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Abstract 21 

The ghrelin system was previously proposed to mediate an independent branch of the stress 22 

response that curbs fear processing. Interestingly, the ghrelin system was also shown to 23 

control the activity of midbrain dopamine neurons. Given that dopamine neurons of the 24 

ventral tegmental area appear to have a critical role in fear processing, we aimed to 25 

investigate their contribution to the effects of ghrelin on fear processing. Our data show that 26 

systemic administration of the ghrelin receptor agonist MK0677, in a dose that induces food 27 

intake, has no significant effect on auditory fear processing and does not significantly affect 28 

dopamine release in the nucleus accumbens of male C57BL/6J mice. Local administration of 29 

the ghrelin receptor agonist MK0677 into the ventral tegmental area significantly increases 30 
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food intake and it also significantly increased dopamine release in the nucleus accumbens, the 31 

medial prefrontal cortex and the amygdala. Nevertheless, it did not significantly affect 32 

auditory fear extinction. Our data indicate that pharmacological activation of midbrain 33 

dopamine neurons using a ghrelin receptor agonist does not affect auditory fear extinction. 34 

We also investigated the effect of non-pharmacological manipulation of the ghrelin system on 35 

auditory fear processing. However, we found that neither overnight food deprivation nor 36 

genetic ablation of the ghrelin receptor had a significant effect on auditory fear extinction. We 37 

conclude that the effects of manipulation of the ghrelin system on fear processing are subject 38 

to boundary conditions that remain poorly understood. 39 

40 
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Abbreviations 41 

5-HT Serotonin 

aCSF Artificial cerebrospinal fluid 

AgRP Agouti-related peptide 

ARC Arcuate nucleus 

CS Conditioned stimulus 

DA Dopamine 

FD Food deprived 

HAB Habituation 

i.p. Intraperitoneal(ly) 

ITI Inter-trial interval 

KO Knockout 

mPFC Medial prefrontal cortex 

NA Noradrenaline 

NAc Nucleus accumbens 

NPY Neuropeptide Y 

RRID Research Resource Identifier 

SEM Standard error of the mean 

UHPLC Ultra high-performance liquid chromatography 

US Unconditioned stimulus 

VEH Vehicle 

VTA Ventral tegmental area 

WT Wild type 

42 
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1. Introduction 43 

Ghrelin is a peptide hormone that is predominantly produced by specialized X/A cells of the 44 

gastrointestinal tract (Kojima et al. 1999). After its acylation, ghrelin readily diffuses through 45 

fenestrated capillaries of the median eminence (Schaeffer et al. 2013b) into the arcuate 46 

nucleus (ARC) where it binds the ghrelin receptors that are abundantly expressed on 47 

neuropeptide Y/ Agouti-related peptide (NPY/AgRP) neurons of the hypothalamus (Yang et 48 

al. 2008; Cabral et al. 2015). Activation of NPY/AgRP neurons is one of the main 49 

mechanisms through which ghrelin stimulates food intake (Chen et al. 2004; Wang et al. 50 

2014). In addition, ghrelin is slowly transported through the blood-cerebrospinal fluid barrier 51 

to reach the periventricular hypothalamus to exert its full orexigenic effect (Uriarte et al. 52 

2019).  However, ghrelin also influences food intake through its action on dopamine (DA) 53 

neurons of the ventral tegmental area (VTA). Indeed, approximately 25 - 60 % of DA neurons 54 

in the VTA express the ghrelin receptor with the highest level of co-expression in the anterior 55 

sections of the VTA (Abizaid et al. 2006; Zigman et al. 2006). Ghrelin increases the 56 

frequency of action potentials of DA neurons in the VTA (Abizaid et al. 2006) and 57 

administration of ghrelin in the VTA facilitates DA release in the nucleus accumbens (NAc) 58 

(Jerlhag et al. 2007). The mesolimbic DA system is believed to mediate the actions of ghrelin 59 

on food reward (Al Massadi et al. 2019) given that several studies have demonstrated that 60 

administration of ghrelin in the VTA increases food intake (Abizaid et al. 2006; Cornejo et al. 61 

2018; Lockie et al. 2015) and preference for highly palatable food (Schele et al. 2016). 62 

However, it remains unclear whether circulating ghrelin can directly activate DA neurons in 63 

the VTA. Peripheral administration of ghrelin was shown to increase DA release in the NAc 64 

in rats (Quarta & Smolders 2014; Kawahara et al. 2009) and mice (Jerlhag 2008). 65 

Nevertheless, one recent study demonstrated clear differences in the expression of the 66 

immediately-early gene c-Fos in DA neurons of the VTA following peripheral or central 67 

administration of ghrelin in mice (Cornejo et al. 2018). The factors that may explain these 68 

apparent discrepancies presently remain presently unsolved. 69 

  70 

Beyond its effect on food intake, ghrelin signaling has also been implicated in stress-induced 71 

behaviors and fear processing (Spencer et al. 2015). In rats, repeated stress exposure was 72 

reported to increase fear expression following auditory fear conditioning through ghrelin 73 

receptor signaling (Meyer et al. 2014). The observed effect was reversed by administration of 74 

the ghrelin receptor antagonist D-Lys3-GHRP-6 during stress exposure and mimicked by 75 

systemic administration of the ghrelin receptor agonist MK0677 (Meyer et al. 2014; 76 
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Yousufzai et al. 2018). It was subsequently proposed that central ghrelin resistance due to 77 

extended ghrelin receptor activation may lead to overconsolidation of auditory fear memory 78 

while acute ghrelin receptor activation was shown to suppress the consolidation of auditory 79 

fear memory (Harmatz et al. 2017). Conversely, overnight food deprivation was shown to 80 

facilitate fear extinction through ghrelin receptor signaling in mice previously subjected to 81 

auditory fear conditioning (Huang et al. 2016). Moreover, one study found that overnight 82 

food deprivation enhanced the retention of fear extinction in humans, an effect that was 83 

associated with an increase in plasma ghrelin levels (Shi et al. 2018). 84 

 In the present study, we were interested to further explore the potential beneficial effects of 85 

acute ghrelin receptor activation on fear processing in mice and its interaction with the DA 86 

system. Indeed, DA emerges as a key mediator of fear extinction (Kalisch et al. 2019; 87 

Singewald et al. 2015). More specifically, fear extinction depends on and can be facilitated by 88 

activation of DA neurons in the VTA (Luo et al. 2018; Salinas-Hernández et al. 2018). While 89 

it seems clear that DA projections from the VTA to the NAc shell constitute a prediction error 90 

signal that is necessary for extinction memory formation, the role of DA projections from the 91 

VTA to the medial prefrontal cortex (mPFC) and amygdala remains elusive (Kalisch et al. 92 

2019; Luo et al. 2018; Salinas-Hernández et al. 2018). Consistent with the notion of DA 93 

involvement in fear extinction, pharmacological interventions that facilitate DA signaling 94 

were previously shown to facilitate fear extinction in mice (Haaker et al. 2013), rats (Rey et 95 

al. 2014; Abraham et al. 2014), humans (Haaker et al. 2013; Gerlicher et al. 2018) and were 96 

able to rescue even severely impaired extinction memory (Whittle et al. 2016). In the present 97 

study, we therefore aimed to extend previous observations that ghrelin receptor activation can 98 

interfere with the building of fear memory and fear extinction memory in mice. More 99 

specifically, we investigated the effect of the clinically tested (Sevigny et al. 2008; Adunsky 100 

et al. 2011) synthetic ghrelin receptor agonist MK0677 in these processes and used 101 

microdialysis to assess effects on DA transmission in the NAc, mPFC and amygdala. To the 102 

best of our knowledge, our study is the first that directly compares the effects of systemic and 103 

local administration of MK0677 on DA release. 104 



* For microdialysis experiments with local administration in the VTA, a cross-over design was used to reduce the number of 

animals. Mice received vehicle on day 1 and MK0677 on day 2 or MK0677 on day 1 and vehicle on day 2. Problems related 

to microdialysis experiments that we acquired were probe damage, incorrect probe and/or cannula location, contamination of 

samples, disconnection of probes or tubings, and monoamine values under detection limit. Moreover, by using this cross-over 

design, it is important to note that technical problems such as probe blockage and sample contamination more often occurred 

at day 2. We therefore used more sophisticated statistics (linear mixed modelling) to deal with these missing data.  
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2. Material and methods 105 

2.1 Animals 106 

Mice were housed in groups of 3 - 4 mice per cage (1290D Eurostandard type III cages, 107 

Tecniplast, Buguggiate, Italy) in a temperature (21 ± 3 °C) and humidity (30 - 70 %) 108 

regulated room with 12 h/12 h light-dark cycle. Mice had access to water and food (A03, Safe 109 

diets, Augy, France) ad libitum. Male adult (8-12 weeks old) C57BL/6J mice were purchased 110 

from Janvier (Le Genest Saint Isle, France, RRID:IMSR_JAX:000664). Mice habituated to 111 

the animal facility for at least one week prior to experiments. Male adult (2 – 6 months old) 112 

ghrelin receptor knockout (KO) mice and wild type (WT) littermates were obtained from 113 

breeding in the animal facility of the Vrije Universiteit Brussel and were offspring of 114 

heterozygous ghrelin receptor couples that were backcrossed on a C57BL/6J background 115 

(Janvier, RRID:IMSR_JAX:000664) for at least nine generations (Verhulst et al. 2008) 116 

(developed by Janssen Pharmaceutica, Beerse, Belgium). qPCR analysis on ear punches was 117 

performed by Transnetyx to verify the genotype of the animals (Cordova, USA, 118 

www.transnetyx.com). Mice were handled for 5 min per day on three consecutive days before 119 

start of the experiments. Food intake and fear conditioning experiments were conducted 120 

between 9:00 am and 12:00 am. Microdialysis experiments were performed between 9:00 am 121 

and 5:00 pm. The number of animals used is outlined below (Fig.1A). All experiments 122 

(Fig.1B) were approved by the ethical committee of the Vrije Universiteit Brussel (ECD 123 

15.213.1 and 17.213.1) and were in agreement with the European Community Council 124 

Directives (2010/63/EU) and KB 2013-05-29/12. This study was not pre-registered. 125 

 126 

As indicated in the flowchart (Fig.1A), a total of 162 mice was used for this study. To 127 

measure food intake following systemic administration of MK0677, 12 mice were used 128 

(Fig.2). Five different fear conditioning experiments were performed (Experiment 1, 2, 5-7, 129 

Fig.1B). Only mice with confirmed location of the cannula or genotype (in case of ghrelin 130 

receptor WT and KO mice) were included for analysis. No mice were excluded in experiment 131 

1 (Fig.3, 16 mice), 2 (Fig.4, 16 mice) and 7 (Fig. 9, 28 mice). One mouse from experiment 5 132 

(12 mice, Fig.7) had an incorrect cannula location and was excluded from the whole 133 

experiment (verification of the cannula location occurred post-mortem and thus the animal  134 
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was not replaced during the experiment). One mouse of experiment 6 (14 mice, Fig.8) died 135 

after surgery and was not replaced. For microdialysis experiments with systemic and local 136 

administration of MK0677, 31 (experiment 3, Fig.5) and 33 mice (experiment 4, Fig.6) were 137 

used respectively. Data from 11 (systemic administration) and 11 (local administration) mice 138 

were excluded due to probe damage, incorrect probe and/or cannula location, contamination 139 

of samples, disconnection of probes or tubings, and monoamine values under detection limit. 140 

We used small batches and increased gradually the number of animals. 141 

 142 

2.2 Drugs and administration 143 

In our experiments we used the small molecule ghrelin receptor agonist MK0677 (ibutamoren 144 

mesylate, Tocris, Bristol, UK, Cat. No. 5272, purchased between 2016 and 2019). A stock 145 

solution of 8 mM was prepared by dissolving MK0677 in dimethylsulfoxide (Cat.No. 85190, 146 

Thermofischer Scientific, Waltham, USA). The stock solution was stored at -20 °C. On the 147 

day of the experiments the stock solution was diluted to the final concentrations in an 148 

appropriate physiological solution as specified below.  149 

 150 

For intraperitoneal (i.p.) administration, MK0677 was injected using a 0.5 ml syringe in a 151 

dose of 0.5 mg/kg or 2.0 mg/kg in a volume of 10 ml/kg. Control mice received an equivalent 152 

amount of dimethylsulfoxide diluted in sterile saline (Baxter, Diegem, Belgium, Cat.No. 153 

2B1323). For local injections in the VTA, MK0677 was injected in a dose of 1.0 μg in a total 154 

volume of 0.5 μl. Control mice received an equivalent amount of dimethylsulfoxide diluted in 155 

artificial cerebrospinal fluid (aCSF, 3 mM KCl, Cat.No. 9333, 1 mM MgCl2 · 6H2O, Cat.No. 156 

M2670, Merck, Darmstadt, Germany; 147 mM NaCl, Cat.No. S7653, 1.2 mM CaCl2 · 6H2O, 157 

Cat.No. 442909, 2.5 μM ascorbic acid, Cat.No. A5960 and 3.5 mM NaH2PO4 Cat.No. S8282,  158 

Sigma-Aldrich, St. Louis, Missouri, USA). Mice were previously habituated to the injection 159 

procedure to reduce stress during the experiment.  160 

 161 

For local injections in the VTA, an injection needle (33G, PlasticsOne, Roanoke, USA, 1 mm 162 

protrusion, Cat. No. C315IS-5) was inserted in a guide cannula (PlasticsOne, Roanoke, USA, 163 

Cat. No. 315GS5) stereotaxically implanted above the VTA. The stock solution of MK0677 164 

was diluted in aCSF to a final dose of 1.0 µg. This dose was chosen based on previous 165 

literature demonstrating activation of DA neurons of the VTA (Jerlhag et al. 2007). Control 166 

mice were injected with an equivalent amount of dimethylsulfoxide diluted in aCSF. The 167 
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injection was performed at a flow rate of 0.25 µl/min for 2 minutes. The injection needle was 168 

left in place for one additional minute to allow drugs to diffuse from the cannula tip. Mice 169 

were previously habituated to the injection procedure to reduce stress during the experiment. 170 

 171 

2.3 Stereotactic surgery 172 

Mice were deeply anaesthetized using 2-3 % isoflurane (1000 mg/g, Iso-vet, Dechra 173 

Veterinary Products, Bladel, Netherlands) and mounted on a stereotactic frame (Kopf, 174 

Tujunga, Canada). We selected isoflurane as an anaesthetic given that it allows for tight 175 

control of the depth of anaesthesia and fast recovery following surgery. Ketoprofen (5 mg/kg, 176 

Merial, Toulouse, France) was administered subcutaneously as an analgesic before the start of 177 

surgery. Artifical tears (Tears Naturale, Alcon, Surrey, UK) were applied to the eyes to 178 

prevent eye dryness. A small incision was made in the skin and xylocaine (0.5 %, 179 

AstraZeneca, Brussels, Belgium) was administered as a local anaesthetic. Small holes with a 180 

diameter of approximately 1 mm were drilled into the skull using a dental drill (Volvere 181 

Vmax, NSK, Eschborn, Germany; Meisinger, Neuss, Germany) at specific coordinates 182 

depending on the experimental setting. For microdialysis experiments, a microdialysis probe 183 

(CMA 4.6.2, Microbiotech/se AB, Stockholm, Sweden) was implanted in either the NAc (1.5 184 

mm anterior-posterior, - 0.6 mm lateral to bregma, 4.6 mm below the dura mater), mPFC 185 

(1.75 mm anterior-posterior, - 0.5 mm lateral to bregma, 3 mm below the dura mater) or 186 

amygdala (- 1.8 mm anterior-posterior, - 3.4 mm lateral to bregma, 4.25 mm below the dura 187 

mater). For experiments with drug administration in the VTA, a guide cannula (PlasticsOne, 188 

Roanoke, USA) was implanted above the VTA (- 3.2 mm anterior-posterior, - 0.6 mm lateral 189 

to bregma, 3.75 mm below the dura mater). Two stainless micro-screws (Microbiotech/se AB, 190 

Stockholm, Sweden) were screwed into the skull and dental cement (Cat.No. 7508 & 7509, 191 

AgnTho’s, Lidingö, Sweden) was used to attach the headstage to the skull. Subsequently, 1 192 

ml sterile saline was administered i.p. to prevent dehydration and mice were placed on a 193 

heating plate until fully awake. Following surgical procedures, mice were single housed in 194 

special in-house designed cages that ensure sensory contact with former littermates. Mice 195 

recovered for at least two days before the start of microdialysis experiments, and for at least 196 

four days for fear extinction experiments. Correct probe and cannula location was verified 197 

post-mortem (euthanized by an overdose of barbiturates; 250 mg/kg i.p. pentobarbital, 198 

Dolethal®, Vétoquinol, Aartselaar, Belgium) and compared to an anatomical reference atlas 199 
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(Paxinos & Franklin 2004). Only mice with confirmed locations of the probe and cannula 200 

were included in the analysis of the results.  201 

 202 

2.4 Microdialysis  203 

Mice had free access to food and water during the whole experiment. The microdialysis probe 204 

was connected to a microperfusion pump (CMA400, Kista, Sweden) and perfused with aCSF 205 

at a flow rate of 0.5 µl/min. Samples were collected every 20 minutes. Two and a half µl anti-206 

oxidant mixture (0.27 mM ethylenediaminetetra-acetic acid, Cat.No. EDS, Sigma-Aldrich; 0.1 207 

M glacial acetic acid, Cat.No. A38, Fisher Scientific, Leics, UK) was added to each sample 208 

immediately following collection. Samples were analyzed by ultra-high-performance liquid 209 

chromatography (UHPLC), see below. Following collection of three baseline samples, mice 210 

were injected with vehicle (VEH) or MK0677 either systemically (data from 20 mice, from a 211 

total number of 31, were used) or locally (data from 22 mice, from a total number of 33 mice, 212 

were used). After the injection, nine additional samples were collected. For microdialysis 213 

experiments with local administration in the VTA we used a cross-over design to reduce the 214 

number of animals that were used in the study. Mice were assigned (single sequence of 215 

random assignments) to receive VEH on day 1 and MK0677 on day 2 or MK0677 on day 1 216 

and VEH on day 2. The experimenter was blinded to treatment throughout the experiment. 217 

The vehicle and drug solutions were prepared by a technician or researcher who was 218 

otherwise not directly involved in the project and were labelled using a letter code (A or B). 219 

Mice had a unique identity code and were manually allocated to the different treatment groups 220 

by block randomization. For instance, per cage of four mice, treatment groups were allocated 221 

using one of six possible combinations (ABBA, AABB, ABAB, BBAA, BABA or BAAB). 222 

This ensured uniform allocation to treatment groups per cage and across small batches of 223 

mice. Treatment groups were unblinded after analyzing the experiments for a batch of mice.   224 

 225 

2.5 Ultra High-performance liquid chromatography – electrochemical detection 226 

Samples were analyzed, as previously described by Van Schoors et al. (Van Schoors et al. 227 

2016), with an ALEXYS neurotransmitter UHPLC system consisting of an AS 110 standard 228 

autosampler, OR110 degasser unit, LC110S pump and DECADE II detector (all from Antec 229 

Zoeterwoude, The Netherlands) and an Acquity UPLC BEH C18 column (Cat. No. 230 

176000863, Waters, Milford, Massachusetts, United States). The electrochemical detector 231 

contains a Sencell electrochemical cell (Antec). The mobile phase consisted of a 92.5 % 232 
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buffered aqueous solution (150 mM sodium acetate trihydrate, Cat.No. HN05, Roth, 233 

Karlsruhe, Germany; 20 mM citric acid monohydrate, Cat.No. C1909 Sigma-Aldrich; 12 mM 234 

sodium decanesulfonate, Cat.No. KK51, Roth, Karlsruhe, Germany; 0.5 mM Na2EDTA, 235 

Cat.No. E4884 Sigma-Aldrich; pH adjusted to 5.5) and 7.5 % acetonitrile (Cat.No. 012078, 236 

Biosolve BV, Valkenswaard, The Netherlands). The mobile phase was pumped at a flow rate 237 

of 100 µl/min. The injection volume is 9 µl. Data acquisition was performed using Clarity 238 

Chromatography Software version 6.0.0 of Data Apex (Prague, The Czech Republic). 239 

Samples were cooled at 4 °C in a sample tray. Standard calibration curves were prepared by 240 

dilution of 1 mM DA, noradrenaline (NA) and serotonin (5-HT) (dissolved in 10 mM HCl, 241 

Cat.No. 258148, 5.26 mM Na2S2O5, Cat.No. S9000, 0.27 mM Na2EDTA; Sigma-Aldrich) in a 242 

solution containing aCSF and anti-oxidant in a 4:1 ratio. The limit of quantification for DA 243 

and 5-HT is 150 pM and for NA 100 pM. Only samples where baseline concentrations were 244 

above the limit of quantification were included for data analysis.  245 

 246 

2.6 Quantification of food intake 247 

For quantification of food intake during microdialysis experiments, mice remained in the 248 

microdialysis cage. First, all food was removed from the cage and the bedding was carefully 249 

checked for scraps. Next, three weighed food pellets were placed on a white plastic weighing 250 

boat in the corner of the cage. Mice were injected with VEH or MK0677 and after 90 min, the 251 

remaining food pellets and scraps were removed and weighed again. These experiments were 252 

carried out by an observer that was blinded to treatment.  253 

 254 

2.7 Auditory fear conditioning 255 

On day 1, mice were subjected to auditory fear conditioning in context A (17 x 17 x 20 cm 256 

isolated cubicle consisting of three transparent and one grey wall with a metal floor connected 257 

to a current source, 125 lux, cleaned with 1 % acetic acid, Cat. No. A38S, Fischer Scientific, 258 

Waltham, USA). Mice were transported in an open, white opaque box (7 x 7 x 10 cm) to the 259 

room in which the fear conditioning was carried out. Fear conditioning consisted of three tone 260 

presentations (conditioned stimulus, CS, 80 dB, 4 kHz tone, stimulus duration 30 s, 1 min ITI) 261 

which were co-terminated with an electric foot shock (0.6 mA during 2 s). The following day, 262 

a fear extinction protocol was performed in context B (three chequered walls and one 263 

transparent wall, a solid white floor, 15 lux and cleaned with 1 – 3 % hospital antiseptic 264 

concentrate, Nottingham, UK). Fear extinction training consisted of eight (weak extinction 265 
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protocol) or forty (strong extinction protocol) tone presentations (80 dB, 4 kHz, 30 s tone 266 

presentation with a 5 s ITI) without presentation of the foot shock. One day following the fear 267 

extinction training, extinction retrieval was examined. Mice were exposed to four tone 268 

presentations (80 dB, 4 kHz, 30 s tone presentation with 1 min ITI) in context B without any 269 

reinforcement. All behavioral experiments were recorded and analyzed using Ethovision 270 

software (Noldus, Wageningen, The Netherlands). We used an automated selection of low-271 

activity epochs using a threshold of 0.3 % of pixels changed over 1 s. These low-activity 272 

epochs were scored for freezing behavior by an observed blinded to treatment to avoid false 273 

positives. 274 

 275 

In the first auditory fear conditioning experiment, we examined whether systemic 276 

administration of the ghrelin receptor agonist MK0677 alters the consolidation of auditory 277 

fear conditioning. VEH (n=8) or MK0677 (n=8) were administered immediately following the 278 

fear conditioning training (Mice were randomly, simple randomization, the experimenter was 279 

blinded to treatment throughout the experiment. The vehicle and drug solutions were prepared 280 

by a technician or researcher who was otherwise not directly involved in the project and were 281 

labelled using a letter code (A or B). Mice had a unique identity code and were manually 282 

allocated to the different treatment groups by block randomization. Treatment groups were 283 

unblinded after analyzing the experiments for a batch of mice) and a strong fear extinction 284 

protocol was performed 24 h later (Fig.3). In the second and third auditory fear conditioning 285 

experiments, we studied the effect of systemic and local administration of MK0677 on the 286 

acquisition of auditory fear extinction by administering VEH (systemic administration: n=8; 287 

local administration: n = 6) or MK0677 (systemic administration: n=8; local administration: 288 

n=5, initial number: n=6) 30 min prior to a weak fear extinction protocol (Fig.4&7). In the 289 

fourth auditory fear conditioning experiment, the effect of local administration of MK0677 on 290 

the consolidation of auditory fear extinction was studied. VEH (n=6) or MK0677 (n=7) were 291 

administered immediately following a weak fear extinction protocol (Fig.8). In the last 292 

auditory fear conditioning experiment, we studied the effect of overnight food deprivation on 293 

auditory fear extinction in ghrelin receptor WT (n=7) and KO (n=7) mice. Following auditory 294 

fear conditioning, all mice were placed in a new cage (single-housed) with a shelter, but 295 

without bedding and nest material. Mice were food deprived overnight (16 h) or received food 296 

ad libitum. Food was returned immediately following the fear extinction training (weak 297 

protocol, Fig.9). For experiment 2, 5-7, stratified random sampling was used to assign animals 298 

(with a unique code) to experimental groups based on their freezing levels during CS 299 
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presentations of the fear conditioning training (Groups were made based on matched freezing 300 

levels during CS presentations of the fear conditioning, two mice with similar freezing levels 301 

during CS presentations: one mouse was allocated to the VEH group, one mouse was 302 

allocated the treatment group, every group thus contains mice with low and high freezing 303 

levels, to statistically test whether freezing levels were not significantly different between the 304 

VEH and the treatment group, Graphpad prism (version 6.01) was used, the vehicle and drug 305 

solutions were prepared by a technician or researcher who was otherwise not directly involved 306 

in the project and were labelled using a letter code (A or B)). 307 

 308 

2.8 Statistical analysis 309 

Statistical analyses were performed using RStudio version 1.1.463 running on R version 3.5.3 310 

(R Foundation for Statistical Computing, Vienna, Austria). Results are expressed as mean ± 311 

standard error of the mean (SEM) or median (dot blots). A Mann-Whitney or Kruskal-Wallis 312 

test was used for data with one variable. Data with two or more variables were analyzed using 313 

linear mixed effects models using the nlme R library (Pinheiro et al. May 12, 2019). A 314 

random intercept per mouse was modelled due to the variation present between different 315 

mice. The linear mixed effects modelling technique is comparable to a repeated measures 316 

ANOVA, that can deal with clustering of data within a same subject and that is able to deal 317 

with missing data (in particular necessary for cross-over design: due to technical reasons such 318 

as damaged probe, tubings disconnected or samples contaminated, it was not always possible 319 

to obtain samples on both days). Results are expressed as beta estimates ± SEM for the 320 

different covariates. For microdialysis data, the outcome variable used, was the percentage 321 

increase for level compared to the baseline measurement. A forward building modelling 322 

technique was used where model building started by including the main effect treatment 323 

(VEH or MK0677). Other covariates included time or a polynomial form of time and 324 

interactions. After the modelling phase a residual analysis was performed to verify the 325 

underlying assumptions of linearity (which was also extended to quadratic terms when 326 

required), homogeneity of variance and normality of residuals. Tests were performed two-327 

sided and the significance threshold was set at alpha = 0.05. No data points were excluded. 328 

All graphs were made in Graphpad Prism (version 6.01).  329 

 330 

2.9 Sample size calculation 331 
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Sample size calculation was performed using G*power software (Version 3.1, Heinrich-332 

Heine-Universität Düsseldorf, means: difference between two independent means, one tail). 333 

For microdialysis experiments, our primary endpoint is DA release. An effect size of 1.5 334 

(group 1: 100 (mean), 10 (standard deviation) group 2: 170 (mean), 66.14 (standard 335 

deviation); α was set at 0.05, power at 0.80) was estimated based on previous literature 336 

demonstrating increased DA release following ghrelin administration (Jerlhag et al. 2007). 337 

This means that we required up to 7 mice per experimental group. We started with small 338 

batches (n=2 per experimental group) and gradually increased the number of animals. For fear 339 

conditioning experiments, the critical time point (primary endpoint) corresponds to extinction 340 

retrieval. An effect size of 1.4 (group 1: 60 (mean), 18.97 (standard deviation) group 2: 34 341 

(mean), 18.97 (standard deviation); α was set at 0.05, power at 0.80) was reported for similar 342 

experiments (Verma et al. 2016). For this effect size, we required up to 8 animals per 343 

experimental group. We started with batches of 6 – 8 mice per experimental group and 344 

applied a serial stopping rule. If the p value was below 0.01, the effect was considered 345 

significant and testing was stopped. If the p value was greater than 0.36, testing was stopped 346 

and the null-hypothesis was retained. If the p value was in between, another batch of animals 347 

was used (Frick 1998). This means that the initial estimate is the maximum number of 348 

animals that was used for the experiments and in most cases lower numbers of animals were 349 

used.  350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 
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3. Results 361 

3.1 Effect of systemic administration of MK0677 on food intake. 362 

In preliminary experiments we determined the dose of MK0677 that would elicit a robust 363 

feeding response in C57BL/6J mice upon systemic administration. We found that MK0677 364 

dose-dependently increased food intake, with a significant response observed at 2.0 mg/kg i.p. 365 

(Fig.2). We interpreted the increase of food intake as evidence for ghrelin receptor activation 366 

and selected the 2.0 mg/kg dose of MK0677 for further behavioral experiments. 367 

 368 

3.2 Effect of systemic administration of MK0677 on the consolidation of auditory fear 369 

memory. 370 

In a previous study, systemic administration of the ghrelin receptor agonist MK0677 371 

immediately following fear conditioning was reported to suppress fear expression the 372 

following day in rats (Harmatz et al. 2017). In the present study, we investigated whether this 373 

observation could be reproduced to broader experimental settings. We reasoned that MK0677 374 

may also affect extinction training and therefore used an experimental paradigm where mice 375 

underwent auditory fear conditioning on the first day, were subjected to extinction training the 376 

second day, and were tested for retention of fear extinction on the third day (Fig.3). We 377 

compared freezing behavior in C57BL/6J mice that received VEH or 2.0 mg/kg MK0677 378 

immediately following fear conditioning. Mice were randomly assigned to treatment groups 379 

and during conditioning we observed no significant differences between experimental groups, 380 

but mice quickly acquired a freezing response following repeated tone-shock associations 381 

(Fig.3B). Similarly, we observed no significant treatment effect during extinction retrieval 382 

(Fig.3C). While the primary goal of this experiment was to evaluate the effect of systemic 383 

administration of MK0677 immediately following fear conditioning on fear expression the 384 

following day, potential benefits of MK0677 on the efficacy of extinction training may have 385 

been occluded by the strength of the extinction training paradigm. We therefore opted for a 386 

weaker fear extinction protocol for subsequent experiments. Using a similar paradigm, 387 

facilitation of fear extinction was previously observed (Luo et al. 2018). 388 

 389 

3.3 Effects of systemic administration of MK0677 on the extinction of auditory fear 390 

memory. 391 
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We observed no significant differences between experimental groups during conditioning, but 392 

mice quickly acquired a freezing response following repeated tone-shock associations 393 

(Fig.4A). Mice received a systemic administration of VEH  or MK0677  30 min before 394 

extinction training. We observed no significant differences in freezing levels during extinction 395 

training between the experimental groups, but freezing levels declined upon consecutive tone 396 

presentations, indicating successful acquisition of fear extinction (Fig.4B). During the 397 

extinction retrieval test the following day, we observed no significant effect on fear 398 

expression between VEH and MK0677 treated mice (Fig.4C). Our results were unexpected 399 

given that we assumed that systemic MK0677 would reach the brain and previous literature 400 

reporting that local administration of MK0677 could facilitate the acquisition of fear 401 

extinction in mice (Huang et al. 2016). We therefore investigated whether systemic 402 

administration of MK0677 affect relevant neurotransmission in the brain.  403 

 404 

3.4 Effect of systemic administration of MK0677 on food intake and DA release in the NAc. 405 

We performed microdialysis experiments where mice were injected systemically with VEH or 406 

2.0 mg/kg MK0677 and measured DA release in the NAc. The average baseline concentration 407 

of DA in microdialysates of the NAc was 2835 ± 111 pM for VEH treated mice and 2285 ± 408 

146 pM for MK0677 treated mice. We monitored food intake during these microdialysis 409 

experiments to verify ghrelin receptor activation. As observed in our preliminary experiments, 410 

systemic administration of MK0677 significantly increases food intake (Fig.5B), but we 411 

observed no significant effect on DA release in the NAc (Fig.5C). We hypothesized that 412 

following systemic administration, MK0677 was unable to reach the VTA and increase DA 413 

release in the NAc, a main projection area of VTA neurons. We therefore switched strategy 414 

and investigated the effect of local administration of MK0677 in the VTA on DA release in 415 

the forebrain. 416 

 417 

3.5 Effects of local administration of MK0677 in the VTA on food intake and DA release in 418 

the forebrain. 419 

We focused our analysis of DA release on brain regions that are critically implicated in the 420 

extinction of auditory fear extinction: the NAc, the mPFC and the amygdala. We began our 421 

analysis with the NAc given that ghrelin receptor activation in the VTA was previously 422 

shown to increase DA release in the mesolimbic system (Jerlhag et al. 2007). Again, we 423 

monitored food intake during the microdialysis experiments. Local administration of MK0677 424 
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significantly increased food intake (probe positioned in the mPFC and amygdala; Fig.6D&F) 425 

or a trend towards an increase in food intake was observed (probe positioned in the NAc; 426 

Fig.5B). In addition, following administration of MK0677 in the VTA we observed a 427 

significant increase in DA release in the NAc (Fig.6C), mPFC (Fig.6E) and amygdala 428 

(Fig.6G). Average baseline concentrations of DA in the NAc, mPFC and amygdala were 3229 429 

± 749 pM, 1713 ± 186 pM, 638 ± 144 pM, respectively for VEH treated mice and 2284 ± 430 

1118 pM, 1312 ± 170 pM, 653 ± 197 pM, respectively for MK0677 treated mice.   431 

 432 

3.6 Effects of intra-VTA administration of MK0677 before extinction on the acquisition 433 

and retrieval of fear extinction. 434 

In line with DA involvement in fear extinction, pharmacological interventions that facilitate 435 

DA signaling were previously shown to facilitate fear extinction in different species (Haaker 436 

et al. 2013; Whittle et al. 2011; Rey et al. 2014; Abraham et al. 2014; Gerlicher et al. 2018). 437 

Given the observed increase in DA release by administration of MK0677 in the VTA, we now 438 

investigated a potential behavioral effect on fear extinction. As expected, we observed no 439 

significant differences between experimental groups during conditioning on the first day but 440 

mice quickly acquired a conditioned freezing response upon repeated tone-shock associations. 441 

Mice received VEH  or 1.0 µg MK0677  in the VTA 30 min before extinction training. We 442 

observed no significant differences in freezing levels during extinction training between the 443 

experimental groups, but freezing levels declined upon consecutive tone presentations, 444 

indicating successful acquisition of fear extinction (Fig.7B). During the extinction retrieval 445 

test the following day, we observed no significant treatment effect on fear expression 446 

(Fig.7C). 447 

 448 

3.7 Effects of intra-VTA administration of MK0677 after extinction on the consolidation 449 

and retrieval of fear extinction. 450 

In rodents, consolidation of fear memory occurs within a time window of 6 h (Narkaj et al. 451 

2018). Our microdialysis data demonstrate that the main effects of local administration of 452 

MK0677 (1.0 µg) on DA release occurs within 3 h after administration (see 3.6). We therefore 453 

decided to administer MK0677 immediately following fear extinction training to ensure a 454 

strong increase in MK0677-induced DA release during the consolidation phase. Mice quickly 455 

acquired a conditioned freezing response upon repeated tone-shock associations (Fig.8A). No 456 

significant differences in freezing levels during extinction training between the experimental 457 
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groups were observed, but freezing levels declined upon consecutive tone presentations, 458 

indicating successful acquisition of fear extinction (Fig.8B). Mice received local 459 

administration of VEH  or MK0677  in the VTA immediately following extinction training. 460 

During the extinction retrieval test the following day, we observed no significant treatment 461 

effect on fear expression (Fig.8C).  462 

 463 

3.8 Effects of overnight food deprivation on auditory fear extinction in ghrelin receptor 464 

WT and KO mice. 465 

Previously, it has been reported that overnight food deprivation improves auditory fear 466 

extinction (Verma et al. 2016; Huang et al. 2016). In this study, we addressed whether the 467 

effect of overnight food deprivation could be observed in the previously described behavioral 468 

paradigm with a weak fear extinction protocol. It has been proposed that the effect of 469 

overnight food deprivation on fear extinction is mediated through ghrelin receptor signaling 470 

(Huang et al. 2016). Therefore, we decided to perform this experiment on ghrelin receptor 471 

WT and KO mice. No significant differences between experimental groups were observed 472 

during conditioning on the first day but mice quickly acquired a conditioned freezing response 473 

upon repeated tone-shock associations tone-shock associations (Fig.9A&D). Following fear 474 

conditioning, mice were food deprived overnight and food was returned the following day 475 

immediately after the extinction training. No significant effects of overnight food deprivation 476 

on freezing levels could be observed during extinction training, but freezing levels declined 477 

upon consecutive tone presentations, indicating successful acquisition of fear extinction 478 

(Fig.9B&E). During the extinction retrieval test the following day, we observed no significant 479 

treatment effect on fear expression in both ghrelin receptor WT (Fig.9C) and KO mice 480 

(Fig.9F).  481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 
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4. Discussion 491 

The ghrelin system has been proposed to act as an independent stress system that curbs fear 492 

processing (Spencer et al. 2015). Interestingly, the ghrelin system has also been shown to 493 

control the activity of DA projections originating in the VTA (Abizaid et al. 2006). However, 494 

whether the effects of the ghrelin system on fear processing are mediated through its effects 495 

on midbrain DA neurons is unknown.  496 

We first used a pharmacological approach to manipulate the ghrelin system. The synthetic 497 

ghrelin receptor agonist MK0677, a spiroindoline sulfonamide, was initially described as a 498 

potent and selective growth hormone secretagogue (Patchett et al. 1995) with a longer half-499 

life compared to ghrelin (six hours for MK0677 compared to thirty minutes for ghrelin in 500 

rodents) (Howick et al. 2017). In addition, MK0677 has been shown to induce neuronal 501 

activity in the ARC following systemic and central administration (Bailey et al. 1998). We 502 

were able to confirm the finding that systemic administration of MK0677 induces food intake 503 

in mice that had free access to food. However, we observed no significant effect of systemic 504 

administration of MK0677 on the consolidation or extinction of auditory fear memory. These 505 

findings are in contrast with a previous studies where systemic administration of MK0677 506 

was found to suppress fear memory consolidation in rats (Harmatz et al. 2017) and local 507 

administration of MK0677 in the lateral amygdala facilitate fear extinction in mice (Huang et 508 

al. 2016). This observation led us to speculate that MK0677 may in fact not effectively cross 509 

the blood-brain barrier in mice. Brain capillaries are typically non-fenestrated so that 510 

molecules must traverse their endothelial cells to move from the blood to the interstitial space 511 

(Daneman & Prat 2015). In the ARC however, capillaries are fenestrated, ensuring rapid 512 

sensing of circulating molecules by appetite-modifying neurons (Schaeffer et al. 2013a). In 513 

other words, modulation of food intake by circulating molecules such as MK0677 does not 514 

necessarily provide evidence for passage of the blood-brain barrier.  515 

We reasoned that if MK0677 would cross the blood-brain barrier, it would activate ghrelin 516 

receptor on DA neurons in the VTA and increase DA release in the NAc. However, we found 517 

that systemic administration of the ghrelin receptor agonist MK0677 had no significant effect 518 

on DA release in the NAc. Nevertheless, when MK0677 was directly administered into the 519 

VTA, we could demonstrate a significant increase of DA release in the NAc. Taken together, 520 

our data suggest that it is unlikely that MK0677 readily traverses the blood-brain barrier. 521 

Nevertheless, systemic administration of ghrelin was previously shown to increase DA release 522 

in the NAc in rodents (Quarta & Smolders 2014; Kawahara et al. 2013; Jerlhag 2008; 523 
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Kawahara et al. 2009). However, these previously observed effects of systemic administration 524 

of ghrelin on DA release in the NAc may be an indirect consequence of food intake 525 

(Kawahara et al. 2013) given that c-Fos expression in the VTA was shown to be unaffected 526 

by systemic administration of ghrelin but to increase significantly upon central administration 527 

of ghrelin in mice (Cabral et al. 2014; Cornejo et al. 2018). Interactions between the 528 

hypothalamus and VTA are a likely candidate for the previously described systemic effects of 529 

ghrelin on the mesolimbic circuitry (Nieh et al. 2016). Nevertheless, a recent study reported 530 

that peripherally administered ghrelin can cross the blood-cerebrospinal fluid barrier 531 

(consisting of the choroid plexus and hypothalamic tanycytes) to obtain its full orexigenic 532 

effect (Uriarte et al. 2019). We therefore cannot exclude that, similar to ghrelin, peripherally 533 

administered MK0677 may also cross the blood-cerebrospinal fluid barrier. However, if this 534 

would be the case, high and sustained elevations of MK0677 in the plasma may be required to 535 

affect deeper brain regions such as the VTA. Systemic administration of MK0677 may also 536 

indirectly affect fear processing, however, in our experimental conditions we observed no 537 

evidence for modulation of fear processing by systemic administration of a ghrelin receptor 538 

agonist in mice.  539 

Direct administration of MK0677 into the VTA not only increased DA release in the NAc but 540 

also in other limbic brain regions implicated in fear processing (LeDoux & Pine 2016; 541 

Abraham et al. 2014): the mPFC and the amygdala. The observed effects on DA release in 542 

these brain areas were less pronounced compared to those observed on DA release in the 543 

NAc. One possible explanation is that baseline DA concentrations in the NAc were markedly 544 

higher compared to mPFC and amygdala. Previous studies showed that fear extinction 545 

requires activation of DA neurons in the VTA (Luo et al. 2018; Salinas-Hernández et al. 546 

2018) and optogenetic activation of DA neurons of the VTA was shown to facilitate fear 547 

extinction. However, in our experimental conditions, administration of MK0677 in the VTA 548 

had no significant effects on the acquisition or consolidation of auditory fear extinction. One 549 

potential explanation is that activation of DA neurons in the VTA was only shown to facilitate 550 

fear extinction when it was precisely timed at the end of each tone presentation during 551 

extinction training (sensing omission of the US) whereas unpaired activation of DA neurons 552 

of the VTA had no effect. In addition, it might be that MK0677 needs to be administered in 553 

the lateral amygdala to observe effects of this ghrelin receptor agonist on fear extinction 554 

(Huang et al. 2016; Salinas-Hernández et al. 2018). Taken together, our data suggest that 555 

pharmacological interventions that induce a long-lasting activation of DA neurons of the VTA 556 
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may not be beneficial towards auditory fear extinction. Interestingly, the DA precursor 557 

levodopa was previously shown to facilitate fear extinction in mice and humans (Haaker et al. 558 

2013). However, rather than activating DA neurons, levodopa increases quantal size of DA 559 

release and decreases DA reuptake (Mosharov et al. 2015). Moreover, it should be noted that 560 

levodopa is also a precursor of NA (Dayan & Finberg 2003), which in turn may also affect 561 

fear processing, whereas administration of MK0677 into the VTA does not significantly affect 562 

NA neurotransmission (Supplemental data).  563 

We also explored a non-pharmacological approach to modulate the ghrelin system. Overnight 564 

food deprivation was previously shown to facilitate fear extinction in mice (Huang et al. 565 

2016; Verma et al. 2016). This study of Huang et al. (Huang et al. 2016) pointed towards a 566 

role of the ghrelin receptor in the observed effects on fear extinction. However, we were 567 

unable to demonstrate significant effects of overnight food deprivation on fear extinction 568 

under our experimental conditions. Moreover, we did not observe significant effects of 569 

deletion of the ghrelin receptor on fear processing in mice. This discrepancy might be 570 

explained by differences in experimental settings. In both studies (Huang et al. 2016; Verma 571 

et al. 2016), fear conditioning was followed by a CS test and extinction training of 20-25 CS 572 

presentations over several days, whereas in our study a weak extinction protocol, comprising 573 

8 CS presentations, was used. Using a similar fear conditioning paradigm, the principle ability 574 

to see facilitation of fear extinction was previously demonstrated using different (optogenetic) 575 

interventions (Luo et al. 2018). This signifies that there was room to improve the acquisition 576 

of fear extinction. However, one limitation of our study is the observation of higher freezing 577 

levels during the habituation phase of the extinction retrieval compared to the habituation 578 

phase of the extinction training. This might be explained by second-order conditioning to the 579 

context and exclusively occurs following a weak extinction protocol, which limits already the 580 

efficacy of the extinction (Holmes et al. 2014; Lay et al. 2018; Rizley & Rescorla 1972). 581 

Nevertheless, our data demonstrate that potential effects of overnight food deprivation on fear 582 

extinction (Verma et al. 2016; Huang et al. 2016) may not be readily extrapolated to other 583 

experimental conditions.  584 

In conclusion, our data show that systemic administration of the ghrelin receptor agonist 585 

MK0677 does not activate DA neurons of the VTA or modulates auditory fear processing. 586 

While local administration of MK0677 in the VTA increases DA release in the forebrain, it 587 

did not affect auditory fear processing. Taken together, these findings indicate that the 588 
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boundary conditions under which modulation of the ghrelin system may affect auditory fear 589 

processing remain unclear.  590 

591 
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Figures 770 

Figure 1: Experimental design. (A) Number of animals used in this study. (B) Time course of 771 

the experiments. FD: food deprivation. KO: knockout. WT: wild type. 772 

 773 

774 
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Figure 2: Food intake following 0.5 and 2.0 mg/kg MK0677 i.p. (p = 0.003, Kruskal-Wallis 775 

test). Dots represents individual datapoints. Number of animals = 4 per experimental group. * 776 

p < 0.05. 777 

 778 

779 
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Figure 3: Systemic administration of the ghrelin receptor agonist MK0677 does not 780 

significantly affect the consolidation of auditory fear conditioning. (A) Fear conditioning 781 

(Treatment factor p = 0.967, Time factor p < 0.001; Wald test for treatment effect in linear 782 

mixed effects model) (B) Fear extinction (10 blocks of 4 CS presentations; Treatment factor p 783 

= 0.597, Time factor quadratic term p < 0.001; Wald test for treatment effect in linear mixed 784 

effects model) (C) Extinction retrieval (p = 0.853, Mann-Whitney U = 30.00; Mann-Whitney 785 

test). Data are expressed as mean ± SEM or dotblots (median). Number of animals = 8 per 786 

experimental group. CS: conditioned stimulus, HAB: habituation, US: unconditioned 787 

stimulus, VEH: vehicle. 788 
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790 
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Figure 4: The acquisition of auditory fear extinction is unaltered following systemic 791 

administration of the ghrelin receptor agonist MK0677. (A) Fear conditioning (Treatment 792 

factor p = 0.871, Time factor p < 0.001; Wald test for treatment effect in linear mixed effects 793 

model) (B) Fear extinction (Treatment factor p = 0.232, Time factor quadratic term p = 0.002; 794 

Wald test for treatment effect in linear mixed effects model) (C) Extinction retrieval (p = 795 

0.495, Mann-Whitney U = 25.00; Mann-Whitney test). Data are expressed as mean ± SEM or 796 

dotblots (median). Number of animals = 8 per experimental group. CS: conditioned stimulus, 797 

HAB: habituation, US: unconditioned stimulus, VEH: vehicle.  798 
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Figure 5: Systemic administration of the ghrelin receptor agonist MK0677 significantly 802 

increases food intake without altering DA release in the NAc. (A) Timeline microdialysis (B) 803 

Food intake with probe positioned in the NAc (p < 0.0001, Mann-Whitney U = 0.0; Mann-804 

Whitney test) (C) DA release in the NAc (Treatment factor p = 0.124, Time factor p = 0.009; 805 

Wald test for treatment effect in linear mixed effects model). Dots represent individual data 806 

points; horizontal lines represent mean ± SEM. Number of animals = 8-12 per experimental 807 

group. NAc: nucleus accumbens, VEH: vehicle. ** p < 0.01. 808 
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Figure 6: Local administration of the ghrelin receptor agonist MK0677 in the VTA 812 

significantly increases food intake accompanied with a significant increase in DA release in 813 

the NAc, mPFC and amygdala. (A) Cross-over design (B) Food intake with probe positioned 814 

in the NAc (p = 0.058; Wald test for treatment effect in linear mixed effects model) (C) DA 815 

release in the NAc (Supplemental table 1; Wald test for treatment effect in linear mixed 816 

effects model) (D) Food intake with probe positioned in the mPFC (p = 0.013; Wald test for 817 

treatment effect in linear mixed effects model) (E) DA release in mPFC (Supplemental table 818 

1; Wald test for treatment effect in linear mixed effects model) (F) Food intake with probe 819 

positioned in the amygdala (p = 0.041; Wald test for treatment effect in linear mixed effects 820 

model) (G) DA release in the amygdala (Supplemental table 1; Wald test for treatment effect 821 

in linear mixed effects model). Dots represent individual data points; horizontal lines 822 

represent mean ± SEM. Number of animals = 5-7 per experimental group (cross-over design). 823 

mPFC: medial prefrontal cortex, NAc: nucleus accumbens, VEH: vehicle. * p < 0.05. 824 
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Figure 7: Local administration of the ghrelin receptor agonist MK0677 does not significantly 829 

affect the acquisition of auditory fear extinction. (A) Fear conditioning (Treatment factor p = 830 

0.633, Time factor p < 0.001; Wald test for treatment effect in linear mixed effects model) (B) 831 

Fear extinction (Treatment factor p = 0.284, Time factor quadratic term p = 0.016; Wald test 832 

for treatment effect in linear mixed effects model) (C) Extinction retrieval (p = 0.649, Mann-833 

Whitney U = 12.00; Mann-Whitney test). Data are expressed as mean ± SEM or dotblots 834 

(median). Number of animals = 5-6 per experimental group. CS: conditioned stimulus, HAB: 835 

habituation, US: unconditioned stimulus, VEH: vehicle. 836 
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Figure 8: Local administration of the ghrelin receptor agonist MK0677 does not significantly 838 

affect the consolidation of auditory fear extinction. (A) Fear conditioning (Treatment factor p 839 

= 0.909, Time factor p < 0.001; Wald test for treatment effect in linear mixed effects model) 840 

(B) Extinction (Treatment factor p = 0.902, Time factor p < 0.001; Wald test for treatment 841 

effect in linear mixed effects model) (C) Extinction retrieval (p = 0.798, Mann-Whitney U = 842 

19.00; Mann-Whitney test). Each data point represents mean ± SEM or dotblots (median). 843 

Number of animals = 6-7 per experimental group. CS: conditioned stimulus, HAB: 844 

habituation, US: unconditioned stimulus,VEH: vehicle. 845 
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Figure 9: Overnight food deprivation does not significantly affect auditory fear extinction in 849 

both ghrelin receptor WT and KO mice. (A) Fear conditioning in ghrelin receptor WT mice 850 

(Treatment factor p = 0.744, Time factor p < 0.001; Wald test for treatment effect in linear 851 

mixed effects model) (B) Fear extinction in ghrelin receptor WT mice (Treatment factor p = 852 

0.225, Time factor p < 0.001; Wald test for treatment effect in linear mixed effects model) (C) 853 

Extinction retrieval in ghrelin receptor WT mice (p = 0.376, Mann-Whitney U = 17.00; 854 

Mann-Whitney test) (D) Fear conditioning in ghrelin receptor KO mice (Treatment factor p = 855 

0.938, Time factor quadratic term p = 0.005; Wald test for treatment effect in linear mixed 856 

effects model) (E) Fear extinction in ghrelin receptor KO mice (Treatment factor p = 0.200, 857 

Time factor p = 0.013, Interaction factor p = 0.010; Wald test for treatment effect in linear 858 

mixed effects model) (F) Extinction retrieval in ghrelin receptor KO mice (p = 0.966, Mann-859 

Whitney U = 24.00; Mann-Whitney test). Each data point represents mean ± SEM or dotblots 860 

(median). Number of animals = 7 per experimental group. CS: conditioned stimulus, FD: food 861 

deprived, HAB: habituation, KO: knockout, US: unconditioned stimulus, VEH: vehicle, WT: 862 

wild type. 863 
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