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A B S T R A C T

Background: Obesity is a risk factor for stress-related mental disorders such as post-traumatic stress disorder. The
underlying mechanism through which obesity affects mental health remains poorly understood but dysregula-
tion of the ghrelin system may be involved. Stress increases plasma ghrelin levels, which stimulates food intake
as a potential stress-coping mechanism. However, diet-induced obesity induces ghrelin resistance which in turn
may have deleterious effects on stress-coping. In our study, we explored whether disruption of ghrelin receptor
function though high-fat diet or genetic ablation affects fear processing, anxiety-like behavior and saccharin
preference in mice.
Methods: Adult male C57BL6/J mice were placed on a standard diet or high-fat diet for a total period of 8 weeks.
We first established that high-fat diet exposure for 4 weeks elicits ghrelin resistance, evidenced by a blunted
hyperphagic response following administration of a ghrelin receptor agonist. We then carried out an experiment
in which we subjected mice to auditory fear conditioning after 4 weeks of diet exposure and evaluated effects on
fear extinction, anxiety-like behavior and saccharin preference. To explore whether fear conditioning as such
may influence the effect of diet exposure, we also subjected mice to auditory fear conditioning prior to diet onset
and 4 weeks later we investigated auditory fear extinction, anxiety-like behavior and saccharin preference. In a
final experiment, we further assessed lack of ghrelin receptor function by investigating auditory fear processing,
anxiety-like behavior and saccharin preference in ghrelin receptor knockout mice and their wild-type litter-
mates.
Results: High-fat diet exposure had no significant effect on auditory fear conditioning and its subsequent ex-
tinction or on anxiety-like behavior but significantly lowered saccharin preference. Similarly, ghrelin receptor
knockout mice did not differ significantly from their wild-type littermates for auditory fear processing or an-
xiety-like behavior but showed significantly lower saccharin preference compared to wild-type littermates.
Conclusion: Taken together, our data suggest that disruption of ghrelin receptor function per se does not affect
fear or anxiety-like behavior but may decrease saccharin preference in mice.

1. Introduction

Ghrelin is a 28-amino acid hormone which is synthetized by X/A-
like cells of the gastrointestinal tract and released into the bloodstream

in response to a negative energy balance (Kojima et al., 1999; Stengel
and Taché, 2012). Post-translational modification on the serine-3 re-
sidue by ghrelin-o-acyltransferase converts desacyl-ghrelin to acyl-
ghrelin, typically referred to as ghrelin, that freely diffuses through
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fenestrated capillaries of the median eminence into the arcuate nucleus
(ARC) of the hypothalamus (Gutierrez et al., 2008; Cabral et al., 2015).
There ghrelin binds to the G-protein coupled ghrelin receptor (also
known as growth hormone secretagogue receptor, GHSR), expressed on
neuropeptide Y (NPY) / agouti-related peptide (AgRP) neurons. Ex-
citation of these orexigenic neurons stimulates food intake (Nakazato
et al., 2001). Intact NPY signaling is required for the orexigenic effects
of peripheral ghrelin and selective re-expression of GHSR in NPY/AgRP
neurons of GHSR knockout (KO) mice partially mediates ghrelin-in-
duced food intake (Wang et al., 2014). Besides its orexigenic effect
through activation of ARC NPY/AgRP neurons, ghrelin has been shown
to activate the hypothalamic-pituitary-adrenal (HPA) axis by disin-
hibition of corticotropin-releasing factor neurons in the paraventricular
nucleus (Cabral et al., 2012). Consequently, plasma adrenocorticotropic
hormone and cortisol concentrations have been demonstrated to in-
crease significantly following peripheral administration of ghrelin
(Schmid et al., 2005). Conversely, plasma ghrelin concentrations have
been shown to increase in response to various types of stressors such as
chronic restraint stress and chronic social defeat stress (CSDS)
(Yousufzai et al., 2018; Kristenssson et al., 2006; Chuang et al., 2011).
Given the orexigenic properties of ghrelin, it is not surprising that stress
has been associated with an increase in food intake. Mice subjected to
the CSDS procedure displayed hyperphagia and increased intake of
high-calorie food (Chuang et al., 2011). In GHSR KO mice, stress-in-
duced hyperphagia was absent and depressive-like symptoms were
more pronounced compared to wild-type (WT) littermates (Chuang
et al., 2011; Guo et al., 2019). This suggests that GHSR activation may
protect against some of the behavioral consequences of stress exposure.
Nevertheless, pharmacological interventions using ghrelin or a GHSR
agonist failed to establish antidepressant effects in the CSDS (Gupta
et al., 2019). One potential explanation is that the excessive activation
of GHSR may result in its desensitization. In line with the notion of
deleterious effects of desensitization of GHSR, chronic restraint stress in
rats which was associated with reduced binding of acyl-ghrelin to its
receptor in the basolateral amygdala enhanced auditory fear, while
chronic administration of a GHSR antagonist during stress exposure was
sufficient to reverse these effects of stress on auditory fear processing
(Yousufzai et al., 2018; Harmatz et al., 2017). Altogether, decreased
functionality of the GHSR or ghrelin resistance may hamper the pro-
tective effects of circulating ghrelin (Gupta et al., 2019; Lockie et al.,
2015).

Post-traumatic stress disorder (PTSD) is a stress-related mental
disorder that is typically characterized by emotional distress after ex-
posure to traumatic reminders, avoidance of trauma-related reminders,
negative affect and decreased interest in activities (Association AP,
2013). Treatment strategies are available, but more than one quarter of
patients do not respond to therapy or rapidly relapse (Koek et al.,
2016). First-line treatment for trauma-and stressor-related disorders
comprises cognitive behavior therapy (CBT) (Carpenter et al., 2018). A
key component of CBT is exposure-based treatment (EBT), a procedure
that aims to gradually decrease fear for the traumatic event. However,
patients have difficulties to bare this long, exhausting procedure or
relapse easily over time (Singewald et al., 2015). Given the high social
and economic impact of stress-related mental disorders, a better un-
derstanding of their pathophysiology is critical for the development of
novel approaches. Interestingly, stress-related mental disorders such as
PTSD have a high comorbidity with obesity (Pagoto et al., 2012; Buta
et al., 2018; Kubzansky et al., 2014; Vieweg et al., 2006). The patho-
physiological underpinnings of this comorbidity remain unknown but
there is evidence that a dysregulation of the ghrelin system might be a
common underlying risk factor for symptoms (Meyer et al., 2014;
Spencer et al., 2012). In line with this hypothesis, interactions of ge-
netic polymorphisms in ghrelin and orexin genes were shown to predict
symptom severity in patients with PTSD (Li et al., 2019).

Altogether, GHSR signaling appears to be an important factor for
initial stress-coping. However, ghrelin resistance, or the reduced

effectiveness of the GHSR, following a prolonged increase in ghrelin
signaling may have deleterious effects. Our study is a first attempt using
two complementary approaches to investigate whether interventions
that decrease GHSR function cause changes in behavior that may be
relevant for PTSD: auditory fear processing, anxiety-like behavior and
saccharin preference. We studied two models of ghrelin resistance. The
first model was based on exposure of adult male C57BL/6 J mice to a
high-fat diet (HFD), which was previously shown to induce ghrelin
resistance characterized by an impaired hyperphagic response to
ghrelin administration (Briggs et al., 2010). The second model was
based on genetic ablation of the GHSR.

2. Material & methods

2.1. Animals

Mice were single-housed (1264C Eurostandard type II cages,
Tecniplast, Buguggiate, Italy) in a temperature (21 ± 3 °C) and hu-
midity (30–70 %) regulated environment with a 12/12 h light/dark
cycle and received food and water ad libitum. All experiments were
carried out on adult male mice. C57BL/6 J mice (8 weeks at the start of
experimental procedures) were purchased from Janvier (La Genest-
Saint-Isle, France) and were habituated to the new environment for at
least one week following transport. Mice were maintained on a stan-
dard diet (A04, Safe Diets, Augy, France) or HFD (235 H F providing
45% of energy from fat, Safe Diets) as indicated in the experimental
procedures and results. Fresh food pellets were provided weekly. A
small amount of peanut butter (Calvé, Unilever, Belgium) was applied
around two HFD pellets when fresh food was provided to ensure HFD
food intake. Adult male GHSR KO mice and WT littermates (8–12 weeks
old at the start of experimental procedures, developed by Janssen
Pharmaceutica, Beerse, Belgium (Verhulst et al., 2008)) were bred in-
house as offspring of heterozygous GHSR couples that were backcrossed
on a C57BL/6 J background (Janvier) for at least nine generations. The
following primers were used to verify the genotype of the animals:
GHSR WT mice: 5′-TGGGGGTGCGAACATTAGC-3′ and 5′-CTGAAGGC
ATCTTTCACTACG-3′; GHSR KO mice: 5′-ACATATTCTATGTGAGGC
ACC-3′ and 5′-CTGAAGGCATCTTTCACTACG-3′ (Eurogentec, Seraing,
Liège, Belgium).

All experiments were approved by the ethical committee of the Vrije
Universiteit Brussel (ECD 17.213.1) and complied with the European
Community Council Directives (2010/63/EU) and KB 2013-05-29/12.
All efforts were made to minimize the number of animals and to reduce
suffering of the animals.

2.2. Experimental design

2.2.1. Experiment 1: diet-induced ghrelin resistance
Mice were exposed to a standard diet or HFD for a total duration of

4 weeks. Body weight of all mice was measured weekly. After 4 weeks,
food intake in response to a GHSR agonist (2.4) was evaluated. At the
end of the experiment, all mice were euthanized by an overdose of
barbiturates (250mg/kg intraperitoneally (i.p.) pentobarbital,
Dolethal®, Vétoquinol, Aartselaar, Belgium). Abdominal fat from all
animals was removed and weighed by a scientist blinded to treatment.
The timeline of the experiment is outlined in Fig. 1A.

2.2.2. Experiment 2: fear conditioning after diet onset
Mice were maintained on a standard diet or HFD for a total duration

of 8 weeks. Auditory fear conditioning, fear extinction and a fear ex-
tinction retention test (2.3.1) were performed on consecutive days 4
weeks after diet onset. Anxiety-like behavior was tested in the open
field (OF) (2.3.2) and elevated plus maze (EPM) (2.3.3.) 5 weeks after
diet onset. A two-bottle choice saccharin test (2.3.4) to assess saccharin
preference was performed at 7 weeks. Food intake in response to a
GHSR agonist (2.4) was evaluated 8 weeks after diet onset. At the end
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of the experiment, all mice were euthanized by an overdose of barbi-
turates. Abdominal fat from all animals was removed and weighed by a
scientist blinded to treatment. The timeline of the experiment is out-
lined in Fig. 2A.

2.2.3. Experiment 3: fear conditioning prior to diet onset
Mice were subjected to auditory fear conditioning and were subse-

quently placed on a standard diet or HFD for a total period of 8 weeks.
Body weight of all mice was measured weekly. Mice were subjected to
fear extinction and a fear extinction retention test in the fear con-
ditioning paradigm (2.3.1) 4 weeks after diet onset. Anxiety-like be-
havior in the OF (2.3.2) and EPM test (2.3.3) was tested 5 weeks after
diet onset. Saccharin preference was studied in a two-bottle choice
saccharin test (2.3.4) 7 weeks after diet onset. Food intake in response
to a GHSR agonist (2.4) was evaluated 8 weeks after diet onset. At the
end of the experiment, all mice were euthanized by an overdose of
barbiturates. In these animals, blood was collected through cardiac
puncture and brains were removed for further analysis. Abdominal fat
from all animals was removed and weighed by a scientist blinded to
treatment. The timeline of the experiment is outlined in Fig. 3A.

2.2.4. Behavioral testing in GHSR WT and GHSR KO mice
GHSR WT and GHSR KO mice were subjected to the following be-

havioral tests: auditory fear conditioning, fear extinction and a fear
extinction retention test in the fear conditioning paradigm (2.3.1), an-
xiety-like behavior in the OF (2.3.2) and EPM test (2.3.3) and saccharin
preference in a two-bottle choice saccharin preference test (2.3.4). As a
positive control for the effect of the GHSR agonist MK0677 (2.4), food
intake was measured in GHSR WT and GHSR KO mice. The timeline of

the experiment is outlined in Fig. 5A.

2.3. Behavioral tests

2.3.1. Auditory fear conditioning
Mice were exposed to three tone presentations (80 dB, 4 kHz tone,

stimulus duration 30 s, inter-trial interval (ITI) 1 min) serving as the
conditioned stimulus (CS) co-terminating with an electric shock
(0.6 mA shock, 2 s duration) as unconditioned stimulus (US) in context
A (17×17 x 20 cm chamber with three transparent and one grey wall
and a metal floor linked to a current source, 125 lx, cleaned with 1%
acetic acid). Fear extinction training was performed in context B
(chamber with three black and white chequered walls and one trans-
parent wall, a solid white floor, 15 lx and cleaned with 1–3 % hospital
antiseptic concentrate, Regent Medical Overseas, Manchester, UK) ei-
ther one day or one month after conditioning as specified in the ex-
perimental design (Section 2.2) and consisted of forty CS presentations
(5 s ITI). Twenty-four hours following fear extinction training, extinc-
tion retention was tested by exposing the animals to 4 CS presentations
(1 min ITI) in context B. The conditioning chamber was thoroughly
cleaned before and after each trial with the context-specific cleaning
solution. Ethovision software (Noldus, Wageningen, The Netherlands,
inactivity threshold of 0.3%, 1 s) was used to analyze the conditioned
reaction (freezing: complete immobility except for breathing). Ad-
ditionally, integrated data were manually corrected for false positives
by an observer blinded to genotype or treatment. Time frames during
tone presentation that were erroneously considered by the Ethovision
software as freezing were subtracted from the total freezing time.

Fig. 1. Experiment 1: Diet-induced ghrelin resistance. (A) Timeline (B) Body weight (Interaction factor F(4,48)= 0.9975, p > 0.05; Time factor F(4,48)= 70.81,
p < 0.0001; Treatment factor F(1,12)= 0.1631, p > 0.05; Two-Way repeated measures ANOVA with Bonferroni’s post-hoc test) (C) Abdominal fat 4 weeks after
diet onset (p=0.0012, Mann-Whitney U=1.000, Mann-Whitney test) (D) Time spent eating after administration of 0.5 mg/kg MK0677 4 weeks after diet onset
(p=0.0041, Mann-Whitney U=1.000, Mann-Whitney test) (E) Food intake after administration of 0.5 mg/kg MK0677 4 weeks after diet onset (p= 0.0093, Mann-
Whitney U=1.000, Mann-Whitney test). Dots represent individual data points; horizontal lines represent mean ± SEM. ** p < 0.01. n=7 per experimental
group. HFD: high-fat diet. i.p.: intraperitoneally.
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2.3.2. Open field (OF)
An OF test was performed to assess locomotor activity and anxiety-

like behavior. Mice were placed in a rectangular arena
(60× 60 x 60 cm) with white opaque ground floor and black opaque
surrounding plastic walls to prevent observation of visual cues outside

the arena. Mice were left undisturbed for 10min. The center of the OF
was defined as a square of 40 x 40 cm. An illuminance of 50 lx was
created in the center of the OF. The distance moved and the time spent
in the center of the OF were recorded and tracked by an automatic
video tracking system (Ethovision).

(caption on next page)
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2.3.3. Elevated plus maze (EPM)
An EPM test was performed to assess anxiety-like behavior. Mice

could freely explore an elevated (1m from the ground) plus-shaped
arena (50×5 x 15 cm arms, white opaque ground floor) constructed
with two open arms (0.5 cm border), two closed arms (black opaque
walls) and a 6 x 6 cm center for a duration of 10min. An illuminance of
100 lx was created in the brightest part of the EPM. Time spent in the
open arms was recorded and analyzed by an automatic video tracking
system (Ethovision). One mouse (experiment 2, standard diet) jumped
off the maze and was excluded from analysis.

2.3.4. Two-bottle choice saccharin preference test
A two-bottle choice procedure was used to test saccharin preference.

On the first day, mice received two drinking bottles in their home cage
filled with tap water to get used to the two bottles. The following day,
one of the two drinking bottles was filled with a 0.1% saccharin solu-
tion (Sigma-Aldrich, Darmstadt, Germany). Twenty-four hours later,
the two bottles were weighed, refilled with water or saccharin solution
and placed in reversed order. Twenty-four hours later, bottles were
weighed again. Saccharin preference was expressed as the average daily
intake of water and saccharin (in g) or as the average daily intake of
saccharin solution to the total daily fluid intake (as a percentage).

2.4. Feeding response following administration of a GHSR agonist

Ghrelin resistance was evidenced by lower food intake following
administration of the GHSR agonist MK0677. Mice were injected i.p.
with 0.5 mg/kg of the GHSR agonist MK0677 (ibatumoren mesylate,
Tocris, Bristol, UK). MK0677 was dissolved in 1% dimethylsulfoxide
(Fluka, Sigma-Aldrich) and 0.9% NaCl (Baxter, Diegem, Belgium). Food
intake and time spent eating were evaluated during the following
ninety minutes. Three food pellets (A03, Safe Diets) were provided in
the home cage at the start of the experiment. Time spent eating was
timed manually by an observer blinded to treatment. Food pellets were
removed after ninety minutes and weighed by an observer blinded to
treatment.

2.5. Plasma ghrelin and corticosterone concentrations

In a subset of animals (mice from experiment 3, exposed for 8 weeks
to a standard diet or HFD, three days following MK0677 administra-
tion), blood was collected from the heart following respiratory arrest.
Pefabloc (1mg/ml, Sigma-Aldrich) was added immediately following
blood collection. Plasma was subsequently obtained through cen-
trifugation at 2500 g for 15min at 4 °C. Samples for ghrelin analysis
were acidified with hydrochloric acid (final concentration of 0.05 N,
VWR, International, Radnor, Pennsylvania, US). Enzyme-linked im-
munosorbent assays were performed for acylated ghrelin (EZRGRA-
90 K, Millipore, Missouri, USA), total ghrelin (EZRGRT-91 K, Millipore)
and corticosterone (ab108821, Abcam, Cambridge, UK) concentrations

according to the manufacturer’s instructions.

2.6. Real-time polymerase chain reaction (qPCR)

In a subset of animals (mice from experiment 3, exposed for 8 weeks
to a standard diet or HFD, three days following MK0677 administration,
RNA concentrations of two samples were below the analytical
threshold), total brain tissue was rapidly removed, snap-frozen in 2-
methylbutane (J.T. Baker, Giwice, Poland) and stored at - 80 °C. Next, a
punch of the hypothalamus was taken using a sample corer with 1mm
internal diameter (Agntho’s, Lidingö, Sweden). RNA extraction was
performed using the RNeasy Mini Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. Extracted RNA was quanti-
fied at 260/280 nm using a Nanodrop spectrophotometer (Thermo
Scientific, Wilmington, USA). Following extraction, copy desoxyr-
ibonucleic acid (cDNA) synthesis (iScript cDNA synthesis kit, Biorad,
Temse, Belgium) and cDNA purification (Genelute PCR clean-up kit,
Sigma-Aldrich) was carried out. qPCR was performed using Taqman
gene expression Master Mix (Applied Biosystems, Thermofischer,
Watlham, USA) and Taqman primers for the GHSR (gene of interest),
B2M and HPRT (housekeeping genes, Thermofischer, Waltham, USA).
All samples were loaded in duplicate. Amplifications were performed
using the StepOne Plus system (Life Technologies, Merelbeke, Belgium).
qBase+ software (Biogazelle, Gent, Belgium) was used to identify
stable housekeeping genes and subsequently for reference gene nor-
malization.

2.7. Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.01.
Data are expressed as mean ± standard error of the mean (SEM) or
median (dotplots). For experiments with one variable, data were ana-
lyzed using a Mann-Whitney test. Two-Way ANOVA or Two-Way re-
peated measures ANOVA followed by a Bonferroni post-hoc test was
used to analyze data with two independent variables. Significance
threshold was set at alpha=0.05.

3. Results

3.1. Experiment 1: diet-induced ghrelin resistance

Mice were exposed to a standard diet or HFD for 4 weeks. Mice on
the HFD did not show an enhanced increase in body weight relative to
standard diet controls (Fig. 1B) but abdominal fat was significantly
increased after 4 weeks (Fig. 1C). In addition, mice on a standard diet
showed a hyperphagic response to the GHSR agonist MK0677, which
was significantly reduced in mice on HFD (Fig. 1D,E).

Fig. 2. Experiment 2: Fear conditioning after diet onset. (A) Timeline (B) Body weight (Interaction factor F(8,208)=9.834, p < 0.0001; Time factor F
(8,208)=149.6, p < 0.0001; Treatment factor F(1,26)= 0.8846, p > 0.05; Two-Way repeated measures ANOVA with Bonferroni’s post-hoc test) (C) Abdominal
fat 8 weeks after diet onset (p < 0.0001, Mann-Whitney U=6.000, Mann-Whitney test) (D) Time spent eating after administration of 0.5 mg/kg MK0677 8 weeks
after diet onset (p < 0.0001, Mann-Whitney U=3.000, Mann-Whitney test) (E) Food intake after administration of 0.5mg/kg MK0677 8 weeks after diet onset
(p < 0.0001, Mann-Whitney U=11.00, Mann-Whitney test) (F) Auditory fear conditioning (Interaction factor F(3,78)= 1.087, p > 0.05; Time factor F
(3,78)= 42.79, p < 0.0001; Treatment F(1,26)= 1.127, p > 0.05; Two-Way repeated measures ANOVA with Bonferroni’s post-hoc test) (G) Fear extinction (10
blocks of 4 CS presentations, Interaction factor F(10,260)= 1.331, p > 0.05; Time factor F(10,260)= 16.02, p < 0.0001; Treatment factor F(1,26)= 2.273,
p > 0.05; Two-Way repeated measures ANOVA with Bonferroni’s post-hoc test) (H) Extinction retention (4 CS presentations, Interaction factor F(1,26)= 0.8312,
p > 0.05; Time factor F(1,26)= 48.59, p < 0.0001; Treatment factor F(1,26)= 1.271, p > 0.05; Two-Way repeated measures ANOVA with Bonferroni’s post-hoc
test) (I) Distance moved in the OF (p > 0.05, Mann-Whitney U=75.00, Mann-Whitney test) (J) Time spent in the center of the OF (p > 0.05, Mann-Whitney
U=96.00, Mann-Whitney test) (K) Time spent in the open arms of the EPM (p > 0.05, Mann-Whitney U=81.00, Mann-Whitney test) (L) Saccharin preference
(p=0.0010, Mann-Whitney U=29.00, Mann-Whitney test) (M) Water and saccharin fluid intake (Interaction factor F(1,52)= 17.02, p=0.0001; Row factor F
(1,52)= 83.48, p < 0.0001; Treatment factor F(1,52)= 10.93, p=0.0017; Two-Way ANOVA with Bonferroni’s post-hoc test). Dots represent individual data
points; horizontal lines represent mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. n=13–14 per experimental group. CS: conditioned
stimulus. EPM: elevated plus maze. HFD: high-fat diet. i.p.: intraperitoneally. OF: open field.
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3.2. Experiment 2: fear conditioning after diet onset

Mice were exposed to a standard diet or HFD for a total duration of
8 weeks. Fear conditioning was carried out 4 weeks after diet onset.
Mice exposed to HFD showed an enhanced increase in body weight 7
and 8 weeks after diet onset compared to mice on a standard diet

(Fig. 2B). Moreover, mice exposed to HFD also showed a significant
increase in abdominal fat compared to control mice at the end of the
experiment (Fig. 2C). Additionally, mice exposed to a standard diet
showed a hyperphagic response to MK0677 administration, which was
significantly lower in mice exposed to an HFD (Fig. 2D,E).

Mice that underwent fear conditioning 4 weeks after HFD exposure

(caption on next page)
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did not show alterations in fear acquisition (Fig. 2F), fear extinction
(Fig. 2G) or extinction retention (Fig. 2H) compared to control mice
receiving a standard diet. An OF and EPM test were performed to ex-
amine locomotor activity and anxiety-like behavior. Distance moved
and time spent in the center of the OF were not significantly affected in
the HFD group compared to control mice (Fig. 2I,J). Additionally, time
spent in the open arms of the EPM was not significantly altered
(Fig. 2K) after exposure to HFD. In the saccharin preference test, mice
on HFD showed significantly lower saccharin preference compared to
control mice (Fig. 2L,M).

3.3. Experiment 3: fear conditioning prior to diet onset

Mice were subjected to fear conditioning and subsequently exposed
to a standard diet or HFD for a total duration of 8 weeks. Similar to 3.2,
mice on the HFD showed a significant increase in body weight (Fig. 3B),
abdominal fat (Fig. 3C) and an impaired hyperphagic response to
MK0677 administration (Fig. 3D,E).

In this experiment we performed fear conditioning prior to diet
onset to investigate whether fear conditioning as such might affect diet
outcome and whether once a fear memory is established diet would
specifically affect fear extinction. There were no significant differences
in fear acquisition between the experimental groups (Fig. 3F). Fear
extinction and extinction retention were tested 4 weeks later. Our data
demonstrate that neither fear extinction (Fig. 3G), nor the retention of
fear extinction (Fig. 3H) were affected by HFD exposure. Also in this
experiment, distance moved and time spent in the center of the OF were
not significantly affected in the HFD group compared to control mice
(Fig. 3I,J). Similarly, time spent in the open arms of the EPM was not
significantly altered (Fig. 3K) after exposure to HFD. In the saccharin
preference test, mice exposed to an HFD showed significantly lower
saccharin preference compared to control mice (Fig. 3L,M).

3.4. Effects of HFD exposure on plasma ghrelin concentration,
hypothalamic GHSR expression and plasma corticosterone concentrations

We measured both acyl- and total ghrelin (containing acyl- and
desacyl-ghrelin) concentrations in plasma from mice exposed to a
standard diet or HFD for 8 weeks. We found no significant effect on
plasma acylated (Fig. 4A) and total ghrelin concentrations (Fig. 4B). A
qPCR was used to determine GHSR expression in the hypothalamus. No
significant differences in GHSR mRNA level expression were found
between experimental conditions (Fig. 4C). To test whether ghrelin
activates the HPA axis, we evaluated the effect of HFD exposure on
plasma corticosterone concentrations. Again, our data showed no sig-
nificant alterations in corticosterone concentrations after HFD exposure
(Fig. 4D). It should be noted however that plasma was collected fol-
lowing barbiturate anaesthesia, which can affect baseline corticos-
terone levels (Vahl et al., 2005) and may have masked subtle effects on
circulating corticosterone.

3.5. Auditory fear, anxiety-like behavior and saccharin preference in GHSR
KO mice

No significant difference in body weight was observed between
GHSR WT and GHSR KO mice (Fig. 5 B). However, GHSR KO mice
showed a significantly blunted hyperphagic response to MK0677 com-
pared to WT mice (Fig. 5C,D). We used GHSR WT and GHSR KO mice to
study how auditory fear processing, anxiety-like behavior and saccharin
preference would be affected by lack of GHSR function. GHSR KO mice
did not display significant abnormalities in fear acquisition (Fig. 5E),
fear extinction (Fig. 5F) or the retention of fear extinction (Fig. 5G).
Additionally, locomotor activity (Fig. 5H) and time spent in the center
of the OF (Fig. 5I) were not significantly different between GHSR WT
and GHSR KO mice. Consistent with this notion, time spent in the open
arms of the EPM (Fig. 5J) was unaltered among both groups. Saccharin
preference (%) was significantly decreased in GHSR KO mice compared
to WT littermates (Fig. 5K). However, no significant differences in
water or saccharin intake (g) were found (Fig. 5L). These data reveal
that GHSR KO mice display a preference for saccharin, but this pre-
ference is slightly less pronounced compared to WT littermates.

4. Discussion

In recent years, fear extinction and its pharmacological modulation
have become a focus of interest, because extinction is considered to be
one of the underlying mechanisms of EBT, which is commonly em-
ployed in stress-related disorders such as PTSD (Singewald et al., 2015;
Scheveneels et al., 2016). However, this mechanism seems to be im-
paired in a considerable number of patients, reducing the effectiveness
of EBT interventions and leaving patients with refractory symptoms and
a high risk of relapse (Milad and Quirk, 2012). In the present study, we
aimed to provide some mechanistic insights into whether and how
abnormal GHSR signaling may contribute to symptom severity in stress-
related disorders. Hereto, we studied the effect of HFD on auditory fear
processing, anxiety-like behavior and saccharin preference in mice. Our
experiments confirm previous observations that HFD exposure leads to
functional ghrelin resistance (Briggs et al., 2010) as evidenced by a
blunted hyperphagic response to a GHSR agonist. However, we did not
find evidence for lowered GHSR expression in the hypothalamus or
alterations in circulating acylated or total ghrelin concentrations. The
observed changes in GHSR sensitivity may result from posttranslational
modifications of the GHSR. Alternatively, GHSR activity may be im-
paired due to altered GHSR heteromerization (Schellekens et al., 2013)
with other G-protein coupled receptors such as dopamine D2, serotonin
2C or melanocortin 3 receptors (Kern et al., 2012; Schellekens et al.,
2015; Rediger et al., 2011) or due to increased expression of liver-ex-
pressed antimicrobial peptide 2 (LEAP2), which was recently re-
cognized as an endogenous GHSR antagonist (Ge et al., 2018; M’Kadmi
et al., 2019; Mani et al., 2019). However, we were unable to uncover
the mechanism through which HFD exposure alters GHSR sensitivity.

Fig. 3. Experiment 3: Fear conditioning prior to diet onset. (A) Timeline (B) Body weight (Interaction factor F(8,112)=6.907, p < 0.0001; Time factor F
(8,112)=132.1, p < 0.0001; Treatment factor F(1,14)= 3.167, p > 0.05; Two-Way repeated measures ANOVA with Bonferroni’s post-hoc test) (C) Abdominal fat
8 weeks after diet onset (p= 0.0002, Mann-Whitney U=0.0, Mann-Whitney test) (D) Time spent eating after administration of 0.5 mg/kg MK0677 8 weeks after
diet onset (p=0.0002, Mann-Whitney U=0.0, Mann-Whitney test) (E) Food intake after administration of 0.5 mg/kg MK0677 8 weeks after diet onset (p= 0.0003,
Mann-Whitney U=1.000, Mann-Whitney test) (F) Auditory fear conditioning (Interaction factor F(3,42)= 0.5803, p > 0.05; Time factor F(3,42)= 30.45,
p < 0.0001; Treatment factor F(1,14)= 0.2534, p > 0.05; Two-Way repeated measures ANOVA with Bonferroni’s post-hoc test) (G) Fear extinction (10 blocks of 4
CS presentations, Interaction factor F(10,140)=0.3612, p > 0.05; Time factor F(10,140)=14.60, p < 0.0001; Treatment factor F(1,14)= 0.8660, p > 0.05;
Two-Way repeated measures ANOVA with Bonferroni’s post-hoc test) (H) Extinction retention (4 CS presentations, Interaction factor F(1,14)= 0.4476; p > 0.05,
Time factor F(1,14)= 0.3785, p > 0.05; Treatment factor F(1,14)= 0.009319, p > 0.05; Two-Way repeated measures ANOVA with Bonferroni’s post-hoc test) (I)
Distance moved in the OF (p > 0.05, Mann-Whitney U=18.50, Mann-Whitney test) (J) Time spent in the center of the OF (p > 0.05, Mann-Whitney U=28.50,
Mann-Whitney test) (K) Time spent in the open arms of the EPM (p > 0.05, Mann-Whitney U=21.00, Mann-Whitney test) (L) Saccharin preference (p= 0.0011,
Mann-Whitney U=3.000, Mann-Whitney test) (M) Water and saccharin fluid intake (Interaction factor F(1,28)= 32.59, p < 0.0001; Row factor F(1,28)= 33.75,
p < 0.0001; Treatment factor F(1,28)= 83.13, p < 0.0001; Two-Way ANOVA with Bonferroni’s post-hoc test). Dots represent individual data points; horizontal
lines represent mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. n= 8 per experimental group. CS: conditioned stimulus. EPM: elevated
plus maze. HFD: high-fat diet. i.p.: intraperitoneally. OF: open field.

A. Pierre, et al. Psychoneuroendocrinology 110 (2019) 104430

7



Fear conditioning, fear extinction and extinction retention were
unaffected after 4 weeks of HFD exposure, a time point where the hy-
perphagic response to administration of a GHSR agonist was already
significantly lower. While some studies have shown reduced auditory
fear recall following chronic HFD exposure (Johnson et al., 2016;
Cordner and Tamashiro, 2015), our data are in line with a previous
study showing no effect of HFD exposure on fear acquisition or ex-
pression in mice (Boitard et al., 2015). Moreover, we provide novel
evidence for a lack of significant effects of HFD exposure on fear ex-
tinction. Interestingly, prolonged exposure to an HFD (more than 4
months) was previously found to induce global memory impairments,
assessed in tests of auditory fear memory, spatial learning and memory,
and object recognition memory (Johnson et al., 2016; Cordner and
Tamashiro, 2015). Consequently, effects of chronic HFD exposure on
fear processing may not be fear-specific and rely on impairments in
memory performance. Moreover, these effects may result from brain
inflammation rather than ghrelin resistance (Marsland et al., 2015).
However, chronic restraint stress was previously shown to be associated
with ghrelin resistance, characterized by lower ghrelin binding to the
GHSR in the amygdala (Yousufzai et al., 2018; Harmatz et al., 2017),
and was shown to increase auditory fear expression in rats (Yousufzai
et al., 2018; Harmatz et al., 2017). Whether this reduced binding of
ghrelin in the amygdala is sufficient to cause these effects on fear
processing is not completely clear. Moreover, it is possible that ghrelin
resistance caused by restraint stress affects different brain regions
compared to ghrelin resistance caused by HFD (Harmatz et al., 2017;
Briggs et al., 2010). Indeed, circulating ghrelin induces neuronal ac-
tivity (c-fos) in the hypothalamus without affecting deeper brain re-
gions such as the amygdala (Cornejo et al., 2018). It has been reported
that ghrelin freely diffuses through fenestrated capillaries of the median
eminence into the ARC, however, it remains presently unknown how
ghrelin could reach brain regions such as the amygdala and hippo-
campus (Cabral et al., 2015). Moreover, GHSR mRNA expression in the
hypothalamus is high, whereas expression in the amygdala is low (Mani
et al., 2014).

Negative feelings and difficulties in experiencing pleasure from
enjoyable activities are also typical symptoms in stress-related disorders
such as PTSD (Association AP, 2013). Interestingly, ghrelin has been
proposed to play a key role in stress-induced food-reward (Chuang
et al., 2011). However, our results suggest that this system may be self-
limiting given that exposure to high-calorie HFD results in ghrelin re-
sistance and lowers food-reward sensitivity. Indeed, mice exposed to
HFD showed a significant decrease in saccharin preference. Moreover,
total fluid intake of mice exposed to HFD is comparable with previously

reported findings describing daily water intake in C57BL/6 J mice
(Bachmanov et al., 2002). Fluid intake and more specifically saccharin
fluid intake was significantly increased in mice receiving a standard
diet. This effect is consistent with previously reported data in which
exposure to HFD for three weeks lowered saccharin preference (Lockie
et al., 2015). One limitation to this observation is that HFD may affect
gustatory reward systems without affecting other reward systems
(Lockie et al., 2015). Moreover, we were unable to demonstrate that the
observed effect on saccharine preference was caused by altered GHSR
sensitivity. We observed no behavioral effects in the OF or EPM fol-
lowing HFD exposure. Our data are in line with findings of other studies
(Zuloaga et al., 2016; Del Rio et al., 2016), but some groups reported
anxiogenic anxiety-like behavior 1 (but not 3 weeks), 12 and 16 weeks
following HFD exposure (Zemdegs et al., 2016; Kaczmarczyk et al.,
2013). The duration of HFD exposure may explain such differences.

Finally, in our study, HFD exposure did not alter acyl or total ghrelin
concentrations in the plasma or GHSR expression in the hypothalamus.
Literature is ambiguous regarding the effect of HFD exposure on plasma
ghrelin concentrations and GHSR expression with one study showing a
decrease in plasma ghrelin and GHSR expression while others report no
changes (Briggs et al., 2010; Francois et al., 2016; Naznin et al., 2015).
Given that ghrelin has been shown to drive activity in the HPA axis, we
measured plasma corticosterone concentrations following HFD ex-
posure, but we found no significant differences compared to mice re-
ceiving standard diet. This finding is consistent with previously re-
ported data demonstrating no effect on plasma corticosterone
concentrations in mice following exposure to an HFD for twelve weeks
(Sharma et al., 2013; Naznin et al., 2018).

Taken together, our data show that exposure to an HFD does not
affect auditory fear processing or anxiety-like behavior but significantly
decreases saccharin preference. To further explore the effect of reduced
GHSR function, we subjected GHSR KO mice to the same behavioral
tests. Confirming the functional GHSR KO (Zigman et al., 2005), the
hyperphagic response to MK0677 was abolished in GHSR KO mice. We
confirmed that locomotor activity and anxiety-like behavior is un-
altered in GHSR KO mice (Albarran-Zeckler et al., 2012, 2011; Mahbod
et al., 2018). However, our study is the first to report that lack of a
GHSR does not significantly affect auditory fear learning or extinction
in mice. In addition, a saccharin preference test was also performed.
These data reveal that absence of the GHSR significantly decreases
saccharin preference, but it should be noted that the effect is small and
was not observed when comparing the total amount of fluid intake.
Consequently, we believe that the pronounced decrease in saccharin
preference following HFD exposure may only partly related to ghrelin

Fig. 4. Effects of HFD exposure on GHSR expression, plasma ghrelin concentration and plasma corticosterone concentrations. (A) Plasma acylated ghrelin con-
centrations (p > 0.05, Mann-Whitney U=28.00, Mann-Whitney test) (B) Plasma total ghrelin concentrations (p > 0.05, Mann-Whitney U=25.00, Mann-Whitney
test) (C) GHSR expression in the hypothalamus (p > 0.05, Mann-Whitney U=23.00, Mann-Whitney test) and (D) Plasma corticosterone concentrations (p > 0.05,
Mann-Whitney U=31.00, Mann-Whitney test). Dots represent individual data points. n= 7–8 per experimental group. GHSR: ghrelin receptor. HFD: high-fat diet.
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resistance. Indeed, we were unable to demonstrate the causal effect of
HFD exposure on saccharine preference and other factors such as leptin
resistance might be implicated (Guo and Lu, 2014).

Our data suggest that changed GHSR function associated with HFD
exposure or following its genetic ablation does not cause alterations in
fear processing or anxiety-like behavior per se but decreases saccharin
preference in mice. This finding might have important clinical im-
plications given that PTSD is associated with obesity and emotional
distress, negative affect and decreased interest in activities. It is im-
portant that our experiments were not carried out in a model for PTSD.
Moreover, such animals may not readily translate to human pathology.
Nevertheless, it may be interesting to better understand how obesity
may aggravate PTSD symptoms.
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