduced kcal intake to a greater extent

than both control (INT: �2.1 ± 0.5 vs. Controls: �0.1

± 0.6, p< 0.05) and DAILY groups (0.2 ± 0.5,

p< 0.05). There was no significant main effect of

genotype (F(2,35) = 3.627, p> 0.05), nor a significant

interaction between genotype and access condition for

24-h intake (F(2,35) = 1.096, p> 0.05, see Fig. 2F).
Twenty four hour daily intake on access and non-

access days (Fig. 2H). A two-way ANOVA examining

average total 24-h intake on access days revealed a

main effect of access (F(2,35,) = 6.065, p< 0.05). Both

DAILY and INT mice consumed more on access days

than the control group. There was also a marginal

interaction (F(2,35) = 3.156, p= 0.057) showing that

24-h intake for KO INT mice tended to be lower, although

this was not statistically significant. On non-access

days, there was again a main effect of access

(F(2,35) = 10.069, p< 0.05). Daily groups consumed a

greater number of kcal (16.3 ± .6) on these days than

both controls (14.1 ± .6) and INT mice (12.8 ± .5).
Overall diet composition (Fig. 2I). The percentage of

kilocalories consumed from HFD across the experiment

differed between access conditions (F(1,26) = 106.463,

p< 0.05) and between genotypes (F(1,26) = 4.654,

p< 0.05). DAILY mice consumed a greater percentage

of their total calories from HFD than did the INT mice

(Daily: 46.7%± 2.2% and Int: 15.7%± 2.1%,

p< 0.05) independent of genotype. In addition, the KO

mice consumed a smaller percentage of calories from

HFD, regardless of access condition (KO: 28.1%

± 2.2% vs. WT: 34.5%± 2.1%, p< 0.05). No

significant interaction was detected (F(1,26) = .158,

p> 0.05). With regards to chow intake, the main effects

for access condition (F(1,26) = 106.463, p< 0.05) and

genotype (F(1,26) = 4.654, p< 0.05) were once again

significant, but with the opposite trend, as can be seen

in Fig. 2I. Mice in the DAILY groups consumed less

chow than those in the INT groups (Daily: 53.3%
Fig. 3. c-Fos immunohistochemistry. (A) Number of c-FOS-positive nuclei e

regions. WT mice that received the HFD on either a DAILY or INT basis sho

both access schedules (*p< 0.05). No significant differences in c-FOS IR

photomicrographs of the shell region to visualize group differences (10� obje
± 3.0% vs. INT: 84.3%± 2.1%, p< 0.05), and KO

mice consumed a greater percentage of chow,

independent of access condition (KO: 72.2%± 2.2%

vs. WT: 65.5% ± 2.1% p< 0.05). GHSR KO mice

when placed under either a limited or limited + INT

access to a HFD maintain a lower intake of HFD than

do their WT littermates over the course of the experiment.
Body weight (Fig. 2J). As determined by a two-way

ANOVA (genotype � access) on body weight at

completion of the experiment, there was a significant

main effect of genotype (F(1,35) = 5.048, p< 0.05),

such that KO mice weighed less than WT mice (30.7

± 1.3 g and 34.8 ± 1.3 g, respectively). There was no

main effect of access (F(2,35) = .313, p> 0.05) and no

interaction between genotype and access (F(2,35) =

.102, p> 0.05).
C-Fos IR in NAcc (Fig. 3). c-Fos IR was quantified

after mice were sacrificed one hour subsequent to their

last receipt of HFD. The data in Fig. 3 are expressed as

the mean percentage of c-Fos-positive cells found in

control mice. A two-way ANOVA revealed that there

were no main effects of access (F(1,24) = 0.060,

p> 0.05) or genotype (F(1,24) = 1.31, p> 0.05), and no

interaction (F(1,24) = 0.231, p> 0.05) in expression in

the NAcc core region, with all mice showing similar

levels of c-Fos expression following their final receipt of

HFD. Alternatively, we found that expression differed

between WT and KO in the shell region of the NAcc

(main effect of genotype: F(1,33) = 8.003, p< 0.05), with

KO mice showing a comparable amount of expression

to controls, but with WT mice showing nearly a threefold

increase in c-Fos expression relative to control mice.

Table 1 depicts c-Fos counts expressed as percent of

controls in both the NAcc core and shell, as well as the

lateral hypothalamic area (LHA) and the VTA. No main

effect of access (F(2,23) = .479, p> 0.05), genotype

(F(1,23) = .002, p> 0.05), nor an interaction (F(2,23) =

.002, p> 0.05) were found for expression in the LHA
xpressed as a percentage of control mice in the NAcc shell and core

wed elevated c-FOS IR in the shell region, relative to the KO mice on

were found in the core region between groups. (B) Representative

ctive magnification; Bregma: +1.54?+0.98; Scale bar = 250 lm).



Table 1. Percent of control c-Fos IR in select brain regions

Region Daily Intermittent

KO WT KO WT

NAc shell 123.2 ± 34.9* 357.8 ± 109.5 129.5 ± 25.3* 336.5 ± 70.6

NAc core 150.7 ± 45.5 99.1 ± 29.6 127.7 ± 27.15 106.6 ± 22.6

LH 106.9 ± 26.24 81.36 ± 29.4 105.923 ± 29.4 134.99 ± 26.24

VTA 107 ± 41.8 210.3 ± 37.4 52.26 ± 48.2 130.8 ± 41.8

* Indicates p< 0.05.
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nor in the VTA (access: F(2,23) = 1.493, p> 0.05;

genotype: F(2,23) = 2.646, p> 0.05); interaction:

F(2,23) =1.493, p> 0.05).
DISCUSSION

In the current experiments we examined the feeding

patterns of mice subjected to a nutritionally complete

HFD under limited access conditions. The aim of

Experiment 1 was to attempt to replicate a rat model of

binge eating in mice, originally developed by placing

rats on a schedule of limited and sporadic access to fat

(Corwin et al., 1998; Davis et al., 2007). Rats placed on

this time-restricted (2 h/day) and sporadic (3�/week)

access to either vegetable shortening (Corwin et al.,

1998), or a nutritionally complete high-fat diet (Davis

et al., 2007), display a binge/compensate pattern of feed-

ing, typically evident by the second week of scheduled

access. As this particular model has not yet been vali-

dated in mice, we sought to determine if mice subjected

to a similar schedule of HFD access would exhibit a

binge-like pattern of eating similar to that seen in rats.

Furthermore, we were interested in determining whether

a lack of functional ghrelin signaling in GHSR KO mice

would hinder the development of binge eating in this

model and examined post-HFD c-Fos activity in the NAcc,

a key target of VTA DA neurons that play a substantial

role in modulating both appetitive and consummatory

responses to foods with high palatability (Castro and

Berridge, 2014).

In Experiment 1, we found that male CD-1 mice

exposed to an INT access schedule demonstrated a

binge/compensate pattern similar to that seen in prior

studies conducted in rats (Corwin et al., 1998; Davis

et al., 2007). However, mice with INT access did not eat

an amount of HFD that was consistently in excess of

those mice on the DAILY access schedule, although

they did binge, consuming 85% of their average baseline

caloric intake during the 2-h HFD access period,

meeting criteria for a binge episode (one example:

consuming > 25% of average daily intake in a 1 h period;

Halpern et al., 2013). Mice with DAILY access to the HFD

consumed 71% of their average baseline calories during

the HFD access period, though differences between

access groups were not statistically significant. Therefore,

mice exposed to HFD for 2 h, either on a DAILY or INT

access schedule, binged on HFD when given access to

it. These results do not meet the operationalization of

binge eating outlined by Corwin et al. (2011), as the intake

of the palatable food source in the INT access group was
not consistently in excess of the DAILY group, nor did it

escalate substantially over time. However, the number

of kcals consumed was similar to the size of binges in

mice given 2-h exposure to a HFD in the middle of the

dark cycle, although these mice were exposed daily (i.e.

predictably; Bake et al., 2013). The elevated total 24-h

caloric intake seen in INT mice on access days in our

study can be attributed to the fact that the INT access

mice continued to eat a similar amount of chow as they

did during baseline, while bingeing on the HFD during

the access period. The binge-compensation pattern of

feeding was not only evident when comparing across

access conditions, but was also significantly different from

the average baseline intake for each of the groups (see

Fig. 1E, F). Further, as seen in previous studies (e.g.

Corwin et al., 1998), the number of kcals consumed from

HFD over the course of the experiment was highest in

mice that received HFD every day.

While not fully in line with previous rat studies

demonstrating binge-like intake of exclusively HFD, our

findings from Experiment 1 suggest that mice exposed

to a HFD under the INT schedule do not compensate by

decreasing their intake of chow during the dark period.

This phenomenon has been reported in alternative

animal models of overeating, in history of dieting and

stress models (Hagan et al., 2003), as well as in studies

examining cue-potentiated feeding on chow (Boggiano

et al., 2009). In addition, intake of a less palatable food

increased when rats were placed back into the context

in which they previously received a palatable food

(Boggiano et al., 2009). Allowing the animal to see and

smell a palatable food but not allowing them to eat it,

(as in the INT groups) can also induce an above average

increase in corticosterone (CORT), a response that

appears to be exaggerated in mice that tend to binge

eat (Cifani et al., 2009). The removal of HFD prior to the

natural feeding cycle may also serve as a stressor,

thereby inducing increased consumption of the food that

remains available.

In Experiment 2 we used the limited access model on

mice lacking GHSR in order to determine the role of

ghrelin receptors in mediating binges by comparing

them to their WT littermates. Mice in the DAILY access

groups (both WT and KO) consumed modestly more

HFD during the 2-h access compared to INT groups,

demonstrating that both GHSR KO and WT mice

increase their consumption of a HFD under this feeding

paradigm. GHSR KO mice, however, consumed less of

the HFD than their WT littermates when exposed to the

INT HFD schedule. These results point to a role of
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GHSR in mediating the overconsumption of calories seen

under the INT HFD schedule.

Reduced caloric intake may involve a number of

mechanisms that include an increase in the ability of

satiety hormones to stop HFD feeding bouts in GHSR

KO mice (Zigman et al., 2005). Alternatively, the lack of

GHSR signaling may prevent ghrelin from interacting

directly with dopaminergic neurons via GHSR in the mid-

brain and decrease overall motivation to eat the HFD on

an INT HFD feeding schedule. The latter hypothesis is

supported by our data examining cFoS IR in the NAcc.

GHSR KO mice post-HFD showed lower levels of cFos

activation in the NAcc, particularly in the shell region fol-

lowing consumption of HFD. Interestingly, although WT

mice DAILY and INT groups did not differ in HFD intake,

they did show elevated levels of cFos IR in this same

region relative to control and GHSR KO mice. Therefore,

our results support the notion that the NAcc is recruited

following acute consumption of HFD in mice (Valdivia

et al., 2014) and is an important component of the circuitry

underlying food-seeking behaviors (Kelley, 2004; Di

Chiara and Bassareo, 2007). Additionally, the importance

of the glutamatergic system within the NAcc shell region,

but not the core, in maintaining binge eating was also

recently demonstrated in rats (Smith et al., 2014), sug-

gesting a potentially greater role for the shell in regulating

excessive or binge-like consumption of palatable foods.

Direct action of ghrelin on GHSR in the VTA can

regulate the excitability of DA neurons, as shown by

rapid induction of increased excitatory and reduced

inhibitory inputs onto tyrosine-hydroxylase (TH)

expressing neurons upon intra-VTA infusion. Intra-VTA

ghrelin also increased TH neuron firing rates, as well as

increased DA turnover in the NAc (Abizaid et al., 2006).

Interestingly, we did not find exaggerated c-Fos expres-

sion in the VTA or in the LHA, nor differences between

groups. Both of these regions have been shown to be

activated in response to HFD and important for expres-

sion of food reward behaviors (e.g. Perello et al., 2010;

Valdivia et al., 2014, 2015). It is possible that if we had

looked at anticipatory rather than post-ingestive c-Fos

profiles, we may have seen differences between groups,

as mice that lack GHSR show an attenuated c-Fos profile

in the VTA, as well as a reduced proportion of orexin neu-

ron activation in the LHA (Lamont et al., 2012). It is pos-

sible that ghrelins direct action at the level of the VTA

could become less prominent as the length of exposure

to the palatable food increases, and that other ligand-

independent interactions with alternate GPCRs in the

NAc, such as the D1R, could facilitate the intake of HFD

(for review see: Wellman and Abizaid, 2015). Lack of

GHSR in this case would alter DA receptor activity in

the NAc, without altering activity in the VTA or the LHA.

Activation of the NAc after chronic exposure to a

palatable food may reflect how palatable the mice find

the food, but may not require recruitment of VTA-DA

after chronic repeated exposure. It has also been shown

that direct action of ghrelin on the NAc is sufficient to

induce a feeding response (Naleid et al., 2005) as well

as to enhance locomotor responses to cocaine in rats

(Jang et al., 2013), and therefore a lack of GHSR in
NAc could suppress overeating of HFD that would typi-

cally be induced by ghrelin stimulation in this region.

The higher levels of c-Fos seen in the shell region under

both DAILY and INT access conditions only in WT mice,

indicate that this region is activated to a greater extent fol-

lowing consumption of a HFD when animals have func-

tional GHSRs. Although the precise relationship

between c-Fos expression and transcription and/or depo-

larization is unknown (Hoffman et al., 1993), it is still a

powerful method of detecting activation in response to a

given stimuli, albeit with poor time-course precision.

Determining the phenotype of the neurons exhibiting c-

Fos IR in future studies would add to our knowledge which

subpopulations of neurons in the NAcc are being acti-

vated in the context of this model.

With regard to change from baseline 24-h caloric

intake, mice with INT access to HFD increased intake

on access days, and reduced intake on non-access

days, consistent with the binge-compensate pattern of

intake seen in our first experiment, as well as in

previous reports employing this model in rats.

Interestingly, there was no effect of genotype on this

measure, suggesting that KO mice are able to develop

the same patterns of intake when placed under these

access conditions, but do not binge on HFD to the same

extent during HFD access periods.

Diet composition in Experiment 2 was similar to

composition data found in Experiment 1, with mice

receiving DAILY access to HFD deriving a greater

percentage of their kilocalories from HFD than did the

INT groups. Additionally, we found that KO mice,

whether receiving DAILY or INT access did not

consume as great a percentage of kcals from HFD as

WT mice. Therefore, over a 6-week period, GHSR KO

mice show reduced consumption of HFD when access

to it is restricted, whether they receive access daily or

only 3 days per week. Rodents lacking ghrelin signaling

or receiving a GHSR antagonist have a reduced ability

to form a conditioned place preference to HFD (Perello

et al., 2010; Chuang et al., 2011), a reduction in cue-

potentiated feeding (Walker et al., 2012) and reduced

consumption of a high-fat ‘‘dessert” following a satiating

meal (St.Onge and Abizaid, 2012). Therefore, it is clear

that intact GHSR plays a role in increasing the consump-

tion of a HFD, although we cannot comment here on a

potential decrease in palatability of the HFD to mice lack-

ing GHSR as we did not directly measure ‘‘liking”

responses (Shin et al., 2011; Overduin et al., 2012).

The lack of two-hour consumption differences

between access groups may suggest that the diet

chosen, as it was a nutritionally complete HFD, may

have led the groups to both consume such large

amounts that differences between access groups could

not be detected. The possibility exists that the HFD was

too palatable and therefore drove excessive

consumption in both access conditions. However, as

previous experiments have demonstrated that a

nutritionally complete HFD can induce a binge

compensate pattern of intake in INT access comparable

to vegetable shortening (Davis et al., 2007), we chose

to use this diet in our current experiments. Further, there
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is often overlap in fat intakes between INT and DAILY

access groups, and in some cases, up to half of the ani-

mals from each group can be matched on short-term

(1 h) fat consumption (Wojnicki et al., 2010). This can

occur throughout the course of the experiment, and high-

lights the possibility of high variability within access

groups, and could help to explain some of our discrepant

findings in mice. Additionally, not all humans who are

exposed to highly palatable fatty foods under an INT

schedule, whether self-imposed or not, exhibit binge-like

eating. Exploring the underlying mechanisms in animals

and humans prone to binge eating those not prone, as

well as the role of ghrelin in such models, may serve to

highlight some of the underlying mechanistic differences

between these groups.

In a recent study conducted by Valdivia et al. (2015), it

was shown that 2-h HFD consumption over a 4-day period

was sufficient to cause an escalation of intake and that a

lack of GHSR eliminated this escalation across days. The

HFD access group in this study was akin to our DAILY

mice, in that they received HFD every day at the same

time for 4 days in a row. We did not find an escalation

of intake in our experiment, and it may be that GHSR

KO mice given longer term predictable exposure to the

HFD retain the ability to match the HFD intake of the

WT mice after the first few days of intake. The unpre-

dictability of the HFD access in the KO INT mice appears

to contribute to the reduced binge-like consumption,

potentially reflecting an inability of the GHSR KO mice

to take advantage of limited availability of the palatable

diet, as the WT mice do. It has been shown that mice

administered a ghrelin antagonist during the acquisition

phase of conditioned place preference for HFD failed to

develop a preference, but that once acquired, the prefer-

ence was not hindered by blockade of ghrelin on test day

(Perello et al., 2010). Therefore, it is also possible that a

lack of ghrelin signaling via GHSR during palatable food

access that is more uncertain, GHSR KO mice lack the

ability to orchestrate a full binge-like response. The

anatomical and functional correlates of such behavior

have yet to be explored in the context of this model.

Overall, we have shown that the two strains exhibited

both similarities and differences in behavior when

subjected to INT and DAILY access to palatable food.

All mice over-ate on access days and under-ate on non-

access days, as a result of adding 2-h access to

palatable food to their ad libitum chow dietary regimen,

showing that exposure to palatable foods in the absence

of energy requirements enhances daily caloric intake.

However, caloric consumption above and beyond

baseline daily intake in CD-1 mice appeared to be a

combination of consistent chow intake despite limited

access to HFD, whereas in the C57BL6/J mice, intake

of chow was not elevated in HFD access conditions,

and in fact was lowered in mice that received DAILY

HFD. Strain differences can affect the feeding behavior

and metabolic parameters of mice given a HFD

continuously (Nishikawa et al., 2007; Sims et al., 2013),

however, there are only a few recent studies that examine

binge-like feeding in mice and they used C57BL6/J mice

(Czyzyk et al., 2010; Cao et al., 2014) and some exam-
ined sucrose intake (Yasoshima and Shimura, 2015) or

chow intake (Razzoli et al., 2015). This makes it difficult

to compare our CD-1 findings with those of other studies.

However, as the few murine binge-like feedings para-

digms utilize C57BL6/J mice, and as a number of geneti-

cally engineered mouse models are backcrossed onto

this strain, we have continued to use these mice in our

studies.

Upon examination of the limited access model in

GHSR KO and WT mice, there appears to be a role for

GHSR signaling in the amount of HFD consumed under

these conditions, as GHSR KO mice fail to consume as

much HFD across the study when access is restricted,

and these results are enhanced when the access is

scheduled in a less predictable manner (i.e. MWF). The

mechanisms by which the lack of intact GHSR lessens

the magnitude of the ‘‘binge” under INT access

schedules in KO mice are unknown. It has been

hypothesized that the interaction of ghrelin with

mesolimbic reward circuitry serves to amplify the

pleasure derived from a number of reinforcers (Lockie

et al., 2015), and the lack of ghrelin-dependent GHSR sig-

naling to reduce responding for stimuli such as cocaine

(Abizaid et al., 2011) or nicotine (Jerlhag and Engel,

2011) supports this hypothesis. We are currently investi-

gating the role GHSR signaling in various brain regions

that may play a role in the development of binge-like

behavior.
CONCLUSION

Taken together, data from both experiments support the

ability of intermittently scheduled access to palatable

food in mice to induce a binge-compensate pattern of

intake that emulate select components of binge eating in

humans. Additionally, there appears to be a role for

GHSR signaling in the amount of HFD consumed under

these conditions. The reciprocal relationship between

INT feeding schedules and the neuroendocrine

regulation of feeding behavior, as well as its underlying

mechanisms remain poorly studied (for review see

Murphy and Mercer, 2014), and the precise role of the

ghrelin system in this process remains to be determined.

Additional insight into these processes may aid in the

understanding of binge eating and how this pattern of dis-

ordered eating develops and persists.
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