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Abstract 27 

  28 

Background: Obesity is a risk factor for stress-related mental disorders such as 29 

post-traumatic stress disorder. The underlying mechanism through which obesity 30 

affects mental health remains poorly understood but dysregulation of the ghrelin 31 

system may be involved. Stress increases plasma ghrelin levels, which stimulates 32 

food intake as a potential stress-coping mechanism. However, diet-induced 33 

obesity induces ghrelin resistance which in turn may have deleterious effects on 34 

stress-coping. In our study, we explored whether disruption of ghrelin receptor 35 

function though high-fat diet or genetic ablation affects fear processing, anxiety-36 

like behavior and saccharin preference in mice.  37 

 38 

Methods: Adult male C57BL6/J mice were placed on a standard diet or high-fat 39 

diet for a total period of 8 weeks. We first established that high-fat diet exposure 40 

for 4 weeks elicits ghrelin resistance, evidenced by a blunted hyperphagic 41 

response following administration of a ghrelin receptor agonist. We then carried 42 

out an experiment in which we subjected mice to auditory fear conditioning after 43 

4 weeks of diet exposure and evaluated effects on fear extinction, anxiety-like 44 

behavior and saccharin preference. To explore whether fear conditioning as such 45 

may influence the effect of diet exposure, we also subjected mice to auditory 46 

fear conditioning prior to diet onset and 4 weeks later we investigated auditory 47 

fear extinction, anxiety-like behavior and saccharin preference. In a final 48 

experiment, we further assessed lack of ghrelin receptor function by 49 

investigating auditory fear processing, anxiety-like behavior and saccharin 50 

preference in ghrelin receptor knockout mice and their wild-type littermates. 51 

 52 
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Results: High-fat diet exposure had no significant effect on auditory fear 53 

conditioning and its subsequent extinction or on anxiety-like behavior but 54 

significantly lowered saccharin preference. Similarly, ghrelin receptor knockout 55 

mice did not differ significantly from their wild-type littermates for auditory fear 56 

processing or anxiety-like behavior but showed significantly lower saccharin 57 

preference compared to wild-type littermates. 58 

 59 

Conclusion: Taken together, our data suggest that disruption of ghrelin receptor 60 

function per se does not affect fear or anxiety-like behavior but may decrease 61 

saccharin preference in mice. 62 

 63 

Keywords: Ghrelin resistance, high-fat diet, fear processing, anxiety-like 64 

behavior, saccharin preference 65 

 66 
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Abbreviations 74 

 75 

AgRP Agouti-related peptide 

ARC Arcuate nucleus 

cDNA Copy desoxyribonucleic acid 

CBT Cognitive behavior therapy 

CS Conditioned stimulus 

CSDS Chronic social defeat stress 

EBT Exposure-based behavioral therapy 

EPM Elevated plus maze 

FC-HFD Fear conditioning prior to diet onset 

GHSR Ghrelin receptor 

HAB Habituation  

HFD High-fat diet 

HFD-FC Fear conditioning 4 weeks after diet onset 

HPA Hypothalamic-pituitary-adrenal 

i.p. intraperitoneally 

ITI Inter-trial interval 

KO Knockout 

NPY Neuropeptide Y 

OF Open field 

PTSD Post-traumatic stress disorder 

qPCR Real-time polymerase chain reaction 

SEM Standard error of the mean 

US Unconditioned stimulus 

WT Wild-type 
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1. Introduction 76 

 77 

Ghrelin is a 28-amino acid hormone which is synthetized by X/A-like cells of the 78 

gastrointestinal tract and released into the bloodstream in response to a negative 79 

energy balance (1, 2). Post-translational modification on the serine-3 residue by 80 

ghrelin-o-acyltransferase converts desacyl-ghrelin to acyl-ghrelin, typically 81 

referred to as ghrelin, that freely diffuses through fenestrated capillaries of the 82 

median eminence into the arcuate nucleus (ARC) of the hypothalamus (3, 4). 83 

There ghrelin binds to the G-protein coupled ghrelin receptor (also known as 84 

growth hormone secretagogue receptor, GHSR), expressed on neuropeptide Y 85 

(NPY) / agouti-related peptide (AgRP) neurons. Excitation of these orexigenic 86 

neurons stimulates food intake (5). Intact NPY signaling is required for the 87 

orexigenic effects of peripheral ghrelin and selective re-expression of GHSR in 88 

NPY/AgRP neurons of GHSR knockout (KO) mice partially mediates ghrelin-89 

induced food intake (6). Besides its orexigenic effect through activation of ARC 90 

NPY/AgRP neurons, ghrelin has been shown to activate the hypothalamic-91 

pituitary-adrenal (HPA) axis by disinhibition of corticotropin-releasing factor 92 

neurons in the paraventricular nucleus (7). Consequently, plasma 93 

adrenocorticotropic hormone and cortisol concentrations have been 94 

demonstrated to increase significantly following peripheral administration of 95 

ghrelin (8). Conversely, plasma ghrelin concentrations have been shown to 96 

increase in response to various types of stressors such as chronic restraint stress 97 

and chronic social defeat stress (CSDS) (9-11). Given the orexigenic properties 98 

of ghrelin, it is not surprising that stress has been associated with an increase in 99 

food intake. Mice subjected to the CSDS procedure displayed hyperphagia and 100 

increased intake of high-calorie food (11). In GHSR KO mice, stress-induced 101 
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hyperphagia was absent and depressive-like symptoms were more pronounced 102 

compared to wild-type (WT) littermates (11, 12). This suggests that GHSR 103 

activation may protect against some of the behavioral consequences of stress 104 

exposure. Nevertheless, pharmacological interventions using ghrelin or a GHSR 105 

agonist failed to establish antidepressant effects in the CSDS (13). One potential 106 

explanation is that the excessive activation of GHSR may result in its 107 

desensitization. In line with the notion of deleterious effects of desensitization of 108 

GHSR, chronic restraint stress in rats which was associated with reduced binding 109 

of acyl-ghrelin to its receptor in the basolateral amygdala enhanced auditory 110 

fear, while chronic administration of a GHSR antagonist during stress exposure 111 

was sufficient to reverse these effects of stress on auditory fear processing (9, 112 

14). Altogether, decreased functionality of the GHSR or ghrelin resistance may 113 

hamper the protective effects of circulating ghrelin (13, 15).  114 

 115 

Post-traumatic stress disorder (PTSD) is a stress-related mental disorder that is 116 

typically characterized by emotional distress after exposure to traumatic 117 

reminders, avoidance of trauma-related reminders, negative affect and 118 

decreased interest in activities (16). Treatment strategies are available, but more 119 

than one quarter of patients do not respond to therapy or rapidly relapse (17). 120 

First-line treatment for trauma-and stressor-related disorders comprises 121 

cognitive behavior therapy (CBT) (18). A key component of CBT is exposure-122 

based treatment (EBT), a procedure that aims to gradually decrease fear for the 123 

traumatic event. However, patients have difficulties to bare this long, exhausting 124 

procedure or relapse easily over time (19). Given the high social and economic 125 

impact of stress-related mental disorders, a better understanding of their 126 

pathophysiology is critical for the development of novel approaches. 127 
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Interestingly, stress-related mental disorders such as PTSD have a high 128 

comorbidity with obesity (20-23). The pathophysiological underpinnings of this 129 

comorbidity remain unknown but there is evidence that a dysregulation of the 130 

ghrelin system might be a common underlying risk factor for symptoms (24, 25). 131 

In line with this hypothesis, interactions of genetic polymorphisms in ghrelin and 132 

orexin genes were shown to predict symptom severity in patients with PTSD 133 

(26). 134 

 135 

Altogether, GHSR signaling appears to be an important factor for initial stress-136 

coping. However, ghrelin resistance, or the reduced effectiveness of the GHSR, 137 

following a prolonged increase in ghrelin signaling may have deleterious effects. 138 

Our study is a first attempt using two complementary approaches to investigate 139 

whether interventions that decrease GHSR function cause changes in behavior 140 

that may be relevant for PTSD: auditory fear processing, anxiety-like behavior 141 

and saccharin preference. We studied two models of ghrelin resistance. The first 142 

model was based on exposure of adult male C57BL/6J mice to a high-fat diet 143 

(HFD), which was previously shown to induce ghrelin resistance characterized by 144 

an impaired hyperphagic response to ghrelin administration (27). The second 145 

model was based on genetic ablation of the GHSR.   146 

 147 

 148 

 149 

 150 

 151 

 152 

 153 

154 
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2. Material & Methods 155 

 156 

2.1. Animals 157 

Mice were single-housed (1264C Eurostandard type II cages, Tecniplast, 158 

Buguggiate, Italy) in a temperature (21 ± 3 °C) and humidity (30 - 70 %) 159 

regulated environment with a 12/12 h light/dark cycle and received food and 160 

water ad libitum. All experiments were carried out on adult male mice. C57BL/6J 161 

mice (8 weeks at the start of experimental procedures) were purchased from 162 

Janvier (La Genest-Saint-Isle, France) and were habituated to the new 163 

environment for at least one week following transport. Mice were maintained on 164 

a standard diet (A04, Safe Diets, Augy, France) or HFD (235HF providing 45 % 165 

of energy from fat, Safe Diets) as indicated in the experimental procedures and 166 

results. Fresh food pellets were provided weekly. A small amount of peanut 167 

butter (Calvé, Unilever, Belgium) was applied around two HFD pellets when fresh 168 

food was provided to ensure HFD food intake. Adult male GHSR KO mice and WT 169 

littermates (8-12 weeks old at the start of experimental procedures, developed 170 

by Janssen Pharmaceutica, Beerse, Belgium (28)) were bred in-house as 171 

offspring of heterozygous GHSR couples that were backcrossed on a C57BL/6J 172 

background (Janvier) for at least nine generations. The following primers were 173 

used to verify the genotype of the animals: GHSR WT mice: 5′-174 

TGGGGGTGCGAACATTAGC-3′ and 5′-CTGAAGGCATCTTTCACTACG-3′; GHSR KO 175 

mice: 5′-ACATATTCTATGTGAGGCACC-3′ and 5′-CTGAAGGCATCTTTCACTACG-3′ 176 

(Eurogentec, Seraing, Liège, Belgium).  177 

 178 

All experiments were approved by the ethical committee of the Vrije Universiteit 179 

Brussel (ECD 17.213.1) and complied with the European Community Council 180 
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Directives (2010/63/EU) and KB 2013-05-29/12. All efforts were made to 181 

minimize the number of animals and to reduce suffering of the animals. 182 

 183 

2.2. Experimental design 184 

2.2.1 Experiment 1: Diet-induced ghrelin resistance 185 

Mice were exposed to a standard diet or HFD for a total duration of 4 weeks. 186 

Body weight of all mice was measured weekly. After 4 weeks, food intake in 187 

response to a GHSR agonist (2.4.) was evaluated. At the end of the experiment, 188 

all mice were euthanized by an overdose of barbiturates (250 mg/kg 189 

intraperitoneally (i.p.) pentobarbital, Dolethal®, Vétoquinol, Aartselaar, Belgium). 190 

Abdominal fat from all animals was removed and weighed by a scientist blinded 191 

to treatment. The timeline of the experiment is outlined in figure 1A.  192 

 193 

2.2.2. Experiment 2: Fear conditioning after diet onset  194 

Mice were maintained on a standard diet or HFD for a total duration of 8 weeks. 195 

Auditory fear conditioning, fear extinction and a fear extinction retention test 196 

(2.3.1.) were performed on consecutive days 4 weeks after diet onset. Anxiety-197 

like behavior was tested in the open field (OF) (2.3.2.) and elevated plus maze 198 

(EPM) (2.3.3.) 5 weeks after diet onset. A two-bottle choice saccharin test 199 

(2.3.4.) to assess saccharin preference was performed at 7 weeks. Food intake in 200 

response to a GHSR agonist (2.4.) was evaluated 8 weeks after diet onset. At the 201 

end of the experiment, all mice were euthanized by an overdose of barbiturates. 202 

Abdominal fat from all animals was removed and weighed by a scientist blinded 203 

to treatment. The timeline of the experiment is outlined in figure 2A.  204 

 205 

2.2.3. Experiment 3: Fear conditioning prior to diet onset 206 
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Mice were subjected to auditory fear conditioning and were subsequently placed 207 

on a standard diet or HFD for a total period of 8 weeks. Body weight of all mice 208 

was measured weekly. Mice were subjected to fear extinction and a fear 209 

extinction retention test in the fear conditioning paradigm (2.3.1.) 4 weeks after 210 

diet onset. Anxiety-like behavior in the OF (2.3.2.) and EPM test (2.3.3.) was 211 

tested 5 weeks after diet onset. Saccharin preference was studied in a two-bottle 212 

choice saccharin test (2.3.4.) 7 weeks after diet onset. Food intake in response 213 

to a GHSR agonist (2.4.) was evaluated 8 weeks after diet onset. At the end of 214 

the experiment, all mice were euthanized by an overdose of barbiturates. In 215 

these animals, blood was collected through cardiac puncture and brains were 216 

removed for further analysis. Abdominal fat from all animals was removed and 217 

weighed by a scientist blinded to treatment. The timeline of the experiment is 218 

outlined in figure 3A.  219 

 220 

2.2.4. Behavioral testing in GHSR WT and GHSR KO mice 221 

GHSR WT and GHSR KO mice were subjected to the following behavioral tests: 222 

auditory fear conditioning, fear extinction and  a fear extinction retention test in 223 

the fear conditioning paradigm (2.3.1.), anxiety-like behavior in the OF (2.3.2.) 224 

and EPM test (2.3.3.) and saccharin preference in a two-bottle choice saccharin 225 

preference test (2.3.4.). As a positive control for the effect of the GHSR agonist 226 

MK0677 (2.4.), food intake was measured in GHSR WT and GHSR KO mice. The 227 

timeline of the experiment is outlined in figure 5A.  228 

 229 

2.3. Behavioral tests 230 

2.3.1. Auditory fear conditioning 231 
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Mice were exposed to three tone presentations (80 dB, 4 kHz tone, stimulus 232 

duration 30 s, inter-trial interval (ITI) 1 min) serving as the conditioned stimulus 233 

(CS) co-terminating with an electric shock (0.6 mA shock, 2 s duration) as 234 

unconditioned stimulus (US) in context A (17 x 17 x 20 cm chamber with three 235 

transparent and one grey wall and a metal floor linked to a current source, 125 236 

lux, cleaned with 1 % acetic acid). Fear extinction training was performed in 237 

context B (chamber with three black and white chequered walls and one 238 

transparent wall, a solid white floor, 15 lux and cleaned with 1-3 % hospital 239 

antiseptic concentrate, Regent Medical Overseas, Manchester, UK) either one day 240 

or one month after conditioning as specified in the experimental design section 241 

(2.2) and consisted of forty CS presentations (5 s ITI). Twenty-four hours 242 

following fear extinction training, extinction retention was tested by exposing the 243 

animals to 4 CS presentations (1 min ITI) in context B. The conditioning chamber 244 

was thoroughly cleaned before and after each trial with the context-specific 245 

cleaning solution. Ethovision software (Noldus, Wageningen, The Netherlands, 246 

inactivity threshold of 0.3 %, 1 s) was used to analyze the conditioned reaction 247 

(freezing: complete immobility except for breathing). Additionally, integrated 248 

data were manually corrected for false positives by an observer blinded to 249 

genotype or treatment. Time frames during tone presentation that were 250 

erroneously considered by the Ethovision software as freezing were subtracted 251 

from the total freezing time. 252 

 253 

2.3.2. Open field (OF) 254 

An OF test was performed to assess locomotor activity and anxiety-like behavior. 255 

Mice were placed in a rectangular arena (60 x 60 x 60 cm) with white opaque 256 

ground floor and black opaque surrounding plastic walls to prevent observation 257 
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of visual cues outside the arena. Mice were left undisturbed for 10 minutes. The 258 

center of the OF was defined as a square of 40 x 40 cm. An illuminance of 50 lux 259 

was created in the center of the OF. The distance moved and the time spent in 260 

the center of the OF were recorded and tracked by an automatic video tracking 261 

system (Ethovision). 262 

 263 

2.3.3. Elevated plus maze (EPM) 264 

An EPM test was performed to assess anxiety-like behavior. Mice could freely 265 

explore an elevated (1 m from the ground) plus-shaped arena (50 x 5 x 15 cm 266 

arms, white opaque ground floor) constructed with two open arms (0.5 cm 267 

border), two closed arms (black opaque walls) and a 6 x 6 cm center for a 268 

duration of 10 minutes. An illuminance of 100 lux was created in the brightest 269 

part of the EPM. Time spent in the open arms was recorded and analyzed by an 270 

automatic video tracking system (Ethovision). One mouse (experiment 2, 271 

standard diet) jumped off the maze and was excluded from analysis. 272 

 273 

2.3.4. Two-bottle choice saccharin preference test 274 

A two-bottle choice procedure was used to test saccharin preference. On the first 275 

day, mice received two drinking bottles in their home cage filled with tap water 276 

to get used to the two bottles. The following day, one of the two drinking bottles 277 

was filled with a 0.1 % saccharin solution (Sigma-Aldrich, Darmstadt, Germany). 278 

Twenty-four hours later, the two bottles were weighed, refilled with water or 279 

saccharin solution and placed in reversed order. Twenty-four hours later, bottles 280 

were weighed again. Saccharin preference was expressed as the average daily 281 

intake of water and saccharin (in g) or as the average daily intake of saccharin 282 

solution to the total daily fluid intake (as a percentage). 283 
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2.4. Feeding response following administration of a GHSR agonist 284 

Ghrelin resistance was evidenced by lower food intake following administration of 285 

the GHSR agonist MK0677. Mice were injected i.p. with 0.5 mg/kg of the GHSR 286 

agonist MK0677 (ibatumoren mesylate, Tocris, Bristol, UK). MK0677 was 287 

dissolved in 1 % dimethylsulfoxide (Fluka, Sigma-Aldrich) and 0.9 % NaCl 288 

(Baxter, Diegem, Belgium). Food intake and time spent eating were evaluated 289 

during the following ninety minutes. Three food pellets (A03, Safe Diets) were 290 

provided in the home cage at the start of the experiment. Time spent eating was 291 

timed manually by an observer blinded to treatment. Food pellets were removed 292 

after ninety minutes and weighed by an observer blinded to treatment.  293 

 294 

2.5. Plasma ghrelin and corticosterone concentrations 295 

In a subset of animals (mice from experiment 3, exposed for 8 weeks to a 296 

standard diet or HFD, three days following MK0677 administration), blood was 297 

collected from the heart following respiratory arrest. Pefabloc (1 mg/ml, Sigma-298 

Aldrich) was added immediately following blood collection. Plasma was 299 

subsequently obtained through centrifugation at 2500 g for 15 min at 4 °C. 300 

Samples for ghrelin analysis were acidified with hydrochloric acid (final 301 

concentration of 0.05 N, VWR, International, Radnor, Pennsylvania, US). 302 

Enzyme-linked immunosorbent assays were performed for acylated ghrelin 303 

(EZRGRA-90K, Millipore, Missouri, USA), total ghrelin (EZRGRT-91K, Millipore) 304 

and corticosterone (ab108821, Abcam, Cambridge, UK) concentrations according 305 

to the manufacturer’s instructions.  306 

 307 

2.6. Real-time polymerase chain reaction (qPCR) 308 
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In a subset of animals (mice from experiment 3, exposed for 8 weeks to a 309 

standard diet or HFD, three days following MK0677 administration, RNA 310 

concentrations of two samples were below the analytical threshold), total brain 311 

tissue was rapidly removed, snap-frozen in 2-methylbutane (J.T. Baker, Giwice, 312 

Poland) and stored at - 80 °C. Next, a punch of the hypothalamus was taken 313 

using a sample corer with 1 mm internal diameter (Agntho’s, Lidingö, Sweden). 314 

RNA extraction was performed using the RNeasy Mini Kit (Qiagen, Hilden, 315 

Germany) according to the manufacturer’s instructions. Extracted RNA was 316 

quantified at 260/280 nm using a Nanodrop spectrophotometer (Thermo 317 

Scientific, Wilmington, USA). Following extraction, copy desoxyribonucleic acid 318 

(cDNA) synthesis (iScript cDNA synthesis kit, Biorad, Temse, Belgium) and cDNA 319 

purification (Genelute PCR clean-up kit, Sigma-Aldrich) was carried out. qPCR 320 

was performed using Taqman gene expression Master Mix (Applied Biosystems, 321 

Thermofischer, Watlham, USA) and Taqman primers for the GHSR (gene of 322 

interest), B2M and HPRT (housekeeping genes, Thermofischer, Waltham, USA). 323 

All samples were loaded in duplicate. Amplifications were performed using the 324 

StepOne Plus system (Life Technologies, Merelbeke, Belgium). qBase+ software 325 

(Biogazelle, Gent, Belgium) was used to identify stable housekeeping genes and 326 

subsequently for reference gene normalization.  327 

 328 

2.7. Statistical analysis 329 

Statistical analyses were performed using GraphPad Prism 6.01. Data are 330 

expressed as mean ± standard error of the mean (SEM) or median (dotplots). 331 

For experiments with one variable, data were analyzed using a Mann-Whitney 332 

test. Two-Way ANOVA or Two-Way repeated measures ANOVA followed by a 333 



Anouk Pierre 

 
15 

Bonferroni post-hoc test was used to analyze data with two independent 334 

variables. Significance threshold was set at alpha = 0.05. 335 

336 
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3. Results 337 

 338 

3.1. Experiment 1: Diet-induced ghrelin resistance 339 

Mice were exposed to a standard diet or HFD for 4 weeks. Mice on the HFD did 340 

not show an enhanced increase in body weight relative to standard diet controls 341 

(Fig.1B) but abdominal fat was significantly increased after 4 weeks (Fig.1C). In 342 

addition, mice on a standard diet showed a hyperphagic response to the GHSR 343 

agonist MK0677, which was significantly reduced in mice on HFD (Fig.1D,E).  344 

 345 

3.2. Experiment 2: Fear conditioning after diet onset  346 

Mice were exposed to a standard diet or HFD for a total duration of 8 weeks. Fear 347 

conditioning was carried out 4 weeks after diet onset. Mice exposed to HFD 348 

showed an enhanced increase in body weight 7 and 8 weeks after diet onset 349 

compared to mice on a standard diet (Fig.2B). Moreover, mice exposed to HFD 350 

also showed a significant increase in abdominal fat compared to control mice at 351 

the end of the experiment (Fig.2C). Additionally, mice exposed to a standard diet 352 

showed a hyperphagic response to MK0677 administration, which was 353 

significantly lower in mice exposed to an HFD (Fig.2D,E). 354 

Mice that underwent fear conditioning 4 weeks after HFD exposure did not show 355 

alterations in fear acquisition (Fig.2F), fear extinction (Fig. 2G) or extinction 356 

retention (Fig.2H) compared to control mice receiving a standard diet. An OF and 357 

EPM test were performed to examine locomotor activity and anxiety-like 358 

behavior. Distance moved and time spent in the center of the OF were not 359 

significantly affected in the HFD group compared to control mice (Fig.2I,J). 360 

Additionally, time spent in the open arms of the EPM was not significantly altered 361 

(Fig.2K) after exposure to HFD. In the saccharin preference test, mice on HFD 362 
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showed significantly lower saccharin preference compared to control mice 363 

(Fig.2L,M). 364 

 365 

3.3. Experiment 3: Fear conditioning prior to diet onset  366 

Mice were subjected to fear conditioning and subsequently exposed to a standard 367 

diet or HFD for a total duration of 8 weeks. Similar to 3.2, mice on the HFD 368 

showed a significant increase in body weight (Fig.3B), abdominal fat (Fig.3C) and 369 

an impaired hyperphagic response to MK0677 administration (Fig.3D,E). 370 

In this experiment we performed fear conditioning prior to diet onset to 371 

investigate whether fear conditioning as such might affect diet outcome and 372 

whether once a fear memory is established diet would specifically affect fear 373 

extinction. There were no significant differences in fear acquisition between the 374 

experimental groups (Fig.3F). Fear extinction and extinction retention were 375 

tested 4 weeks later. Our data demonstrate that neither fear extinction (Fig.3G), 376 

nor the retention of fear extinction (Fig.3H) were affected by HFD exposure. Also 377 

in this experiment, distance moved and time spent in the center of the OF were 378 

not significantly affected in the HFD group compared to control mice (Fig.3I,J). 379 

Similarly, time spent in the open arms of the EPM was not significantly altered 380 

(Fig.3K) after exposure to HFD. In the saccharin preference test, mice exposed 381 

to an HFD showed significantly lower saccharin preference compared to control 382 

mice (Fig.3L,M). 383 

 384 

3.4. Effects of HFD exposure on plasma ghrelin concentration, hypothalamic 385 

GHSR expression and plasma corticosterone concentrations. 386 
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We measured both acyl- and total ghrelin (containing acyl- and desacyl-ghrelin) 387 

concentrations in plasma from mice exposed to a standard diet or HFD for 8 388 

weeks. We found no significant effect on plasma acylated (Fig.4A) and total 389 

ghrelin concentrations (Fig.4B). A qPCR was used to determine GHSR expression 390 

in the hypothalamus. No significant differences in GHSR mRNA level expression 391 

were found between experimental conditions (Fig.4C). To test whether ghrelin 392 

activates the HPA axis, we evaluated the effect of HFD exposure on plasma 393 

corticosterone concentrations. Again, our data showed no significant alterations 394 

in corticosterone concentrations after HFD exposure (Fig.4D). It should be noted 395 

however that plasma was collected following barbiturate anaesthesia, which can 396 

affect baseline corticosterone levels (29) and may have masked subtle effects on 397 

circulating corticosterone.  398 

 399 

3.5. Auditory fear, anxiety-like behavior and saccharin preference in GHSR KO 400 

mice. 401 

No significant difference in body weight was observed between GHSR WT and 402 

GHSR KO mice (Fig.5B). However, GHSR KO mice showed a significantly blunted 403 

hyperphagic response to MK0677 compared to WT mice (Fig.5C,D). We used 404 

GHSR WT and GHSR KO mice to study how auditory fear processing, anxiety-like 405 

behavior and saccharin preference would be affected by lack of GHSR function. 406 

GHSR KO mice did not display significant abnormalities in fear acquisition 407 

(Fig.5E), fear extinction (Fig.5F) or the retention of fear extinction (Fig.5G). 408 

Additionally, locomotor activity (Fig.5H) and time spent in the center of the OF 409 

(Fig.5I) were not significantly different between GHSR WT and GHSR KO mice. 410 

Consistent with this notion, time spent in the open arms of the EPM (Fig.5J) was 411 

unaltered among both groups. Saccharin preference (%) was significantly 412 
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decreased in GHSR KO mice compared to WT littermates (Fig.5K). However, no 413 

significant differences in water or saccharin intake (g) were found (Fig.5L). These 414 

data reveal that GHSR KO mice display a preference for saccharin, but this 415 

preference is slightly less pronounced compared to WT littermates.  416 

 417 

 418 

  419 
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4. Discussion 420 

 421 

In recent years, fear extinction and its pharmacological modulation have become 422 

a focus of interest, because extinction is considered to be one of the underlying 423 

mechanisms of EBT, which is commonly employed in stress-related disorders 424 

such as PTSD (19, 30). However, this mechanism seems to be impaired in a 425 

considerable number of patients, reducing the effectiveness of EBT interventions 426 

and leaving patients with refractory symptoms and a high risk of relapse (31). In 427 

the present study, we aimed to provide some mechanistic insights into whether 428 

and how abnormal GHSR signaling may contribute to symptom severity in stress-429 

related disorders. Hereto, we studied the effect of HFD on auditory fear 430 

processing, anxiety-like behavior and saccharin preference in mice. Our 431 

experiments confirm previous observations that HFD exposure leads to functional 432 

ghrelin resistance (27) as evidenced by a blunted hyperphagic response to a 433 

GHSR agonist. However, we did not find evidence for lowered GHSR expression 434 

in the hypothalamus or alterations in circulating acylated or total ghrelin 435 

concentrations. The observed changes in GHSR sensitivity may result from 436 

posttranslational modifications of the GHSR. Alternatively, GHSR activity may be 437 

impaired due to altered GHSR heteromerization (32) with other G-protein 438 

coupled receptors such as dopamine D2, serotonin 2C or melanocortin 3 439 

receptors (33-35) or due to increased expression of liver-expressed antimicrobial 440 

peptide 2 (LEAP2), which was recently recognized as an endogenous GHSR 441 

antagonist (36-38). However, we were unable to uncover the mechanism 442 

through which HFD exposure alters GHSR sensitivity. 443 

 444 
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Fear conditioning, fear extinction and extinction retention were unaffected after 4 445 

weeks of HFD exposure, a time point where the hyperphagic response to 446 

administration of a GHSR agonist was already significantly lower. While some 447 

studies have shown reduced auditory fear recall following chronic HFD exposure 448 

(39, 40), our data are in line with a previous study showing no effect of HFD 449 

exposure on fear acquisition or expression in mice (41).  Moreover, we provide 450 

novel evidence for a lack of significant effects of HFD exposure on fear extinction. 451 

Interestingly, prolonged exposure to an HFD (more than 4 months) was 452 

previously found to induce global memory impairments, assessed in tests of 453 

auditory fear memory, spatial learning and memory, and object recognition 454 

memory (39, 40). Consequently, effects of chronic HFD exposure on fear 455 

processing may not be fear-specific and rely on impairments in memory 456 

performance. Moreover, these effects may result from brain inflammation rather 457 

than ghrelin resistance (42). However, chronic restraint stress was previously 458 

shown to be associated with ghrelin resistance, characterized by lower ghrelin 459 

binding to the GHSR in the amygdala (9, 14), and was shown to increase 460 

auditory fear expression in rats (9, 14). Whether this reduced binding of ghrelin 461 

in the amygdala is sufficient to cause these effects on fear processing is not 462 

completely clear. Moreover, it is possible that ghrelin resistance caused by 463 

restraint stress affects different brain regions compared to ghrelin resistance 464 

caused by HFD (14, 27). Indeed, circulating ghrelin induces neuronal activity (c-465 

fos) in the hypothalamus without affecting deeper brain regions such as the 466 

amygdala (43). It has been reported that ghrelin freely diffuses through 467 

fenestrated capillaries of the median eminence into the ARC, however, it remains 468 

presently unknown how ghrelin could reach brain regions such as the amygdala 469 
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and hippocampus (4). Moreover, GHSR mRNA expression in the hypothalamus is 470 

high, whereas expression in the amygdala is low (44).  471 

Negative feelings and difficulties in experiencing pleasure from enjoyable 472 

activities are also typical symptoms in stress-related disorders such as PTSD 473 

(16). Interestingly, ghrelin has been proposed to play a key role in stress-474 

induced food-reward (11). However, our results suggest that this system may be 475 

self-limiting given that exposure to high-calorie HFD results in ghrelin resistance 476 

and lowers food-reward sensitivity. Indeed, mice exposed to HFD showed a 477 

significant decrease in saccharin preference. Moreover, total fluid intake of mice 478 

exposed to HFD is comparable with previously reported findings describing daily 479 

water intake in C57BL/6J mice (45). Fluid intake and more specifically saccharin 480 

fluid intake was significantly increased in mice receiving a standard diet. This 481 

effect is consistent with previously reported data in which exposure to HFD for 482 

three weeks lowered saccharin preference (15). One limitation to this 483 

observation is that HFD may affect gustatory reward systems without affecting 484 

other reward systems (15). Moreover, we were unable to demonstrate that the 485 

observed effect on saccharine preference was caused by altered GHSR 486 

sensitivity. We observed no behavioral effects in the OF or EPM following HFD 487 

exposure. Our data are in line with findings of other studies (46, 47), but some 488 

groups reported anxiogenic anxiety-like behavior 1 (but not 3 weeks), 12 and 16 489 

weeks following HFD exposure (48, 49). The duration of HFD exposure may 490 

explain such differences.  491 

Finally, in our study, HFD exposure did not alter acyl or total ghrelin 492 

concentrations in the plasma or GHSR expression in the hypothalamus. Literature 493 

is ambiguous regarding the effect of HFD exposure on plasma ghrelin 494 

concentrations and GHSR expression with one study showing a decrease in 495 
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plasma ghrelin and GHSR expression while others report no changes (27, 50, 496 

51). Given that ghrelin has been shown to drive activity in the HPA axis, we 497 

measured plasma corticosterone concentrations following HFD exposure, but we 498 

found no significant differences compared to mice receiving standard diet. This 499 

finding is consistent with previously reported data demonstrating no effect on 500 

plasma corticosterone concentrations in mice following exposure to an HFD for 501 

twelve weeks (52, 53).  502 

Taken together, our data show that exposure to an HFD does not affect auditory 503 

fear processing or anxiety-like behavior but significantly decreases saccharin 504 

preference. To further explore the effect of reduced GHSR function, we subjected 505 

GHSR KO mice to the same behavioral tests. Confirming the functional GHSR KO 506 

(54), the hyperphagic response to MK0677 was abolished in GHSR KO mice. We 507 

confirmed that locomotor activity and anxiety-like behavior is unaltered in GHSR 508 

KO mice (55-57). However, our study is the first to report that lack of a GHSR 509 

does not significantly affect auditory fear learning or extinction in mice. In 510 

addition, a saccharin preference test was also performed. These data reveal that 511 

absence of the GHSR significantly decreases saccharin preference, but it should 512 

be noted that the effect is small and was not observed when comparing the total 513 

amount of fluid intake. Consequently, we believe that the pronounced decrease 514 

in saccharin preference following HFD exposure may only partly related to ghrelin 515 

resistance. Indeed, we were unable to demonstrate the causal effect of HFD 516 

exposure on saccharine preference and other factors such as leptin resistance 517 

might be implicated (58). 518 

 519 
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Our data suggest that changed GHSR function associated with HFD exposure or 520 

following its genetic ablation does not cause alterations in fear processing or 521 

anxiety-like behavior per se but decreases saccharin preference in mice. This 522 

finding might have important clinical implications given that PTSD is associated 523 

with obesity and emotional distress, negative affect and decreased interest in 524 

activities. It is important that our experiments were not carried out in a model 525 

for PTSD. Moreover, such animals may not readily translate to human pathology. 526 

Nevertheless, it may be interesting to better understand how obesity may 527 

aggravate PTSD symptoms.  528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 
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Figures 714 

 715 

Figure 1: Experiment 1: Diet-induced ghrelin resistance. (A) Timeline (B) Body 716 

weight (Interaction factor F(4,48) = 0.9975, p > 0.05; Time factor F(4,48) = 717 

70.81, p < 0.0001; Treatment factor F(1,12) = 0.1631, p > 0.05; Two-Way 718 

repeated measures ANOVA with Bonferroni’s post-hoc test) (C) Abdominal fat 4 719 

weeks after diet onset (p = 0.0012, Mann-Whitney U = 1.000, Mann-Whitney 720 

test) (D) Time spent eating after administration of 0.5 mg/kg MK0677 4 weeks 721 

after diet onset (p = 0.0041, Mann-Whitney U = 1.000, Mann-Whitney test) (E) 722 

Food intake after administration of 0.5 mg/kg MK0677 4 weeks after diet onset 723 

(p = 0.0093, Mann-Whitney U = 1.000, Mann-Whitney test). Dots represent 724 

individual data points; horizontal lines represent mean ± SEM. ** p < 0.01. n=7 725 

per experimental group. HFD: high-fat diet. i.p.: intraperitoneally. 726 

 727 

Figure 2: Experiment 2: Fear conditioning after diet onset. (A) Timeline (B) 728 

Body weight (Interaction factor F(8,208) = 9.834, p < 0.0001; Time factor 729 

F(8,208) = 149.6, p < 0.0001; Treatment factor F(1,26) = 0.8846, p > 0.05; 730 

Two-Way repeated measures ANOVA with Bonferroni’s post-hoc test) (C) 731 

Abdominal fat 8 weeks after diet onset (p < 0.0001, Mann-Whitney U = 6.000, 732 

Mann-Whitney test) (D) Time spent eating after administration of 0.5 mg/kg 733 

MK0677 8 weeks after diet onset (p < 0.0001, Mann-Whitney U = 3.000, Mann-734 

Whitney test) (E) Food intake after administration of 0.5 mg/kg MK0677 8 weeks 735 

after diet onset (p < 0.0001, Mann-Whitney U = 11.00, Mann-Whitney test) (F) 736 

Auditory fear conditioning (Interaction factor F(3,78) = 1.087, p > 0.05; Time 737 

factor F(3,78) = 42.79, p < 0.0001; Treatment F(1,26) = 1.127, p > 0.05; Two-738 

Way repeated measures ANOVA with Bonferroni’s post-hoc test) (G) Fear 739 
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extinction (10 blocks of 4 CS presentations, Interaction factor F(10,260) = 740 

1.331, p > 0.05; Time factor F(10,260) = 16.02, p < 0.0001; Treatment factor 741 

F(1,26) = 2.273, p > 0.05; Two-Way repeated measures ANOVA with 742 

Bonferroni’s post-hoc test) (H) Extinction retention (4 CS presentations, 743 

Interaction factor F(1,26) = 0.8312, p > 0.05; Time factor F(1,26) = 48.59, p < 744 

0.0001; Treatment factor F(1,26) = 1.271, p > 0.05; Two-Way repeated 745 

measures ANOVA with Bonferroni’s post-hoc test) (I) Distance moved in the OF 746 

(p > 0.05, Mann-Whitney U = 75.00, Mann-Whitney test) (J) Time spent in the 747 

center of the OF (p > 0.05, Mann-Whitney U = 96.00, Mann-Whitney test) (K) 748 

Time spent in the open arms of the EPM (p > 0.05, Mann-Whitney U = 81.00, 749 

Mann-Whitney test) (L) Saccharin preference (p = 0.0010, Mann-Whitney U = 750 

29.00, Mann-Whitney test) (M) Water and saccharin fluid intake (Interaction 751 

factor F(1,52) = 17.02, p = 0.0001; Row factor F(1,52) = 83.48, p < 0.0001; 752 

Treatment factor F(1,52) = 10.93, p = 0.0017; Two-Way ANOVA with 753 

Bonferroni’s post-hoc test). Dots represent individual data points; horizontal lines 754 

represent mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 755 

0.0001. n=13-14 per experimental group. CS: conditioned stimulus. EPM: 756 

elevated plus maze. HFD: high-fat diet. i.p.: intraperitoneally. OF: open field. 757 

 758 

Figure 3: Experiment 3: Fear conditioning prior to diet onset. (A) Timeline (B) 759 

Body weight (Interaction factor F(8,112) = 6.907, p < 0.0001; Time factor 760 

F(8,112) = 132.1, p < 0.0001; Treatment factor F(1,14) = 3.167, p > 0.05; 761 

Two-Way repeated measures ANOVA with Bonferroni’s post-hoc test) (C) 762 

Abdominal fat 8 weeks after diet onset (p = 0.0002, Mann-Whitney U = 0.0, 763 

Mann-Whitney test) (D) Time spent eating after administration of 0.5 mg/kg 764 

MK0677 8 weeks after diet onset (p = 0.0002, Mann-Whitney U = 0.0, Mann-765 
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Whitney test) (E) Food intake after administration of 0.5 mg/kg MK0677 8 weeks 766 

after diet onset (p = 0.0003, Mann-Whitney U = 1.000, Mann-Whitney test) (F) 767 

Auditory fear conditioning (Interaction factor F(3,42) = 0.5803, p > 0.05; Time 768 

factor F(3,42) = 30.45, p < 0.0001; Treatment factor F(1,14) = 0.2534, p > 769 

0.05; Two-Way repeated measures ANOVA with Bonferroni’s post-hoc test) (G) 770 

Fear extinction (10 blocks of 4 CS presentations, Interaction factor F(10,140) = 771 

0.3612, p > 0.05; Time factor F(10,140) = 14.60, p < 0.0001; Treatment factor 772 

F(1,14) = 0.8660, p > 0.05; Two-Way repeated measures ANOVA with 773 

Bonferroni’s post-hoc test) (H) Extinction retention (4 CS presentations, 774 

Interaction factor F(1,14) = 0.4476; p > 0.05, Time factor F(1,14) = 0.3785, p 775 

> 0.05; Treatment factor F(1,14) = 0.009319, p > 0.05; Two-Way repeated 776 

measures ANOVA with Bonferroni’s post-hoc test) (I) Distance moved in the OF 777 

(p > 0.05, Mann-Whitney U = 18.50, Mann-Whitney test) (J) Time spent in the 778 

center of the OF (p > 0.05, Mann-Whitney U = 28.50, Mann-Whitney test) (K) 779 

Time spent in the open arms of the EPM (p > 0.05, Mann-Whitney U = 21.00, 780 

Mann-Whitney test) (L) Saccharin preference (p = 0.0011, Mann-Whitney U = 781 

3.000, Mann-Whitney test) (M) Water and saccharin fluid intake (Interaction 782 

factor F(1,28) = 32.59, p < 0.0001; Row factor F(1,28) = 33.75, p < 0.0001; 783 

Treatment factor F(1,28) = 83.13, p < 0.0001; Two-Way ANOVA with 784 

Bonferroni’s post-hoc test). Dots represent individual data points; horizontal lines 785 

represent mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 786 

0.0001. n=8 per experimental group. CS: conditioned stimulus. EPM: elevated 787 

plus maze. HFD: high-fat diet. i.p.: intraperitoneally. OF: open field. 788 

 789 

Figure 4: Effects of HFD exposure on GHSR expression, plasma ghrelin 790 

concentration and plasma corticosterone concentrations. (A) Plasma acylated 791 
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ghrelin concentrations (p > 0.05, Mann-Whitney U = 28.00, Mann-Whitney test) 792 

(B) Plasma total ghrelin concentrations (p > 0.05, Mann-Whitney U = 25.00, 793 

Mann-Whitney test) (C) GHSR expression in the hypothalamus (p > 0.05, Mann-794 

Whitney U = 23.00, Mann-Whitney test) and (D) Plasma corticosterone 795 

concentrations (p > 0.05, Mann-Whitney U = 31.00, Mann-Whitney test). Dots 796 

represent individual data points. n=7-8 per experimental group. GHSR: ghrelin 797 

receptor. HFD: high-fat diet. 798 

 799 

Figure 5: Auditory fear, anxiety-like behavior and saccharin preference in GHSR 800 

KO mice. (A) Timeline (B) Body weight (Mann-Whitney test, Mann-Whitney U = 801 

25.00, p > 0.05) (C) Time spent eating after administration of 0.5 mg/kg 802 

MK0677 (Mann-Whitney test, Mann-Whitney U = 0.0, p = 0.0159) (D) Food 803 

intake after administration of 0.5 mg/kg MK0677 (Mann-Whitney test, Mann-804 

Whitney U = 0.0, p = 0.0159) (E) Fear conditioning (Interaction factor F(3,48) = 805 

0.1176, p > 0.05; Time factor F(3,48) = 36.56, p < 0.0001; Treatment factor 806 

F(1,16) = 0.6164, p > 0.05; Two-Way repeated measures ANOVA with 807 

Bonferroni’s post-hoc test) (F) Fear extinction (10 blocks of 4 CS presentations, 808 

Interaction factor F(10,160) = 1.521, p > 0.05; Time factor F(10,160) = 10.53, 809 

p < 0.0001; Treatment factor F(1,16) = 0.06192, p > 0.05; Two-Way repeated 810 

measures ANOVA with Bonferroni’s post-hoc test) (G) Extinction retention (4 CS 811 

presentations, Interaction factor F(1,16) = 0.003942, p > 0.05; Time factor 812 

F(1,16) = 14.17, p = 0.0017; Treatment factor F(1,16) = 0.8251, p > 0.05; 813 

Two-Way repeated measures ANOVA with Bonferroni’s post-hoc test) (H) 814 

Distance moved in the OF (p > 0.05, Mann-Whitney U =31.00, Mann-Whitney 815 

test) (I) Time spent in the center of the OF (p > 0.05, Mann-Whitney U = 34.00, 816 

Mann-Whitney test) (J) Time spent in the open arms of the EPM (p > 0.05, 817 
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Mann-Whitney U = 29.00, Mann-Whitney test) (K) Saccharin preference (Mann-818 

Whitney test, Mann-Whitney U = 17.00,  p = 0.0399) (L) Water and saccharin 819 

fluid intake (Interaction factor F(1,32) = 1.603, p > 0.05; Row factor F(1,32) = 820 

117.8, p < 0.0001; Treatment factor F(1,32) = 0.6360, p > 0.05; Two-Way 821 

ANOVA with Bonferroni’s post-hoc test). Dots represent individual data points; 822 

horizontal lines represent mean ± SEM. * p < 0.05. n=4-9 per experimental 823 

group. EPM: elevated plus maze. GHSR: ghrelin receptor. i.p.: intraperitoneally. 824 

KO: knockout. OF: open field. WT: wild-type.  825 
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Figure 1: Experiment 1: Diet-induced ghrelin resistance 845 
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Figure 2: Experiment 2: Fear conditioning after diet onset 862 
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Figure 3: Experiment 3: Fear conditioning prior to diet onset 865 
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Figure 4: Effects of HFD exposure on GHSR expression, plasma ghrelin 868 

concentration and plasma corticosterone concentrations 869 
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Figure 5: Auditory fear, anxiety-like behavior and saccharin preference in GHSR 892 

KO mice 893 

 894 


