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ARTICLE INFO ABSTRACT

Keywords: Aggressive behaviour is of crucial importance in the defence for limited resources including food and mates and
Gut-brain axis involves central serotonin as well as dopamine signalling. As ghrelin modulates food intake and sexual behaviour
Addwﬁ‘f“ we initially investigated the hypothesis that central ghrelin signalling regulates aggressive behaviour in the
Serotonin resident intruder paradigm in male mice. Moreover, interaction between ghrelin signalling and serotonergic,
Social behaviour . . . - . . . .

Translational noradrenergic as well as dopaminergic neurotransmission in aggression was investigated. The relevance of

ghrelin for human aggression per se as well as for aggression induced by alcohol was evaluated in a human
genetic association study comprising young men (n = 784) from the normal population assessed for anti-social
behaviours. The present study demonstrates that central ghrelin infusion, but not ghrelin administered sys-
temically, increases aggression. Moreover aggressive behaviour is decreased by pharmacological suppression of
the growth hormone secretagogue receptor-1 A (GHSR-1A) by JMV2959. As indicated by the ex vivo biochemical
data serotonin, rather than dopamine or noradrenaline, in amygdala may have central roles for the ability of
JMV2959 to reduce aggression. This link between central serotonin, GHSR-1A and aggression is further sub-
stantiated by the behavioural data showing that JMV2959 cannot decrease aggression following depletion of
central serotonin signalling. The genetic association study demonstrates that males carrying the Leu72Leu
genotype of the pre-pro-ghrelin gene and displaying hazardous alcohol use are more aggressive when compared
to the group carrying the Met-allele. Collectively, this contributes to the identification of central ghrelin pathway
as an important modulator in the onset of aggressive behaviours in male mice.

1. Introduction

Ghrelin is released from the stomach into the circulation at hunger
(Cummings et al., 2001) and it acts, at least in part, on hypothalamic
growth hormone secretagogue receptors-1 A (GHSR-1A; ghrelin re-
ceptors) to increase food intake and appetite (Nakazato et al., 2001).
During recent years a modulatory role of ghrelin in reward processing,
via activation of reward related areas, has been established in both
rodents and humans (Abizaid et al., 2006; Jerlhag, 2008; Jerlhag et al.,
2006; Malik et al., 2008; Muller et al., 2015; Quarta et al., 2009;
Wellman et al., 2012). Moreover preclinical, human genetical as well as

clinical findings show that ghrelin signalling is crucial for alcohol re-
inforcement and development of alcohol addiction (for review see
(Engel and Jerlhag, 2014; Zallar et al., 2017)). In addition to its es-
tablished ability to increase appetite and regulate reinforcement ghrelin
has been attributed pleiotropic physiological roles including sexual
behaviour (Egecioglu et al., 2016; Prieto-Garcia et al., 2015).

As violent aggression, anger and irritability contribute considerably
to the burden of various psychiatric disorders and as available treat-
ments thereof are associated with insufficient efficacy and substantial
side effects (Posternak and Zimmerman, 2002) the importance of fur-
ther neurochemical understanding of aggression is highlighted. It has
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been established that both serotonin (Ambar and Chiavegatto, 2009; de
Boer et al., 2009) and dopamine (Zai et al., 2012) are important central
regulators of aggression. Aggressive behaviour is complex but is of
crucial importance in the defence and competition for limited resources
including food and mates. Therefore, in the first part of the present
study we therefore sought to investigate the possible influence of
ghrelin signalling on aggressive behaviours in rodents. Using an animal
model of overt aggression, we sought to investigate whether i) ghrelin
injected peripherally, ii) ghrelin infused into the third ventricle or iii)
GHSR-1A antagonist (JMV2959) administered peripherally affects
overt aggressive behaviours. Secondly, we examined the effects of acute
JMV2959 administration on the ex vivo levels of serotonin and its me-
tabolite 5-hydroxyindoleacetic acid (5-HIAA), noradrenaline as well as
dopamine and the metabolites 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) in regions regulating aggression
i.e. amygdala, ventromedial preoptic area, ventral tegmental area and
nucleus accumbens. These biochemical data intrigued us to further
explore if serotonin and JMV2959 regulate aggression by actions in the
same or in parallel circuits. In order to investigate this relationship we
evaluated the effects of JMV2959 on aggression in serotonin-depleted
mice in the resident intruder paradigm. Thirdly we explored a possible
interaction between acute treatment with JMV2959 and alcohol on
aggressive behaviours in male mice.

In the final part of this study, the relevance of ghrelin signalling for
human aggression was investigated in a human genetic association
study examining polymorphisms in ghrelin-related genes in young-men
from the Child and Adolescent Twin Study in Sweden (CATSS) assessed
for aggressive behaviours directed directly towards others (overt ag-
gression). Some patients with alcohol dependence display pathological
anger, which contributes considerably to the burden of disease (Colman
et al., 2009). Therefore, as a forth part of the present study, we ex-
amined the potential association between genotypes in ghrelin-related
genes and overt aggression or hazardous alcohol use. We thereafter
investigated whether there was an interaction between genotype and
risk-drinking on overt aggression.

2. Material and methods
2.1. Preclinical studies

2.1.1. Animals

Adult post-pubertal and sexual naive male C57Bl/6 N mice (resident
mice: 8-10 weeks old, 25-30 g body weight; Taconic, Ejby, Denmark)
and 129/SvEv mice (intruder mice: 8-10 weeks, 20-25 g body weight;
Taconic) were used. Using two different strains, with a smaller and
submissive intruder with similar age, creates a robust aggressive be-
haviour of the dominant resident mouse. They were group-housed and
allowed to acclimatize to the animal facility at least one week before
the start of the experiments. Following the resident mice were housed
in individual cages to build up territories. The mice were maintained at
a 12/12h light/dark cycle and at 20 °C with 50% humidity and tap
water and food (normal chow; Harlan Teklad, Norfolk, England) were
supplied ad libitum. Experiments were approved by the Swedish Ethical
Committee on Animal Research in Gothenburg. All efforts were made to
minimize animal suffering, and to reduce the number of animals used.

2.1.2. Drugs

The findings that central ghrelin administration displays robust ef-
fects on food intake and activation of the mesolimbic dopamine system
and that systemic ghrelin administration does not reach deeper brain
areas (Furness et al., 2011; Pirnik et al., 2011; Sakata et al., 2009),
intrigued us to use both intracerebroventricular (icv) infusion into the
third ventricle and intraperitoneally (ip) administrations of ghrelin.
Acylated rat ghrelin (Bionuclear; Bromma, Sweden) was diluted in ve-
hicle (Ringer solution for icv and 0.9% NaCl for ip). The selected
ghrelin doses for central (1pg in 1ul) and systemic (0.33 mg/kg)
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injections, were administered 10 min prior to test based on earlier
studies showing that these doses increase locomotor activity and ac-
cumbal dopamine release (Jerlhag, 2008; Jerlhag et al., 2006). To
conform a role of GHSR-1A, JMV2959 (Moulin et al., 2007) (6 mg/kg,
ip; Aterna Zentaris GbmH, Frankfurt am Main, Germany) a GHSR-1A
antagonist, with no effect on locomotor activity or gross behaviour, but
attenuates alcohol reinforcement (Jerlhag et al., 2009), was used. No-
tably, JMV2959 does not bind to the dopamine D1 receptor, short or
long dopamine D2 receptor (Jerlhag et al., 2010). JMV2959, adminis-
tered 20 min prior to test, was dissolved in vehicle (0.9% NaCl). The
tryptophan-5-hydroxylase inhibitor, pCPA methyl ester hydrocholoride
(pCPA; 300 mg/kg, ip), eliminates central serotonin (Pettersson et al.,
2016) and thereby increases aggressive behaviours by decreasing the
latency to aggression (Chiavegatto et al., 2001; Mosienko et al., 2012).
PCPA was diluted in vehicle (0.9% NaCl buffered to pH 6), and was
administered once daily for three consecutive days (last injection 24 h
before test). A low dose of alcohol (0.5 g/kg, ip; 96%; VWR Interna-
tional AB, Stockholm, Sweden) dissolved in vehicle (0.9% NaCl) was
injected acutely 30 min prior to test (Mamiya et al., 2017). Albeit this
acute alcohol injection might cause some initial peritoneal irritation
this administration rout produces a robust behavioural response
(Jerlhag et al., 2009).

2.1.3. Guide cannula implantation

For central administration of ghrelin or vehicle solution a guide
cannulae was surgically implanted as previously described in detail
(Jerlhag et al., 2006). The mouse was anaesthetized with isofluran
(Isofluran Baxter; Univentor 400 Anaesthesia Unit, Univentor Ldt.,
Zejtun, Malta), placed in a stereotaxic apparatus (David Kopf Instru-
ments; Tujunga, CA, USA) and kept on a heating pad to prevent hy-
pothermia. Two drops of Xylocain (10 mg/ml) adrenalin (5 pg/ml)
(Pfizer Inc, Apoteket AB, Gothenburg, Sweden) were used for local
anaesthesia. The skull bone was exposed after an incision and two holes
were drilled, one for the guide cannulae and one for the anchoring
screw. The coordinates relative to bregma for the third ventricle were:
0.9mm AP and = 0.0 mm ML (Franklin and Paxinos, 1997). The guide
cannula was placed 1 mm below the surface of the brain and was an-
chored to the screw and the skull bone with dental cement (DENTA-
LONE® plus; Agntho’s AB, Lidingd, Sweden). After surgery the mice were
injected with carprofen (Rimadyl®, 5mg/kg subcutaneously; Astra Ze-
neca, Apoteket AB) to relieve pain and were kept in individual cages.
One hour prior to drug administration a dummy cannula was carefully
inserted and retreated into the guide cannula to remove clotted blood
and hamper spreading depression. The cannula for drug administration
was inserted and extended another 1.1 mm ventrally beyond the tip of
the guide cannulae aiming for the third ventricle (Franklin and Paxinos,
1997). The drug was administered over one minute; the cannula was
left in place for another minute and it was then retracted (5 pl Kloehn,
microsyringe; Skandinaviska Genetec AB, V. Frolunda, Sweden). Ver-
ification of cannula placement was performed after termination of the
experiment and only animals with correct placement were included in
the statistical analysis (Supplementary material 1).

2.1.4. Resident intruder test

The resident intruder test is a valid model of overt aggression, in
which a male mouse tends to defend his territory against a conspecific
intruder (Parmigiani et al., 1998). In all tests, the resident male mice
were housed individually, with no change of bedding material, allowing
formation of territorial behaviour during a total of nine days. Thereafter
the resident mice were exposed to six training days where the bedding
material as well as food was removed from the home cage ten minutes
prior to interaction. During this interaction a novel male intruder
mouse, weighing at least 10% less than the resident, was introduced in
the opposite corner relative to that of the resident mouse. It was re-
moved following the first attack or a maximum of a ten-minute inter-
action. The purpose of this initial six-day training was to discard mice
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not displaying aggression from further experiments; however, no non-
aggressive animals were identified. In addition, this allows mice to be
randomized to treatment based on stratification of attack latency during
the six initial encounters. At the following test day the resident mice
with similar baseline of aggression during training days 1-6 receive
pharmacological manipulations before being introduced to a novel in-
truder for 10 min in it’s home cage.

In the first series of experiments, the resident mice were treated
acutely with i) ghrelin (icv 10 min prior to test, experiment 1), ii)
ghrelin (ip 10 min prior to test, experiment 2) or iii) JMV2959 (ip
10 min prior to test, experiment 3) or relevant vehicle. An observer
blinded to treatment of the animals scored the duration, frequency and
latency of aggressive (i.e. attack bites, threat postures, chasing (part of
aggression sequence), tumbling and mounting of the intruder), social
(ie. sniffing, following (part of social sequence), attending and
grooming of the intruder) as well as non-social (i.e. all behaviours
where residents do not interact with the intruder including running,
walking, sitting still, self-grooming and digging) behaviours of all mice.

The second run of behavioural experiment investigates the effects of
JMV2959 on the elevated aggressive behaviour, as measured by latency
to attack, in serotonin-depleted mice (Pettersson et al., 2016) that
previously have been established to display a decreased latency to ag-
gressive behaviours (Chiavegatto et al., 2001; Mosienko et al., 2012).
Thus, following three days of pCPA or vehicle treatment the resident
mice were treated acutely with either JMV2959 or an equal volume of
vehicle creating the following treatment groups: vehicle-vehicle, ve-
hicle-JMV, pCPA-vehicle and pCPA-JMV.

The final resident intruder test evaluates the interaction between
acute alcohol, JMV2959 and aggressive behaviour (duration, frequency
and latency). Therefore the test mice were treated acutely with either
alcohol or vehicle prior to treatment with JMV2959 or vehicle, creating
the following treatment groups: vehicle-vehicle, alcohol-vehicle, ve-
hicle-JMV2959 and alcohol-JMV2959.

2.1.5. Biochemical analysis of brain areas

As previous studies have established that central ghrelin infusion
increases 5-HIAA levels in amygdala (Hansson et al., 2014), the effect of
peripheral acute JMV2959 treatment on ex vivo 5-HIAA, serotonin,
noradrenaline as well as HVA, DOPAC and dopamine in the amygdala,
ventromedial preoptic area, ventral tegmental area and nucleus ac-
cumbens was investigated in resident-intruder naive male mice.

The mice were decapitated 20 min after the drug injection, the
brains were removed following decapitation, relevant brain areas were
rapidly dissected out on a cold glass plate, and kept frozen at —80 °C
until analysis which was conducted identical to an established proce-
dure described previously (Prieto-Garcia et al., 2015). In brief, the
dissected brain tissue samples were homogenized by ultrasound
homogenization (Sonifier Cell Disruptor B30; Branson Sonic Power Co.
Danbury, CT, USA) in a solution of 0.1 M perchloric acid, 5.37 mM
EDTA and 0.65 mM glutathione. Following centrifugation (10,000 rpm,
5°C, 10 min) the supernatant was collected and analysed for neuro-
transmitters and the metabolites using a split fraction HPLC-ED system.
Serotonin, noradrenaline and dopamine were analysed on an ion-ex-
change column (Nucleosil, 5 p SA 100 A, 150 x 2 mm, Phenomenex;
Torrance, CA, USA) with a mobile phase consisting of 13.3 g citric acid,
5.84 g NaOH, 40 mg EDTA and 200 ml methanol in distilled water to a
total volume of 1000 ml. 5-HIAA, DOPAC and HVA were analysed on a
reverse phase column (Nucleosil, 3 y, C18, 100A, 50 x 2 mm, Phe-
nomenex) with a mobile phase consisting of 11.22 g citric acid, 3.02g
dipotassium phosphate, 40 mg EDTA and 60 ml methanol in distilled
water to a volume of 1000 ml. The electrochemical detections were
performed by two amperometric detectors (Waters 460) and the cur-
rents were recorded with the Dionex Chromeleon software package
(Dionex; Sunnyvale, CA, USA).
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2.1.6. Statistical analysis of preclinical data

The effects of ghrelin/JMV2959 on aggressive behaviours and
JMV2959 on biochemistry were analysed by an unpaired t-test. The
remaining resident intruder tests were analysed with a one-way ANOVA
followed by Bonferroni post-hoc test for comparisons between different
treatments. All data are presented as mean = SEM. A probability value
of P < 0.05 was considered as statistically significant.

2.2. Human genetic study

2.2.1. Participants

Participants was a subsample from CATSS an on-going nation-wide
study targeting all twins born in Sweden since July 1992 (Anckarsater
et al., 2011). Aggressive and non-aggressive antisocial behaviour and
alcohol use of these twins was assessed using various instruments (see
below) at age 18 (response rate = 50%) when the twins were contacted
again. We included twins aged 18 who had completed these instru-
ments and provided a DNA sample. Given that the preclinical study of
the present investigation included only male animals, we focused our
human genetic study on the males (n = 788, including 111 mono-
zygotic twin pairs, 88 dizygotic twin pairs, 386 individuals without
their co-twin). Zygosity was determined using a panel of 47 SNPs
(Hannelius et al., 2007). 2 individuals with documented brain damage
and 2 non-Caucasian individuals were excluded from the analyses, re-
sulting in a final sample of n = 784. CATSS was approved by the Ethics
Committee at Karolinska Institutet and participants were protected by
the informed consent procedure.

2.2.2. Self-reported delinquency questionnaire

A modified version of the self-reported delinquency questionnaire
(SRD) consisting of 25 items was used (Junger-Tas et al., 1994; Ring,
1999). SRD measures the frequency of three kinds of law-breaking
behaviour over the past 12 months: property offenses (e.g. shoplifting,
breaking and entering, vandalism), violent offenses (e.g. assault, rob-
bery, sexual violence) and drug-related offenses (use and distribution).
Each item can be scored from 0 (never) to 4 (> 10 times). The items can
be subdivided into two scales, Overt Aggression (targeting another in-
dividual directly; 9 items) and Covert Aggression (not targeting another
individual directly; 16 items). The Overt Aggression subscale included
solely aggressive actions, and was thus used as our outcome measure
(see Supplementary Material 2). The total score of the Overt Aggression
ranged from O to 36, and extreme outliers were winsorized to the mean
plus two standard deviations in order not to unduly influence the re-
sults. Cronbach’s alpha for the Overt Aggression scale was 0.72.

2.2.3. Alcohol use disorder identification test

The participants of CATTS were asked to fill out the alcohol use
disorder identification test (AUDIT), a self-report questionnaire used in
the health care to identify individuals with hazardous patterns of al-
cohol consumption (Babor et al., 2001). It consists of 10 questions with
a five- and three-point response format, giving a total AUDIT score from
0-40. According to the World Health Organization, AUDIT scores of =8
for men indicate hazardous alcohol use (Babor et al., 2001), and this
was coded as a dichotomous variable for each individual (see Supple-
mentary Material 3).

2.2.4. DNA extraction, SNP selection and genotyping

DNA was extracted from saliva samples using OraGene DNA self-
collection kit (DNA Genotek, Inc, Ottawa, Canada). Two missense SNPs
in the pre-pro-ghrelin gene (GHRL) (rs696217/Leu72Met and
rs4684677/GIln90Leu) and one SNPs in the GHS-R1 A gene (GHSR;
1s2948694) were selected based on recent studies (Landgren et al.,
2011, 2010; Landgren et al., 2008; Suchankova et al., 2017). SNPs with
a previously reported minor allele frequency of < 5% were not in-
cluded in the present study. The SNPs were genotyped by LGC Geno-
mics (http://www.lgcgenomics.com) using the KASPar chemistry - a
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competitive allele specific PCR SNP genotyping system performed with
FRET quencher cassette oligos. The genotyping success rate was > 95%
(see Supplementary Material 4). The SNPs did not differ significantly
from Hardy-Weinberg Equilibrium (HWE) as assessed using PLINK
(Purcell et al., 2007) (see Supplementary material 4).

2.2.5. Statistical analysis of the human genetic study

Associations between SNPs and the behavioural measures were es-
timated using a linear mixed effect model in the MIXED procedure of
SAS 9.3 (SAS Institute, Inc, Cary, NC, USA), which allowed us to adjust
for the dependent nature of twin observations as well as the dependence
of individuals from the same family (that is, scores from all genotyped
subjects were included in the analyses). Given that monozygotic twins,
on average, share 100% of their genome, whereas dizygotic twins share
approximately 50%, we modelled two separate variance-covariance
matrices: (1) for monozygotic twins and (2) for dizygotic twins. By
using R-side random effects with an unstructured variance-covariance
matrix, correlations between individuals in groups (1) and (2) were
calculated. As genetic variation partly explains alcohol-heightened ag-
gression in males (Cloninger, 1987; Grove et al., 1990) and as a number
of studies have reported associations between alcohol dependence and
AUDIT scores as well as SNPs located in ghrelin-related genes we also
investigated the interaction between each SNP and hazardous alcohol
use, determined as either having (1) or not having (0) an AUDIT score
of =8, against overt aggression. Given the very low frequency of un-
common homozygotes for all three SNPs they were grouped with their
respective heterozygotes in the analyses. To control for multiple testing,
Bonferroni correction was used: primary interaction analyses of 3 SNPs
and two analyses (i.e. one primary outcome and one interaction ana-
lysis) yielded a corrected alpha of 0.008.

3. Results

3.1. Central, but not systemic, ghrelin administration increases aggressive
behaviours in male mice

Central ghrelin (n = 10) treatment significantly increased the
duration (P < 0.05, Fig. 1A) and frequency (P < 0.05, Fig. 1B) of
aggressive behaviours compared with vehicle (n = 14). There was a
tendency towards a decreased latency (P = 0.0877, Fig. 1C) to engage
in aggressive behaviours. There was no effect of central ghrelin treat-
ment on social behaviours (duration P > 0.05, Fig. 1D; frequency,
P > 0.05, Fig. 1E; latency P > 0.05, Fig. 1F) or on non-social beha-
viours (duration, P > 0.05, Fig. 1G).

On the other hand systemic administration of ghrelin (n = 12) had
no effect on the duration of (P > 0.05, Fig. 1H), frequency of
(P > 0.05, Fig. 1I) or latency to (P > 0.05, Fig. 1J) aggressive beha-
viours compared to vehicle (n = 13). There was no effect of systemic
ghrelin treatment on social behaviours (duration P > 0.05, Fig. 1K;
frequency, P > 0.05, Fig. 1L; latency P > 0.05, Fig. 1M) or on non-
social behaviours (duration, P > 0.05, Fig. IN).

3.2. The GHSR-1A antagonist JMV2959 reduces aggressive behaviours in
male mice

Systemic JMV2959 significantly decreased the duration of
(P < 0.05, Fig. 2A) as well as the frequency of (P < 0.01, Fig. 2B), and
increased the latency to (P < 0.05, Fig. 2C) aggressive behaviours
(n = 8 per treatment group). Systemic JMV2959 significantly reduced
the duration of (P < 0.05, Fig. 2D), frequency of (P < 0.0001, Fig. 2E)
and had a tendency in increasing the latency to (P = 0.0885, Fig. 2F)
social behaviours. Systemic JMV2959 increased the duration of
(P < 0.001, Fig. 2G) non-social behaviours.
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3.3. GHSR-1A antagonist treatment decreases the 5-HIAA/serotonin ratio
in amygdala

Compared to vehicle, systemic administration of JMV2959 de-
creases the 5-HIAA/serotonin ratio (P < 0.05) in amygdala (Table 1).
As further shown in Table 1 no other significant effects were obtained.
There were no effects of JMV2959 on noradrenaline, dopamine, do-
pamine metabolites nor dopamine turnover in brain regions in-
vestigated (Supplementary material 5).

3.4. There was no difference in latency to aggressive behaviours between
vehicle and JMV2959 in mice treated with pCPA

There was an overall main effect of treatment on the latency to
aggressive behaviours (F(3,37) = 7.91, P = 0.0003; one-way ANOVA
followed by Bonferroni post-hoc test; Fig. 3). Post hoc analysis revealed
that JMV2959 (veh-JMV, n = 12) increased the latency to engage in
aggressive behaviour compared to vehicle treatment (veh-veh,
P < 0.05, n=13). The latency was lower in both pCPA-vehicle
(P < 0.001, n=9) as well as pCPA-JMV2959 (P < 0.01, n=7)
treated mice compared to vehicle-JMV2959 treated mice. However,
there was no difference in latency to aggression between vehicle and
JMV2959 in mice treated with pCPA (P > 0.05).

As shown in Supplementary material 6, JMV2959 reduces ag-
gressive behaviour in both vehicle and alcohol treated mice.

3.5. Risk-drinking males carrying the Leu72Leu genotype score significantly
higher in overt aggression

In the human genetic study none of the studied SNPs (all P > 0.08)
were by itself associated with overt aggression or AUDIT scores. The
rs696217 polymorphism located in the GHRL did however show a
significant interaction with risk-drinking on overt aggression (F
(1,717) = 7.99, P = 0.00482). None of the other SNP interaction tests
survived correction for multiple testing.

Upon closer inspection of the interaction between rs696217 and
risk-drinking (Fig. 4), it was apparent that male carrying the Met allele
(Leu72Met + Met72Met) and having a hazardous alcohol use displayed
lower levels of aggression than risk-drinkers who did not have the
Met allele (Leu72Leu; P = 0.011). In males with low alcohol use
(AUDIT < 8) there was however no difference in overt aggression
between the genotype groups, confirming previous studies reporting
that males with low alcohol consumption display lower overt aggres-
sion scores. There was no protective effect of the Met-allele against
aggression genotype in these individuals with low intake and aggres-
sion.

4. Discussion

We demonstrate that ghrelin regulates aggression and thereby adds
another physiological function to the pleiotropic responses of the or-
exigenic peptide ghrelin. Indeed, central ghrelin infusion into the third
ventricle increases the duration and frequency of aggression, and that
there is a tendency of an effect on reducing the latency to engage in this
behaviour. In line are the data displaying that systemic administration
of the GHSR-1A antagonist, JMV2959, reduces aggressive behaviour as
measured by a decreased duration, frequency as well as an increased
latency to engage in this behaviour. The present findings implying that
central ghrelin signalling regulate aggressive behaviour are supported
by previous studies showing that mice with high plasma levels of bu-
tyrylcholineesterase, which among other things decreases ghrelin, dis-
play less spontaneous and intruder-induced fighting (Chen et al., 2015).
In addition, indirect support are provided from the preclinical studies
showing that ghrelin signalling is associated with the risk of various
psychiatric disorders displaying aggression as a cardinal feature (Engel
and Jerlhag, 2014; Meyer et al., 2014; Wittekind and Kluge, 2015;
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Fig. 1. Central, but not systemic, administra-
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Yoshimoto et al., 2017). However, we did not find an association be-
tween any of the SNPs and our main outcome variable overt aggression,
indicating that these preclinical data cannot be linked to genetic al-
terations in humans.

Given that central as well as systemic administration of ghrelin in-
creases food intake (for review see (Egecioglu et al., 2010), it is note-
worthy that we in the present study show that ghrelin injected cen-
trally, but not peripherally, increases the frequency as well as duration
of aggressive behaviour, demonstrating a discrepancy in behaviour
depending on administration route. In support for a divergence between
ghrelin’s effects, depending on administrations route, are the data
showing that central ghrelin, as opposed to circulating, enhances re-
inforcement from alcohol (Jerlhag et al., 2009; Jerlhag et al., 2014). A
tentative explanation to the different behavioural responses to central
and peripheral ghrelin might lie in the possibility that peripheral
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ghrelin administration does not reach deeper brain areas (Furness et al.,
2011; Pirnik et al., 2011; Sakata et al., 2009), which are central for
aggressive behaviours.

We also provide data suggesting that GHSR-1A and serotonin reg-
ulate aggressive behaviour in the same neural circuits since we first
show that JMV2959 reduces the 5-HIAA/serotonin ratio in amygdala.
As there was no effect per se on either of these parameters of the ratio
data these data indicate that JMV2959 collectively moderately in-
creases serotonin and reduces 5-HIAA. This is substantiated by the
previous findings reporting that central ghrelin infusion increases the
levels of 5-HIAA in amygdala (Hansson et al., 2014). Further indirect
support of this link are the data from a recent experimental study re-
porting that alcohol exposure potentiates ghrelin as well as serotonin
signalling in amygdala (Yoshimoto et al., 2017). To further pinpoint the
role of ghrelin signalling in amygdala for aggression, upcoming studies
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Fig. 2. Systemic administration of JMV2959 reduces aggressive behaviours. Treatment with JMV2959 (JMV, n = 8), the GHSR-1A antagonist, significantly de-
creased the duration of (A), the frequency of (B) as well as increased the latency to (C) aggressive behaviours compared to vehicle (Veh, n = 8). JMV2959 sig-
nificantly reduced the duration of (D) and frequency of (E) social behaviours. There was a tendency towards increased latency to (F) social behaviours. JMV2959
increased the duration of (G) non-social behaviours. Data are presented as mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001, unpaired t-test.

should evaluate the effects of local JMV2959 infusion into different
parts of amygdala on behaviour in the resident intruder paradigm. The
biochemical tissue analysis further demonstrates that serotonin signal-
ling in other brain areas important for aggressive behaviours including
the ventral tegmental area, the ventromedial preoptic area and nucleus
accumbens does not participate in JMV2959’s anti-aggressive proper-
ties. A link between the ghrelin signalling and serotonin systems is
further supported by the behavioural data demonstrating that the ele-
vated latency to aggression observed in the vehicle-JMV2959 group, is
lower in PCPA-JMV2959 treated mice. This is further substantiated by
the findings that the lower aggression latency is similar in PCPA-vehicle
and PCPA-JMV2959 treated mice. As PCPA is known to delete central
serotonin levels and enhance aggression (Chiavegatto et al., 2001;
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Mosienko et al., 2012; Pettersson et al., 2016), these data indicate that
the ability of JMV2959 to reduce aggressive behaviour depends on
intact central serotonergic neurotransmission in male mice. As the be-
havioural outcome of ghrelin as well as aggression involves various
neurotransmitters the possibility should be considered that serotonin
has a partial role in promoting ghrelin regulated aggression and that
other signalling systems involved in aggressive behaviours such as
melanocortin (Gonzalez et al., 1996; Morgan and Cone, 2006) which
ghrelin pathway interact with (Huang et al., 2017a) also participate.
Albeit it is well-known that serotonin is a potent regulator of aggression
(Ambar and Chiavegatto, 2009; de Boer et al., 2009), and that previous
studies have shown that ghrelin modulates serotonergic neuro-
transmission (Hansson et al., 2014; Wauson et al., 2015) this is the first
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Table 1
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Effects of acute JMV2959 treatment on serotonergic neurotransmission in brain areas.

Nucleus accumbens (n = 8 and n = 7
for vehicle and JMV respectively)

Ventromedial preoptic area (n = 7andn = 8
for vehicle and JMV respectively)

Ventral tegmental area (n = 6
for vehicle and JMV)

Amygdala (n = 8 and n = 7 for
vehicle and JMV respectively)

5-HIAA Veh: 1.5 = 0.1 Veh: 2.4 = 0.1
JMV: 1.3 = 0.1 JMV: 2.3 + 0.2
P = 0.3792 P =0.7597

5-HT Veh: 1.2 = 0.2 Veh: 1.5 = 0.1
JMV: 1.1 = 0.1 JMV: 1.5 = 0.1
P = 0.7555 P = 0.9981

5-HIAA/5-HT Veh: 1.3 = 0.1 Veh: 1.7 = 0.2
JMV: 1.2 = 0.2 JMV: 1.6 = 0.1
P =0.6861 P = 0.8030

Veh: 4.4 = 0.4 Veh: 3.4 = 0.5
JMV: 5.1 = 1.1 JMV: 2.0 = 0.7
P = 0.6029 P=0.1434
Veh: 1.6 = 0.3 Veh: 1.6 = 0.2
JMV: 2.2 + 0.8 JMV: 1.5 + 0.2
P = 0.4434 P=0.9381
Veh: 3.2 = 0.5 Veh: 2.2 = 0.2
JMV: 3.2 = 0.8 JMV: 1.2 = 0.4
P = 0.9881 P = 0.0396

JMV2959 (JMV), serotonin (5-HT), 5-Hydroxyindoleacetic acid (5-HIAA).
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Fig. 3. The ability of GHSR-1A antagonist to reduce aggression involves central
serotonin. Treatment with the GHSR-1A antagonist, JMV2959 (Veh/JMV,
n = 12), increased the latency to engage in aggression behaviours compared to
vehicle treatment (Veh/Veh, n = 13). In addition, this effect was ablated in
mice pretreated with pCPA (pCPA/JMV, n = 7; pCPA/Veh, n = 9). Data are
presented as mean = SEM; *P < 0.05 versus Veh-Veh, + +P < 0.01, + +
+P < 0.001 versus Veh-JMV, one-way ANOVA followed by Bonferroni post-
hoc test.

study providing evidence for a link between GHSR-1A, serotonin, and
aggression. Given that ghrelin stimulates accumbal dopamine release
(Jerlhag, 2008; Jerlhag et al., 2006) and that accumbal dopamine is
elevated both during and in anticipation of scheduled aggressive be-
haviour (Ferrari et al., 2003) raises the possibility of an involvement of
dopamine in the regulation of aggression by ghrelin. However, coun-
tering this suggestion is the fact that only ghrelin infused into the third
ventricle, but not systemically, increased aggression in the current
study, while both centrally and peripherally administered ghrelin in-
creases accumbal dopamine levels and that JMV2959 has no effects on
accumbal dopamine per se (Jerlhag, 2008; Jerlhag et al., 2006). In
further support for this contention is our ex vivo data showing that
JMV2959 does not influence on dopamine transmission in brain regions
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implicated in aggression behaviours. Moreover, JMV2959 does not
modulate noradrenaline in neither investigated area. It should however
be mentioned that the contribution of additional neuroanatomical re-
gions and neurotransmitters remains to be investigated in upcoming
studies.

As our previous studies have shown that ghrelin increases alcohol
consumption (Jerlhag et al., 2009) it is also interesting that our human
genetic study demonstrates that young men carrying the Leu72Leu
genotype of the GHRL and reporting hazardous alcohol use were sig-
nificantly more aggressive when compared to the group carrying the
Met-allele. These data may in part explain previous studies showing
that genetic variation contributes to the alcohol-heightened aggression
in humans (Cloninger, 1987; Grove et al., 1990). Further, the interac-
tion analyses revealed a significant interaction effect between rs696217
in the GHRL and AUDIT in which male subjects with a hazardous al-
cohol use carrying the Met-allele had lower scores in overt aggression
compared to those not carrying the allele. The present SNP results in an
amino acid substitution (leucine to methionine) at residue 72, which is
outside the mature ghrelin product of 28 amino acids. Although its
function is yet to be established, the Met-allele (as SNP or part of
haplotype) has in studies of alcohol dependent individuals been asso-
ciated with fewer self-reported heavy drinking days (Suchankova et al.,
2017), self-reported paternal alcohol dependence (Landgren et al.,
2010) as well as decreased self-directedness (Landgren et al., 2011).
However, no associations with AUD were reported in this normal po-
pulation primarily assessed for anti-social behaviours. The genetic as-
sociation study is faced with some limitations, the main being the small
sample, the lack of a replication sample and that this SNP causes an
amino acid substitution outside of the mature ghrelin product and
therefore the physiological relevance of this remains to be elucidated.
Despite the preliminary nature of these genetic studies, collectively
with previous genetic findings they suggest that the Leu72Leu genotype
may lead to an increased risk of aggressive behaviours at hazardous
alcohol intake as well as increased risk of alcohol use disorder. How-
ever, the preclinical study does not display an interaction between al-
cohol and GHSR-1A in alcohol naive mice since JMV2959 decreases
aggressive behaviour with a similar magnitude in alcohol and vehicle

Fig. 4. Risk-drinking males carrying the Leu72Leu genotype
score significantly higher in overt aggression. Interaction
analysis between rs696217 and hazardous alcohol use, as-
sessed as having hazardous alcohol use (score of =8) ac-
cording to the alcohol use disorder identification test (AUDIT),
against overt aggression. Data presented as estimated
means + SE generated from a model taking into account
twinship; *P < 0.05.
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exposed mice. As the behavioural outcome of acute and chronic alcohol
involves different pathways, the interaction between chronic alcohol
exposure, aggression and GHSR-1A might produce a different outcome.
It is therefore possible that GHSR-1A only modulates the risk of ag-
gressive behaviours at prolonged opposed to acute exposure to alcohol.
There are comorbidities between aggression and other psychiatric
conditions (Posternak and Zimmerman, 2002). We therefore suggest
that future studies focus on the association between Leu72Leu genotype
and other psychiatric conditions including drug abuse, anxiety and
depressive mood disorders.

The present preclinical study provides compelling support for the
role of central ghrelin signalling in aggression, however several lim-
itations possibly influencing the obtained data should be taken into
consideration. The behaviour of vehicle treated mice is lower following
central (Fig. 1, Panel A) compared to peripheral (Fig. 1, Panel B) ad-
ministration. This difference is commonly observed when investigating
complex behaviours (Egecioglu et al., 2016; Prieto-Garcia et al., 2015).

Therefore inclusion of vehicle controls as well as separate analysis
of experiment from central versus peripheral injections diminishes the
possibility that intracranial injections damaging tissues could influence
the obtained data. The behaviour of different batches of mice com-
monly vary and to avoid an influence of this confounder the mice were
stratified into treatment groups based on their baseline aggression and
vehicle controls are always included. Albeit the aggressive behaviours
significantly are reduced after peripheral JMV2959 administration, this
appears less likely to depend on sedative or exploratory effects on be-
haviour per se since previous studies have established that the selected
dose of JMV2959 does not display an effect on locomotor activity nor
gross behaviour in general (Jerlhag et al., 2009). The possibility that
enhanced motor behaviour by ghrelin influence aggression appears less
likely since both central and systemic ghrelin elevates the locomotor
activity (Jerlhag, 2008; Jerlhag et al., 2006), whereas only central
ghrelin infusion increases aggressive behaviour. The behaviour out-
comes of ghrelin appear to be dependent on contextual factors as evi-
dent by the emotionality literature showing that ghrelin exhibit an
antidepressant and anxiolytic response during pathological conditions
(Carlini et al., 2012; Huang et al., 2017b; Lutter et al., 2008), while
exhibit an anxiogenic response during normal condition (Asakawa
et al., 2001; Carlini et al., 2002; Hansson et al., 2011). Given that acute
antidepressant effects of drugs are associated with decreased aggression
(for review see (Mitchell, 2005)), it is noteworthy that central ghrelin
increases aggression but reduces depressive symptoms (Carlini et al.,
2012; Huang et al., 2017b; Lutter et al., 2008). It is therefore likely that
the aggression enhancing effects of central ghrelin are independent on
its effect on depressive behaviour. Nevertheless should these complex
links between contextual factors, emotional states and aggression be-
haviour which are mediated by ghrelin and serotonergic systems be
further elucidated. Ghrelin is an orexigenic peptide, however food was
removed prior to test, so the obtained data are independent of feeding
behaviour.

In summary, the present result from experimental and human ge-
netic studies reveal a functional role of ghrelin in aggressive beha-
viours. A vast emerging body of research linking ghrelin with alcohol-
mediated behaviours is stemming from various directions including
preclinical, clinical and human genetic studies (for review see (Engel
and Jerlhag, 2014; Zallar et al., 2017)) aggression contributes sig-
nificantly to the burden of disease in patients with alcohol dependence
(Colman et al., 2009) the possible role of ghrelin in alcohol-induced
aggression warrants further investigations.

Declarations of interest

None.

87

Psychoneuroendocrinology 104 (2019) 80-88

Funding

The Swedish Twin Registry is managed by Karolinska Institutet and
receives funding through the Swedish Research Council under the grant
no 2017-00641. The study is further supported by grants from the
Swedish Research Council (2015-03219, Medicine and SimSam),
Swedish Society for Medical Research, The Swedish brain foundation,
LUA/ALF (grant no:s. 240071, 221931) from the Sahlgrenska
University Hospital.

Acknowledgements

Britt-Mari Larsson is gratefully acknowledged for expert and valu-
able technical assistance. We acknowledge The Swedish Twin Registry
for access to data.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.psyneuen.2019.02.
020.

References

Abizaid, A., Liu, Z.W., Andrews, Z.B., Shanabrough, M., Borok, E., Elsworth, J.D., Roth,
R.H., Sleeman, M.W., Picciotto, M.R., Tschop, M.H., Gao, X.B., Horvath, T.L., 2006.
Ghrelin modulates the activity and synaptic input organization of midbrain dopamine
neurons while promoting appetite. J. Clin. Invest. 116, 3229-3239.

Ambar, G., Chiavegatto, S., 2009. Anabolic-androgenic steroid treatment induces beha-
vioral disinhibition and downregulation of serotonin receptor messenger RNA in the
prefrontal cortex and amygdala of male mice. Genes Brain Behav. 8, 161-173.

Anckarsater, H., Lundstrom, S., Kollberg, L., Kerekes, N., Palm, C., Carlstrom, E.,
Langstrom, N., Magnusson, P.K., Halldner, L., Bolte, S., Gillberg, C., Gumpert, C.,
Rastam, M., Lichtenstein, P., 2011. The Child and Adolescent Twin Study in Sweden
(CATSS). Twin Res. Hum. Genet. 14, 495-508.

Asakawa, A., Inui, A., Kaga, T., Yuzuriha, H., Nagata, T., Fujimiya, M., Katsuura, G.,
Makino, S., Fujino, M.A., Kasuga, M., 2001. A role of ghrelin in neuroendocrine and
behavioral responses to stress in mice. Neuroendocrinology 74, 143-147.

Babor, T., Higgins-Biddle, J., Saunders, J., Monteiro, M., 2001. AUDIT: The Alcohol Use
Disorders Identification Test 2:nd ed. World Health Organization Geneva.

Carlini, V.P., Monzon, M.E., Varas, M.M., Cragnolini, A.B., Schioth, H.B., Scimonelli, T.N.,
de Barioglio, S.R., 2002. Ghrelin increases anxiety-like behavior and memory re-
tention in rats. Biochem. Biophys. Res. Commun. 299, 739-743.

Carlini, V.P., Machado, D.G., Buteler, F., Ghersi, M., Ponzio, M.F., Martini, A.C., Schioth,
H.B., de Cuneo, M.F., Rodrigues, A.L., de Barioglio, S.R., 2012. Acute ghrelin ad-
ministration reverses depressive-like behavior induced by bilateral olfactory bul-
bectomy in mice. Peptides 35, 160-165.

Chen, V.P., Gao, Y., Geng, L., Parks, R.J., Pang, Y.P., Brimijoin, S., 2015. Plasma butyr-
ylcholinesterase regulates ghrelin to control aggression. Proc. Natl. Acad. Sci. U.S.A.
112, 2251-2256.

Chiavegatto, S., Dawson, V.L., Mamounas, L.A., Koliatsos, V.E., Dawson, T.M., Nelson,
R.J., 2001. Brain serotonin dysfunction accounts for aggression in male mice lacking
neuronal nitric oxide synthase. Proc. Natl. Acad. Sci. U.S.A. 98, 1277-1281.

Cloninger, C.R., 1987. Neurogenetic adaptive mechanisms in alcoholism. Science 236,
410-416.

Colman, I., Murray, J., Abbott, R.A., Maughan, B., Kuh, D., Croudace, T.J., Jones, P.B.,
2009. Outcomes of conduct problems in adolescence: 40 year follow-up of national
cohort. BMJ 338, a2981.

Cummings, D.E., Purnell, J.Q., Frayo, R.S., Schmidova, K., Wisse, B.E., Weigle, D.S., 2001.
A preprandial rise in plasma ghrelin levels suggests a role in meal initiation in hu-
mans. Diabetes 50, 1714-1719.

de Boer, S.F., Caramaschi, D., Natarajan, D., Koolhaas, J.M., 2009. The vicious cycle
towards violence: focus on the negative feedback mechanisms of brain serotonin
neurotransmission. Front. Behav. Neurosci. 3, 52.

Egecioglu, E., Jerlhag, E., Salome, N., Skibicka, K.P., Haage, D., Bohlooly, Y.M.,
Andersson, D., Bjursell, M., Perrissoud, D., Engel, J.A., Dickson, S.L., 2010. Ghrelin
increases intake of rewarding food in rodents. Addict. Biol. 15, 304-311.

Egecioglu, E., Prieto-Garcia, L., Studer, E., Westberg, L., Jerlhag, E., 2016. The role of
ghrelin signalling for sexual behaviour in male mice. Addict. Biol. 21, 348-359.

Engel, J.A., Jerlhag, E., 2014. Role of appetite-regulating peptides in the pathophysiology
of addiction: implications for pharmacotherapy. CNS Drugs 28, 875-886.

Ferrari, P.F., van Erp, A.M., Tornatzky, W., Miczek, K.A., 2003. Accumbal dopamine and
serotonin in anticipation of the next aggressive episode in rats. Eur. J. Neurosci. 17,
371-378.

Franklin, K., Paxinos, G., 1997. The Mouse Brain in Stereotaxic Coordinates. Academic
Press, San Diego.

Furness, J.B., Hunne, B., Matsuda, N., Yin, L., Russo, D., Kato, L., Fujimiya, M., Patterson,
M., McLeod, J., Andrews, Z.B., Bron, R., 2011. Investigation of the presence of ghrelin


https://doi.org/10.1016/j.psyneuen.2019.02.020
https://doi.org/10.1016/j.psyneuen.2019.02.020
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0005
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0005
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0005
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0005
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0010
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0010
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0010
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0015
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0015
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0015
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0015
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0020
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0020
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0020
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0025
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0025
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0030
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0030
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0030
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0035
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0035
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0035
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0035
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0040
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0040
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0040
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0045
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0045
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0045
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0050
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0050
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0055
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0055
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0055
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0060
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0060
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0060
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0065
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0065
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0065
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0070
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0070
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0070
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0075
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0075
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0080
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0080
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0085
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0085
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0085
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0090
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0090
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0095
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0095

J. Vestlund, et al.

in the central nervous system of the rat and mouse. Neuroscience 193, 1-9.

Gonzalez, M.I., Vaziri, S., Wilson, C.A., 1996. Behavioral effects of alpha-MSH and MCH
after central administration in the female rat. Peptides 17, 171-177.

Grove, W.M., Eckert, E.D., Heston, L., Bouchard Jr., T.J., Segal, N., Lykken, D.T., 1990.
Heritability of substance abuse and antisocial behavior: a study of monozygotic twins
reared apart. Biol. Psychiatry 27, 1293-1304.

Hannelius, U., Gherman, L., Makela, V.V., Lindstedt, A., Zucchelli, M., Lagerberg, C.,
Tybring, G., Kere, J., Lindgren, C.M., 2007. Large-scale zygosity testing using single
nucleotide polymorphisms. Twin Res. Hum. Genet. 10, 604-625.

Hansson, C., Haage, D., Taube, M., Egecioglu, E., Salome, N., Dickson, S.L., 2011. Central
administration of ghrelin alters emotional responses in rats: behavioural, electro-
physiological and molecular evidence. Neuroscience 180, 201-211.

Hansson, C., Alvarez-Crespo, M., Taube, M., Skibicka, K.P., Schmidt, L., Karlsson-Lindahl,
L., Egecioglu, E., Nissbrandt, H., Dickson, S.L., 2014. Influence of ghrelin on the
central serotonergic signaling system in mice. Neuropharmacology 79, 498-505.

Huang, H.H., Chen, L.Y., Doong, M.L., Chang, S.C., Chen, C.Y., 2017a. Alpha-melanocyte
stimulating hormone modulates the central acyl ghrelin-induced stimulation of
feeding, gastrointestinal motility, and colonic secretion. Drug Des. Devel. Ther. 11,
2377-2386.

Huang, H.J., Zhu, X.C., Han, Q.Q., Wang, Y.L., Yue, N., Wang, J., Yu, R., Li, B., Wu, G.C.,
Liu, Q., Yu, J., 2017b. Ghrelin alleviates anxiety- and depression-like behaviors in-
duced by chronic unpredictable mild stress in rodents. Behav. Brain Res. 326, 33-43.

Jerlhag, E., 2008. Systemic administration of ghrelin induces conditioned place pre-
ference and stimulates accumbal dopamine. Addict. Biol. 13, 358-363.

Jerlhag, E., Egecioglu, E., Dickson, S.L., Andersson, M., Svensson, L., Engel, J.A., 2006.
Ghrelin stimulates locomotor activity and accumbal dopamine-overflow via central
cholinergic systems in mice: implications for its involvement in brain reward. Addict.
Biol. 11, 45-54.

Jerlhag, E., Egecioglu, E., Landgren, S., Salome, N., Heilig, M., Moechars, D., Datta, R.,
Perrissoud, D., Dickson, S.L., Engel, J.A., 2009. Requirement of central ghrelin sig-
naling for alcohol reward. Proc. Natl. Acad. Sci. U.S.A. 106, 11318-11323.

Jerlhag, E., Egecioglu, E., Dickson, S.L., Engel, J.A., 2010. Ghrelin receptor antagonism
attenuates cocaine- and amphetamine-induced locomotor stimulation, accumbal
dopamine release, and conditioned place preference. Psychopharmacology 211,
415-422.

Jerlhag, E., Ivanoff, L., Vater, A., Engel, J.A., 2014. Peripherally circulating ghrelin does
not mediate alcohol-induced reward and alcohol intake in rodents. Alcohol. Clin.
Exp. Res. 38, 959-968.

Junger-Tas, J., Terlouw, G., Klein, M., 1994. Delinquent Behavior Among Young People in
the Western World Kugler. Amsterdam, The Netherlands. .

Landgren, S., Jerlhag, E., Zetterberg, H., Gonzalez-Quintela, A., Campos, J., Olofsson, U.,
Nilsson, S., Blennow, K., Engel, J.A., 2008. Association of pro-ghrelin and GHS-R1A
gene polymorphisms and haplotypes with heavy alcohol use and body mass. Alcohol.
Clin. Exp. Res. 32, 2054-2061.

Landgren, S., Jerlhag, E., Hallman, J., Oreland, L., Lissner, L., Strandhagen, E., Thelle,
D.S., Zetterberg, H., Blennow, K., Engel, J.A., 2010. Genetic variation of the ghrelin
signaling system in females with severe alcohol dependence. Alcohol. Clin. Exp. Res.
34, 1519-1524.

Landgren, S., Berglund, K., Jerlhag, E., Fahlke, C., Balldin, J., Berggren, U., Zetterberg, H.,
Blennow, K., Engel, J.A., 2011. Reward-related genes and personality traits in al-
cohol-dependent individuals: a pilot case control study. Neuropsychobiology 64,
38-46.

Lutter, M., Sakata, I., Osborne-Lawrence, S., Rovinsky, S.A., Anderson, J.G., Jung, S.,
Birnbaum, S., Yanagisawa, M., Elmquist, J.K., Nestler, E.J., Zigman, J.M., 2008. The
orexigenic hormone ghrelin defends against depressive symptoms of chronic stress.
Nat. Neurosci. 11, 752-753.

Malik, S., McGlone, F., Bedrossian, D., Dagher, A., 2008. Ghrelin modulates brain activity
in areas that control appetitive behavior. Cell Metab. 7, 400-409.

Mamiya, P.C., Matray-Devoti, J., Fisher, H., Wagner, G.C., 2017. Mice increased target
biting behaviors 24h after co-administration of alcohol and fluoxetine. Brain Res.
1662, 110-115.

Meyer, R.M., Burgos-Robles, A., Liu, E., Correia, S.S., Goosens, K.A., 2014. A ghrelin-
growth hormone axis drives stress-induced vulnerability to enhanced fear. Mol.
Psychiatry 19, 1284-1294.

Mitchell, P.J., 2005. Antidepressant treatment and rodent aggressive behaviour. Eur. J.
Pharmacol. 526, 147-162.

Morgan, C., Cone, R.D., 2006. Melanocortin-5 receptor deficiency in mice blocks a novel
pathway influencing pheromone-induced aggression. Behav. Genet. 36, 291-300.

Mosienko, V., Bert, B., Beis, D., Matthes, S., Fink, H., Bader, M., Alenina, N., 2012.
Exaggerated aggression and decreased anxiety in mice deficient in brain serotonin.

88

Psychoneuroendocrinology 104 (2019) 80-88

Transl. Psychiatry 2, e122.

Moulin, A., Demange, L., Berge, G., Gagne, D., Ryan, J., Mousseaux, D., Heitz, A.,
Perrissoud, D., Locatelli, V., Torsello, A., Galleyrand, J.C., Fehrentz, J.A., Martinez,
J., 2007. Toward potent ghrelin receptor ligands based on trisubstituted 1,2,4-tria-
zole structure. 2. Synthesis and pharmacological in vitro and in vivo evaluations. J.
Med. Chem. 50, 5790-5806.

Muller, T.D., Nogueiras, R., Andermann, M.L., Andrews, Z.B., Anker, S.D., Argente, J.,
Batterham, R.L., Benoit, S.C., Bowers, C.Y., Broglio, F., Casanueva, F.F., D’Alessio, D.,
Depoortere, 1., Geliebter, A., Ghigo, E., Cole, P.A., Cowley, M., Cummings, D.E.,
Dagher, A., Diano, S., Dickson, S.L., Dieguez, C., Granata, R., Grill, H.J., Grove, K.,
Habegger, K.M., Heppner, K., Heiman, M.L., Holsen, L., Holst, B., Inui, A., Jansson,
J.0., Kirchner, H., Korbonits, M., Laferrere, B., LeRoux, C.W., Lopez, M., Morin, S.,
Nakazato, M., Nass, R., Perez-Tilve, D., Pfluger, P.T., Schwartz, T.W., Seeley, R.J.,
Sleeman, M., Sun, Y., Sussel, L., Tong, J., Thorner, M.O., van der Lely, A.J., van der
Ploeg, L.H., Zigman, J.M., Kojima, M., Kangawa, K., Smith, R.G., Horvath, T., Tschop,
M.H., 2015. Ghrelin. Mol. Metab. 4, 437-460.

Nakazato, M., Murakami, N., Date, Y., Kojima, M., Matsuo, H., Kangawa, K., Matsukura,
S., 2001. A role for ghrelin in the central regulation of feeding. Nature 409, 194-198.

Parmigiani, S., Ferrari, P.F., Palanza, P., 1998. An evolutionary approach to behavioral
pharmacology: using drugs to understand proximate and ultimate mechanisms of
different forms of aggression in mice. Neurosci. Biobehav. Rev. 23, 143-153.

Pettersson, R., Hagsater, S.M., Eriksson, E., 2016. Serotonin depletion eliminates sex
differences with respect to context-conditioned immobility in rat.
Psychopharmacology 233, 1513-1521.

Pirnik, Z., Bundzikova, J., Holubova, M., Pychova, M., Fehrentz, J.A., Martinez, J.,
Zelezna, B., Maletinska, L., Kiss, A., 2011. Ghrelin agonists impact on Fos protein
expression in brain areas related to food intake regulation in male C57BL/6 mice.
Neurochem. Int. 59, 889-895.

Posternak, M.A., Zimmerman, M., 2002. Anger and aggression in psychiatric outpatients.
J. Clin. Psychiatry 63, 665-672.

Prieto-Garcia, L., Egecioglu, E., Studer, E., Westberg, L., Jerlhag, E., 2015. Ghrelin and
GHS-R1A signaling within the ventral and laterodorsal tegmental area regulate sexual
behavior in sexually naive male mice. Psychoneuroendocrinology 62, 392-402.

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M.A., Bender, D., Maller, J.,
Sklar, P., de Bakker, P.I., Daly, M.J., Sham, P.C., 2007. PLINK: a tool set for whole-
genome association and population-based linkage analyses. Am. J. Hum. Genet. 81,
559-575.

Quarta, D., Di Francesco, C., Melotto, S., Mangiarini, L., Heidbreder, C., Hedou, G., 2009.
Systemic administration of ghrelin increases extracellular dopamine in the shell but
not the core subdivision of the nucleus accumbens. Neurochem. Int. 54, 89-94.

Ring, J., 1999. Hem Och Skola, Kamrater Och Brott. University of Stockholm Stockholm
Sweden.

Sakata, 1., Nakano, Y., Osborne-Lawrence, S., Rovinsky, S.A., Lee, C.E., Perello, M.,
Anderson, J.G., Coppari, R., Xiao, G., Lowell, B.B., Elmquist, J.K., Zigman, J.M.,
2009. Characterization of a novel ghrelin cell reporter mouse. Regul. Pept. 155,
91-98.

Suchankova, P., Yan, J., Schwandt, M.L., Stangl, B.L., Jerlhag, E., Engel, J.A.,
Hodgkinson, C.A., Ramchandani, V.A., Leggio, L., 2017. The Leu72Met poly-
morphism of the prepro-ghrelin gene is associated with alcohol consumption and
subjective responses to alcohol: preliminary findings. Alcohol Alcohol. 52, 425-430.

Wauson, S.E., Sarkodie, K., Schuette, L.M., Currie, P.J., 2015. Midbrain raphe 5-HT1A
receptor activation alters the effects of ghrelin on appetite and performance in the
elevated plus maze. J. Psychopharmacol. (Oxford) 29, 836-844.

Wellman, P.J., Clifford, P.S., Rodriguez, J.A., Hughes, S., Di Francesco, C., Melotto, S.,
Tessari, M., Corsi, M., Bifone, A., Gozzi, A., 2012. Brain reinforcement system func-
tion is ghrelin dependent: studies in the rat using pharmacological fMRI and in-
tracranial self-stimulation. Addict. Biol. 17, 908-919.

Wittekind, D.A., Kluge, M., 2015. Ghrelin in psychiatric disorders - a review.
Psychoneuroendocrinology 52, 176-194.

Yoshimoto, K., Nagao, M., Watanabe, Y., Yamaguchi, T., Ueda, S., Kitamura, Y.,
Nishimura, K., Inden, M., Marunaka, Y., Hattori, H., Murakami, K., Tokaji, M., Ochi,
K., 2017. Enhanced alcohol-drinking behavior associated with active ghrelinergic and
serotoninergic neurons in the lateral hypothalamus and amygdala. Pharmacol.
Biochem. Behav. 153, 1-11.

Zai, C.C., Ehtesham, S., Choi, E., Nowrouzi, B., de Luca, V., Stankovich, L., Davidge, K.,
Freeman, N., King, N., Kennedy, J.L., Beitchman, J.H., 2012. Dopaminergic system
genes in childhood aggression: possible role for DRD2. World J. Biol. Psychiatry 13,

65-74.

Zallar, L.J., Farokhnia, M., Tunstall, B.J., Vendruscolo, L.F., Leggio, L., 2017. The role of
the ghrelin system in drug addiction. Int. Rev. Neurobiol. 136, 89-119.


http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0095
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0100
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0100
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0105
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0105
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0105
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0110
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0110
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0110
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0115
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0115
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0115
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0120
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0120
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0120
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0125
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0125
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0125
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0125
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0130
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0130
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0130
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0135
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0135
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0140
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0140
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0140
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0140
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0145
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0145
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0145
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0150
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0150
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0150
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0150
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0155
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0155
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0155
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0160
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0160
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0165
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0165
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0165
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0165
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0170
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0170
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0170
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0170
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0175
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0175
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0175
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0175
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0180
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0180
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0180
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0180
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0185
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0185
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0190
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0190
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0190
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0195
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0195
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0195
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0200
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0200
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0205
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0205
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0210
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0210
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0210
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0215
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0215
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0215
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0215
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0215
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0220
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0220
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0220
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0220
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0220
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0220
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0220
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0220
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0220
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0220
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0225
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0225
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0230
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0230
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0230
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0235
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0235
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0235
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0240
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0240
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0240
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0240
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0245
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0245
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0250
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0250
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0250
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0255
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0255
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0255
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0255
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0260
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0260
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0260
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0265
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0265
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0270
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0270
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0270
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0270
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0275
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0275
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0275
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0275
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0280
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0280
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0280
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0285
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0285
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0285
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0285
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0290
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0290
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0295
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0295
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0295
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0295
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0295
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0300
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0300
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0300
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0300
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0305
http://refhub.elsevier.com/S0306-4530(18)31175-2/sbref0305

	Ghrelin and aggressive behaviours—Evidence from preclinical and human genetic studies
	Introduction
	Material and methods
	Preclinical studies
	Animals
	Drugs
	Guide cannula implantation
	Resident intruder test
	Biochemical analysis of brain areas
	Statistical analysis of preclinical data

	Human genetic study
	Participants
	Self-reported delinquency questionnaire
	Alcohol use disorder identification test
	DNA extraction, SNP selection and genotyping
	Statistical analysis of the human genetic study


	Results
	Central, but not systemic, ghrelin administration increases aggressive behaviours in male mice
	The GHSR-1A antagonist JMV2959 reduces aggressive behaviours in male mice
	GHSR-1A antagonist treatment decreases the 5-HIAA/serotonin ratio in amygdala
	There was no difference in latency to aggressive behaviours between vehicle and JMV2959 in mice treated with pCPA
	Risk-drinking males carrying the Leu72Leu genotype score significantly higher in overt aggression

	Discussion
	Declarations of interest
	Funding
	Acknowledgements
	Supplementary data
	References




