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aggression and hypothalamus-pituitary-gonad axis
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Although the participation of sex hormones and sex hormone-responsive neurons in aggressive behavior has been extensively
studied, the role of other systems within the hypothalamus-pituitary-gonadal (HPG) axis remains elusive. Here we assessed how the
gonadotropin-releasing hormone (GnRH) and kisspeptin systems are impacted by escalated aggression in male mice. We used a
combination of social isolation and aggression training (IST) to exacerbate mice’s aggressive behavior. Next, low-aggressive (group-
housed, GH) and highly aggressive (IST) mice were compared regarding neuronal activity in the target populations and hormonal
levels, using immunohistochemistry and ELISA, respectively. Finally, we used pharmacological and viral approaches to manipulate
neuropeptide signaling and expression, subsequently evaluating its effects on behavior. IST mice exhibited enhanced aggressive
behavior compared to GH controls, which was accompanied by elevated neuronal activity in GnRH neurons and arcuate nucleus
kisspeptin neurons. Remarkably, IST mice presented an increased number of kisspeptin neurons in the anteroventral periventricular
nucleus (AVPV). In addition, IST mice exhibited elevated levels of luteinizing hormone (LH) in serum. Accordingly, activation and
blockade of GnRH receptors (GnRHR) exacerbated and reduced aggression, respectively. Surprisingly, kisspeptin had intricate
effects on aggression, i.e., viral ablation of AVPV-kisspeptin neurons impaired the training-induced rise in aggressive behavior
whereas kisspeptin itself strongly reduced aggression in IST mice. Our results indicate that IST enhances aggressive behavior in
male mice by exacerbating HPG-axis activity. Particularly, increased GnRH neuron activity and GnRHR signaling were found to
underlie aggression whereas the relationship with kisspeptin remains puzzling.
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INTRODUCTION
Aggressive behavior is an innate behavior displayed by
animals in order to get access to important resources for their
survival [1, 2]. Apart from its ecological role, pathological and
out-of-context aggression constitutes a core symptom of several
psychiatric disorders such as conduct and antisocial personality
disorders, schizophrenia, major depression, and post-traumatic
stress disorder [3–7].
The fact that violence generates a severe socioeconomic burden

on society [3, 6] has led scientists to develop preclinical animal
models [4, 5, 7] to understand the neural underpinnings of
escalated aggression. Among those models, social isolation and
engaging in successive aggressive experiences (aggression training)
were found to entail robust effects on inducing exaggerated
aggression [7, 8]. Additionally, both conditions are known to disrupt
social behaviors in humans by triggering psychological distress and
violent behaviors [3, 9–11].
Regarding neurobiological factors, attention has been given to

several systems such as neuropeptides [4, 8, 12, 13], hypothalamic-
pituitary-adrenal (HPA) axis [4, 7], and sex hormones [8, 14].
Specifically, the role of sex hormones [8, 14–19] and sex hormone-
responsive neurons [8, 20–23] has been extensively studied in

the context of aggression. Yet, the participation of other brain
hubs within the hypothalamus-pituitary-gonadal (HPG) axis which
regulates sex steroid production and release remains largely
unknown.
Gonadotropin-releasing hormone (GnRH) neurons are classically

found in the rostral preoptic area (rPOA), medial septum (MS), and
anterior hypothalamus. Those neurons are the main node of
reproduction in animals [24] as they act on the gonadotrophs in
the anterior pituitary to trigger luteinizing hormone (LH) and
follicle-stimulating hormone release into the circulation. Those
glycoproteins will act at the level of the gonads to stimulate sex
steroid production and release to enable reproduction [24–26].
Thus, since aggressive behavior itself [27, 28] as well as successive
aggressive interactions and social isolation are known to increase
plasma testosterone [8, 14, 17, 18, 27, 28] and to some extent LH
[27, 29] (main hormonal output of GnRH neurons), one could
hypothesize that GnRH neurons are recruited during aggressive
interactions and might be impacted by the social context.
Further evidence of the participation of GnRH in aggressive

behavior comes from the finding that either immunocastration
using vaccines targeting GnRH or chronic agonism of GnRH
receptors (GnRHR), aiming to desensitize the HPG axis, reduce
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aggression in male pigs [30] and Macaques [31], respectively.
Similar effects have been described in a male patient with autism
spectrum disorder and high aggression [32]. Importantly, GnRHRs
are found in brain regions classically known to modulate
aggression such as the lateral septum (LS), ventromedial
hypothalamus (VMH), and the cortical amygdala (CoA) [33].
Of note, GnRH neuronal activity is regulated mainly by two

neuropeptidergic populations: kisspeptin neurons in the antero-
ventral periventricular nucleus of the hypothalamus (AVPV) and
Kisspeptin-Neurokinin B (NKB)-Dynorphin (KNDy) neurons in the
arcuate nucleus of the hypothalamus (ARC) [24, 34–37]. Whereas the
role of kisspeptin in male social behaviors remains understudied,
the blockade of neurokinin receptor 3 (NK3R), which is co-expressed
by KNDy neurons [37, 38], was shown to decrease aggression in
highly aggressive socially isolated male mice [39].
Here we used a combination of social isolation and aggression

training (IST) [12] to induce escalated aggression in male mice in
order to evaluate its effects on GnRH, kisspeptin, and KNDy neuron
activity as well as HPG-axis function. Additionally, we manipulated
peptide signaling and expression via pharmacological and viral
tools to assess its impact on aggressive and social behaviors.

METHODS
Ethical statement
All procedures described here were approved by the local Animal Ethics
Committee of the University of Liège (protocol number 22-2469).

Animals
Typically, experiments were carried out in adult (8–12 weeks) C57BL6/J
male mice, which were purchased from Charles River Laboratories (Les
Oncins, France). In particular, neuronal ablation experiments were
conducted in Kiss::cre or WT mice (6–12 months) bred in the animal
facilities of the University of Liège. For aggressive behavior experiments,
male CD-1 mice (5–6 weeks) were used as intruders whereas for sexual
behavior receptive (estrous) females C57BL6/J (6–8 weeks) were used. All
stimulus animals were obtained via Charles Rivers Laboratories (Les Oncins,
France). Subjects were kept under controlled laboratory conditions in
ventilated shelves with (12:12 h light/dark cycle; lights off at 10:30 h,
21 ± 1 °C, 60 ± 5% humidity, standard mouse nutrition (RM3) and water ad
libitum). Stimulus and experimental animals were housed in large mouse
cages (42 × 32 × 18 cm) with sawdust bedding in groups of four.
Importantly, during the experimental phase, mice were singly housed in
individual mouse cages (33x16x13cm) in order to enhance their aggressive
behavior.

Resident intruder test (RI)
The RI took place in the early dark phase under dim red light conditions.
Male mice were confronted with an unfamiliar same-sex intruder for
10min. Intruders weighed between 10 and 20% less than residents
[8, 40, 41]. Behavior was scored live and posteriorly via videos by a blind
observer using JWatcher event recorder Program [12, 42]. As previously
described [12] the percentage of time spent on four major sets of
behaviors was scored: (i) aggressive behavior, consisting of attacks, threats,
chases, tail rattles, offensive grooming, offensive up-right; (ii) neutral
behaviors, consisting of exploring (investigating the home-cage), drinking
and eating, autogrooming, immobility; (iii) social behaviors (non-aggres-
sive social interactions, sniffing, following); and (iv) defensive behavior
(submissive posture, kicking a pursuing intruder with hind limb). In
addition, we scored the frequency of attacks as well as the latency to the
first attack.

Sexual behavior
Sexual behavior was conducted as previously described [43]. For detailed
information please see supplementary information.

Experimental design
The social isolation and aggression training protocol (IST). The social
isolation and aggression training (IST) protocol was adapted from the
procedure developed by Oliveira and co-authors in female rats, which

has been shown to induce robust effects on exacerbating aggressive
behavior [8, 12, 44, 45]. Therefore, mice from all different strains used to
perform this study were assigned to either the IST (high-aggression) or
group-housed (GH, control, low-aggression) condition. IST subjects were
kept single-housed for 3 weeks in individual cages and were subsequently
exposed to 3 consecutive, 10-minute-long RIs, daily. Group-housed animals
were kept in groups of 4 animals per cage and were single-housed 2 h
prior to lights off, and subsequently tested in the RI (Fig. 1A). Importantly,
in pharmacological experiments targeting the IST condition, levels of
aggression between vehicle and drug groups were counterbalanced and
randomized using the live scoring data of the previous training sessions, to
make sure groups did not differ in terms of the total percentage of time
spent on aggression, total number of attacks or attack latency before
treatments (not shown). Finally, no crossover effects were found when
comparing vehicle groups from different treatment days for both housing
conditions.

Endogenous measurements. Mice were split into two cohorts: cohort A
(neuronal activity experiments; n= 6) and cohort B (hormonal measure-
ments n= 8) (Fig. 1A). After either being assigned to the IST or the GH
condition animals underwent the protocols as described above (Fig. 1A).
Animals of Cohort A were then exposed to a 10-min RI and left undisturbed
in their home cage for 1 h. Next, animals were deeply anesthetized with a
solution of Euthasol (pentobarbital sodium, 200mg/Kg) and transcardially
perfused using phosphate buffer (PBS, 0.1 M) followed by paraformalde-
hyde (PFA, 4%). Brains were postfixed overnight in PFA 4% followed by
dehydration in sucrose (30%) for 2–3 days and snap-frozen in dry-ice and
isopentane (Sigma-Aldrich, PHR166). Mice of Cohort B either were kept GH
or underwent the IST protocol as described above. On the test day, those
animals were confronted with an intruder (10 min), deeply anesthetized
with Euthasol 10 min after the test, decapitated, and had their trunk blood
collected. Brains were harvested, postfixed in PFA 4%, dehydrated in
sucrose, and snap-frozen. Blood was stored in ice, centrifuged (4°, 1500 G,
15min), and serum was stored at −20 °C until hormonal assays took place.

Experiment A. C57BL6/J mice underwent the IST protocol. After the third
training session, on day 25 animals were injected intraperitoneally (i.p.)
either with deslorelin (GnRH receptor agonist) or vehicle and tested on the
RI 30 min after injection. After a one-day (day 27) washout (WO: no RI or i.p.
injection) mice were tested again following a deslorelin or vehicle injection
in a cross-over (within-subjects) design. Three days later (WO) subjects
were then injected with either kisspeptin-10 or vehicle i.p. 2 h before the
RI. On day 32 (after 1-day WO) animals were again injected either with
kisspeptin-10 or vehicle (i.p.) in a crossover (within-subjects) design. Finally
on day 35, IST mice were either injected with vehicle or cetrorelix (GnRH
receptor antagonist) 40 min before the RI in a between-subjects design
(Figs. 4A and 5A.

Experiment B. As deslorelin enhanced aggression in IST mice (Fig. 4), we
decided to test whether GnRHR agonism alone could enhance the mild
levels of aggression displayed by GH mice. Thus, GH mice were also
injected either with deslorelin or vehicle 30min before the RI. After the
experiment, animals returned to their original groups and left undisturbed
for 1 day (WO). On day 3, GH mice were again single-housed (see above)
and either injected with deslorelin or vehicle in a within-subjects design
(Fig. 4A).

Experiment C. Similarly to Experiment A, mice underwent the IST protocol.
On day 25, IST mice were either injected with senktide i.p. (NK3R agonist)
or vehicle, 30min prior to the RI. Following a 1-day washout, animals were
again injected with sektide or vehicle in a cross-over within subjects
design. On day 30 (after a 3 days WO), IST mice were then injected with
osanetant i.p. (NK3R antagonist) 30 min before the RI in a between-
subjects design (Fig. 3A).

Experiment D. Kiss::cre or WT mice underwent stereotaxic surgery and
were injected into the AVPV with AAV1-flex-taCasp3-TEVp (6.94 × 1011

genomic copies per ml) in order to specifically ablate AVPV-kisspeptin
neurons [22, 46]. After 3 weeks (day 21), mice started the training phase of
the IST protocol, by going through the RI for 3 consecutive days. We chose
this approach to evaluate whether ablation of kisspeptin neurons affected
baseline (without training) aggressive behavior or only training-induced
aggression, as we found that IST animals exhibited higher numbers of
kisspeptin neurons in the AVPV. Three days after the third RI (RI3) animals
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were allowed to interact with estrous/receptive females for 20-min. After a
resting of 4 days, animals were again tested for sexual behavior (Sex 2,
Fig. 5A) and subsequently perfused to confirm viral ablation. WT mice were
also compared with non-surgery animals (not shown, n= 3) as there were
no behavioral or neuronal number differences between non-surgery and
WT those animals were pulled as the control group (Ctrl).

Stereotaxic surgery
Stereotaxic surgery was performed under semi-sterile conditions and
according to the procedures described in the animal license [46]. For
details please see supplementary information.

Drugs
For information regarding doses and time points please see supplementary
information.

Immunohistochemistry
After perfusion, brains were cryo-cutted and slices (40 µm) containing the
target regions were collected in cryoprotectant solution and stored at
−20 °C until the experiment took place. A series of 6–8 slices were used for
immunostaining. For neuronal activity, slices were stained using the
immunoperoxidase substrate method whereas for confirming cell ablation
slices were stained using immunofluorescence (for protocol details please
see supplementary information).

Sex steroid assays
Testosterone (Demeditec, DEV9911, detection limit 0.024 ng/ml) and
Progesterone (Demeditec, DEV9988, detection limit 0.0156 ng/ml) were
measured via commercial ELISA kits following the specifics of those kits.

LH assay
LH was measured in serum following the specifics of protocols previously
described (for details please see [47, 48], for antibody concentrations please
see Supplementary Table 4). Two animals were excluded from the final data
analysis (one from the GH and one from the IST group). The earlier due to
blood collection and processing issues (it was also a significant outlier) and
the latter for being under the detection limit of the assay.

Statistics
Normality was tested using the Kolmogorov-Smirnov test. Once
normality was found, data were analyzed using a two-tailed Student’s
t test, Pearson’s correlations, and Two-way ANOVAs. Once normality was
not reached, Mann–Whitney U-test, Wilcoxon matched pairs W test, and
Spearman correlations were performed. Agonist experiments used
within-subjects design whereas antagonist, endogenous measurements,
and ablation used between-subjects. For detailed statistics please see
Supplementary Tables 1,2, 3, 5.

RESULTS
Social isolation and aggression training exacerbate
aggression in male mice and hyperactivate the HPG axis
IST mice spent more time displaying aggressive behavior
compared to GH controls which was reflected in a higher
percentage of time displaying aggression, threatening and
attacking the intruder as well as a higher number of attacks and
decreased latency to attack (Fig. 1A). Also, all IST animals displayed
attacks whereas only 16% of the GH mice attacked the intruder
(Fig. 1A, for detailed behavior please see Supplementary Table 1).

Fig. 1 Social isolation and aggression training exacerbate aggression in male mice and increase the activity of GnRH and Kisspeptin
neurons. Eight to ten weeks-old male mice were either kept housed in groups (GH) or single-housed and underwent 4 consecutive resident
intruder (RI) tests (TR: training). Subjects from both conditions were then split into two cohorts: Cohort A (CohA) was used for neuronal
activity experiments whereas Cohort B (CohB) was used for blood collection and hormonal assays (A). Isolated and trained (IST, black bars)
mice displayed a higher percentage of time on aggression (two-tailed Student’s t test t(10)= 2.93, p= 0.01), a higher number of attacks
(Mann–Whitney U test U= 3.0, p= 0.01), and shorter attack latency (U= 0.0, p= 0.002) when compared to GH controls (white bars).
Furthermore, all IST animals attacked the intruder compared to 16% of the GH mice (Fisher exact test, p < 0.00001) (A). Regarding neuronal
activity, IST mice showed an increased percentage of GnRH neurons co-expressing cFOS in the medial septum (t(9)= 2.8, p= 0.02) (MS, B) and
in the rostral preoptic area (t(9)= 2.4, p= 0.04) (rPOA, C). IST mice also exhibited a higher number of anteroventral periventricular (AVPV)
kisspeptin neurons (t(10)= 3.0, p= 0.01) (D) and a higher percentage of colocalization between neurokinin-3 receptor (KNDy neuron marker)
and cFOS (t(10)= 11.7, p < 0.0001) (E). Apart from AVPV-Kisspeptin, no other neuronal numbers were changed between GH and IST mice (MS
GnRH): t(9)= 0.1, p= 0.89; RPOA GnRH: t(9)= 1.5, p= 0.17; NK3R KNDy: t(10)= 0.6, p= 0.5; AVPV Kiss-Fos: U= 9, p= 0.2. *p < 0.05;
**p < 0.01;****p < .0001 vs GH. Data are presented as mean+ s.e.m. Scale bar 100 μm.
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Regarding neuronal activity, IST animals showed increased
colocalization of c-FOS and GnRH in the MS (Fig. 1B) and rPOA
(Fig. 1C). Particularly MS-GnRH neuronal activity positively correlated
with the percentage of time displaying aggression (Supplementary
Table 5). AVPV-kisspeptin neurons, on the other hand, showed very
low levels of co-localization with c-FOS. Nevertheless, IST animals
exhibited a higher number of kisspeptin neurons in the AVPV
compared to GH controls (Fig. 1D). Finally, KNDy neurons (NK3R-
positive) in the ARC were also found to present higher colocalization
with c-FOS, which positively correlated with aggression (Fig. 1E,
Supplementary Table 5).
Finally, as NKB signaling in hypothalamic regions has been

associated with enhanced aggression in isolated animals [39], we
evaluated NK3R-colocalization in the dorsomedial (DMH) and
lateral hypothalamus (LHp), regions known to be involved in the
display of aggressive behavior [39, 49]. NK3R-positive neurons in
both regions showed an increased colocalization with c-FOS in IST
mice compared to GH controls (Supplementary Fig. 1). In addition,
the percentage of time spent on aggressive behavior positively
correlated with the percentage of colocalization in both regions
(Supplementary Table 5).
As the hypothalamic hubs regulating the HPG axis were found to

be either highly active (GnRH and KNDy neurons, Fig. 1) or showed
increased expression of peptide (AVPV-kisspeptin, Fig. 1C), we
evaluated whether the IST protocol impacts the hormonal outputs
of those peptides in a second cohort of animals. Once again IST
mice exhibited higher levels of aggressive behavior reflected in a
higher percentage of time in total aggression, threatening and
attacking the intruder as well as a higher number of attacks and a
reduced latency to attack (Fig. 2A, Supplementary Table 1).
Concerning serum hormonal levels, LH was found to be

elevated in IST mice compared to low-aggressive GH controls.
Of note LH concentrations positively correlated with the
percentage of time displaying aggression (Fig. 2B, Supplementary
Table 5). Interestingly, neither progesterone nor testosterone

levels were found to be changed in IST mice or correlate with
aggressive behavior when both groups were pooled (Fig. 2C, D,
Supplementary Table 5). However, within the IST group, we found
out that animals with a shorter attack latency (SAL, under 100 s)
showed higher levels of testosterone in serum compared with
animals with a higher attack latency (over 100 s) (Fig. 2C).
Altogether, these data indicate that isolation and aggression

training lead to a hyperfunction of the HPG axis at the
hypothalamic and pituitary levels.

NK3R signaling mildly affects aggression in IST mice
As activation of NK3R and expression of NKB have been associated
with escalated aggression in isolated mice, in the next set of
experiments, we assessed whether agonism and antagonism of
NK3Rs in IST males would affect aggressive behavior [39]. Pilot
data (not shown) of our lab has demonstrated that senktide at the
dose of 2 μg/Kg [39] had strong motor effects (crawling, tail rattle
followed by immobility) 20 min after injection, thus we decided to
use a lower dose of 1 μg/Kg and test behavior after 30 min.
Our data showed that senktide decreased the percentage of

time that IST mice spent on aggressive behavior which is mainly
reflected by the reduced percentage of time spent on threats
without significant changes in the number of attacks and latency
to attack (Fig. 3B, Supplementary Table 2). Additionally, those
animals seem to compensate for decreased time spent on
aggression by increasing the percentage of time exploring their
homecage. Importantly there were no motor effects at the 1 μg/Kg
dose during testing (Supplementary Table 2).
Contrasting with previous data [39], the blockade of NK3Rs via

osanetant did not affect any of the behaviors (Fig. 3C, Supple-
mentary Table 2).

High aggression in IST mice is underlied by GnRHR signaling
As GnRH neuron activity (Fig. 1) and LH levels (Fig. 2) were
increased in IST mice, we investigated whether manipulating

Fig. 2 Highly aggressive IST mice exhibit elevated LH levels in response to an aggressive encounter. Isolated and trained (IST, black bars)
male mice spent a higher percentage of time on aggression (two-tailed Student’s t test t(14)= 5.2, p= 0.0001), exhibited a higher number of
attacks (Mann–Whitney U test U= 3.6, p= 0.002), and had a shorter attack latency (t(14)= 2.8, p= 0.01) when compared to GH controls (white
bars) (A). Regarding hormonal levels, IST mice exhibited higher levels of LH in serum (t(14)= 2.5, p= 0.02), which positively correlated with
aggression (Pearson’s correlation r= 0.53, p= 0.04) (B). Testosterone levels remained unchanged in IST animals. However, IST mice with a short
attack latency (SAL, under 100 s) were found to present higher testosterone compared to long attack latency mice (LAL, over 100 s) (Latency to
attack: U= 0, p= 0.02, Testosterone: U= 0, p= 0.02; Spearman’s correlation r=−0.73, p= 0.04) (C). Finally, progesterone and testosterone/
progesterone ratio remained unchanged in IST animals compared to controls. *p < 0.05, **<0.01 vs GH (D). Data are presented as mean+ s.e.m.
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GnRHR signaling via pharmacology affected aggressive behavior
in IST mice (Fig. 4A).
Deslorelin (GnRHR agonist) exacerbated aggression in IST mice,

those animals spent more time attacking and threatening as well
as exhibited a higher number of attacks and decreased latency to
attack (Fig. 4B, Supplementary Table 2). Additionally, GnRHR
agonism reduced the percentage of time IST mice spend in non-
aggressive social investigation (Fig. 4B, Supplementary Table 2).
Consistently, blockade of GnRHRs via cetrorelix strongly reduced
the time IST animals spend on aggression which was reflected in
decreased time attacking, threatening, and decreased number of
attacks and higher attack latency (Fig. 4C, Supplementary Table 2).
Interestingly, the percentage of time spent on the social
investigation was not affected by cetrorelix treatment.
As GnRHR activation led to exacerbated aggressive behavior in

IST mice we wondered whether deslorelin would also increase
aggression in low-aggressive GH mice. Surprisingly, there was no
effect of deslorelin on GH mice’s aggressive or social behaviors
(Fig. 4D, Supplementary Table 2).

Kisspeptin and AVPV-Kisspeptin neurons differentially affect
aggressive behavior induced by IST
As we have found (i) increased activation of KNDy neurons and (ii)
a higher number of kisspeptin neurons in the AVPV of IST mice we
decided to investigate the role of kisspeptin on aggression using
behavioral pharmacology and loss of function experiments.
Surprisingly, contrasting with the effects of GnRH, kisspeptin

strongly reduced aggression in IST mice. Those animals showed a
decreased percentage of time spent on aggressive behavior,

threat, and attacking as well as a decreased number of attacks and
higher latency to attack (Fig. 5B, Supplementary Table 3).
Furthermore, kisspeptin administration tended to increase time
spent on social investigation (Fig. 5B) and increased home cage
exploration (Supplementary Table 3).
Those pharmacological effects somewhat differed from the

effect of ablation of AVPV kisspeptin neurons on aggression.
Kiss::cre mice injected with the AAV1-TEV-Casp-3 virus showed a
lower number of kisspeptin neurons as well as lower optical
density /mm2 in the AVPV (Fig. 5C). According to the finding that
IST animals showed a higher number of AVPV-kisspeptin neurons,
ablation of those neurons suppressed the rise in time spent on
aggression and number of attacks induced by aggression training
without affecting baseline (first RI) levels of aggression (Fig. 5D,
Supplementary Table 3). Moreover, those effects of AVPV-
kisspeptin deletion seem to be specific to aggressive behavior
as neuronal deletion did not affect male social, exploratory or
sexual behavior (Fig. 5F) nor physiological measures such as testis
relative weight (Supplementary Table 3).

DISCUSSION
We have shown here that the IST has a robust effect in
enhancing aggression in male mice, similar to its effects in female
rats [12, 45]. In addition, IST animals presented a hyperfunction of
the HPG-axis, reflected by increased activity of GnRH and KNDy
neurons and a greater number of AVPV-Kisspeptin neurons (Fig. 1).
In line with our findings, hyperfunction of the HPG axis peptides
has been associated with aggression in vertebrates. In fish,

Fig. 3 NK3R signaling mildly affects aggression in IST mice. Schematic drawings depicting the detailed protocols followed in experiments
(Exp) C. Please note that each individual Exp has used different cohorts of animals. Osan: Osanetant (5 μg/Kg); RI: resident-intruder; Senkt:
senktide (NK3R agonist), 1 μg/kg WO: Washout (neither behavior nor injection) (A). Senktide (light orange bars) reduced the total percentage
of time spent on aggression (two-tailed Student’s t test t(11)= 2.96, p= 0.01) and increased percentage of time spent exploring the homecage
(t(11)= 3.1, p= 0.01) but it did not affect the number of attacks, attack latency, and social investigation in IST mice (B). Osanetant (dark orange
bars) did not affect the total percentage of time spent on aggression, the number of attacks, the latency to attack, or social investigation or
homecage exploratory behaviors (C). *p < 0.05 vs vehicle. Data are presented as mean+ s.e.m.
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increased GnRH mRNA, particularly in the POA (where GnRH
neurons were highly active in IST mice), has been associated with
aggressive and dominant behavior [50, 51].
Consistently with exacerbated GnRH neuron activity, IST

animals exhibited elevated serum LH levels (Fig. 2). These data
are in line with previous observations in male mice using indirect
methods of detection [29]. In this particular study, socially
isolated mice that underwent multiple (4 to 16) aggressive
interactions, showed elevated plasma LH levels. Furthermore, in
our study, LH levels positively correlated with aggression
indicating that high levels of LH (and GnRH activity[24]) might
underlie heightened aggressive behavior. In fact, it has been
demonstrated [29] that in violent sexual offenders high hostility
and violent behavior are positively correlated with LH. Interest-
ingly LH also correlated with recidivism which was not the case
for testosterone levels, indicating that LH might be a better

predictor of hostility and recidivism (re-engaging in aggression/
aggression seeking) than testosterone.
Our data on GnRH neurons and LH support a model where

hyperactivation of those neurons seen by colocalization with
c-FOS and high serum LH leads to escalated aggression. This
hypothesis was further confirmed by the finding that deslorelin
(GnRHR agonist) enhanced whereas cetrorelix (GnRHR antagonist)
decreased aggression in IST animals (Fig. 4). Interestingly, seminal
studies in pigs and macaques have used GnRH agonists
chronically to suppress HPG axis activity, reducing testosterone
and consequently aggression [30, 31]. Those studies have ignored
the fact that GnRH itself might affect behavior by acting in
different brain regions independently or in synergism with
testosterone. In fact, GnRHRs are widespread in the mouse brain
[33], including in brain regions involved in aggressive behavior
such as the VMH [52], LS [12] and CoA [53]. Further evidence of an

Fig. 4 Exaggerated aggression in IST mice is underlied by GnRHR signaling. Schematic drawings depicting the detailed protocols followed in
experiments (Exp) A and B. Please note that each individual Exp has used different cohorts of animals. Deso: deslorelin (GnRHR agonist, 300 ng/Kg);
Kp-10: Kisspeptin-10 (0.52 μg/Kg); RI: resident-intruder; WO:Washout (neither behavior nor injection) (A). Deslorelin (Deso, GnRHR agonist, 300 ng/Kg,
light purple bars) increased the total percentage of time spent on aggression (two-tailed Student’s t test t(13)= 2.98, p= 0.01) as well as the number
of attacks (Wilcoxon test W= 82, p= 0.007), and reduced attack latency (t test t(13)= 3.39, p= 0.004), non-aggressive social investigations (t test
t(13)= 3.24, p= 0.006) and home cage exploration (t test t(13)= 2.4, p= 0.03) in IST mice (B). Cetrorelix (Ctrx, GnRHR antagonist, 0.5mg/Kg, dark
purple bars) strongly reduced the total percentage of time spent on aggression (t test t(6)= 6.36, p= 0.0007), the number of attacks (Mann–Whitney
U test U= 10, p= 0.02), and increased the latency to attack U test (U= 13, p= 0.05) and homecage exploration (t test t(14)= 0.79, p> 0.0001) in IST
mice without affecting social investigation (C). Finally, deslorelin did not affect either aggressive social, or exploratory behaviors in group-housed
(GH) mice (D). *p < 0.05, **<0.01 vs vehicle. Data are presented as mean+ s.e.m.
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independent role of GnRH neurotransmission on aggression
comes from the finding that chronic administration of deslorelin
exacerbates aggression and decreases social interactions in female
Southern Giant Pouched rats (similarly to our acute effects in IST
male mice) without affecting vaginal patency [54]. Additionally,
blockade of GnRHRs was associated with decreased maternal
aggression in lactating rats [55], another model where testoster-
one is not particularly involved.
Accordingly, compared to GH controls, IST animals showed no

difference in testosterone levels in serum. LH and testosterone
release are strongly linked [8, 14, 27, 56], so to some extent those
results are surprising. Nevertheless, the lack of rise of testosterone
might be due to the timepoint of blood collection (around 15min

after the RI), since previous studies in rats have shown that serum
testosterone rises 1 h after an aggressive encounter [28].
Interestingly, we found that IST animals with SAL ( < 100 s) exhibit
higher levels of testosterone in serum, which is consistent with
testosterone being needed to “prime” the neuronal circuits of
aggression to facilitate winning [8, 17, 57, 58]. However, whether
this rise in testosterone levels reflects increased activity of GnRH
neurons as seen in our model, remains to be elucidated.
Nevertheless, future studies should assess whether the effects of
GnRH signaling depend on testosterone levels and vice-versa.
In agreement with high GnRH neuron activity, KNDy neurons

were found to be highly active in IST mice (Fig. 1) [36, 59, 60].
Curiously, a higher number of AVPV-kisspeptin neurons was found

Fig. 5 Kisspeptin and AVPV-Kisspeptin neurons differentially affect aggressive behavior in IST mice. Schematic drawings depicting the
detailed protocols followed in experiments (Exp) A and D. Please note that each individual Exp has used different cohorts of animals. AVPV:
anteroventral periventricular nucleus; Cetr: Cetrorelix (GnRHR antagonist, 0.5 mg/Kg); Deso: deslorelin (GnRHR agonist, 300 ng/Kg); Kp-10:
Kisspeptin-10 (0.52 μg/Kg); RI: resident-intruder; Sex: sexual behavior test; WO: Washout (neither behavior nor injection) (A) Kisspeptin (Kp-10,
0.52 μg/Kg, pink bars) reduced the total percentage of time spent on aggression (two-tailed Student’s t test t(10)= 2.51, p= 0.04) as well as the
number of attacks (Wilcoxon test W=−39, p= 0.04), increased the attack latency (t(10)= 2.53, p= 0.02), tended to elevate time spent on social
investigation (t(10)= 2.05, p= 0.06) and home cage exploration (t test t(10)= 2.13, p= 0.06) in IST mice (B). Maximal z-projection of DAPI
(magenta) and kisspeptin (green, Alexa-fluor 488 anti-rabbit) in the anteroventral periventricular nucleus (AVPV) confirming viral deletion of
kisspeptin neurons (t(10)= 2.29, p= 0.02) and reduction on fiber densities (Mann–Whitney U test U= 1, p= 0.005) (C). Finally, the deletion of
kisspeptin neurons in the AVPV (Kiss-del, pink) abolished the rise in aggression levels seen in controls regarding the percentage of time spent
on aggression (Two-way ANOVA Training effect: F(2,22)= 20.10, p < 0.0001; Deletion effect: F(1,11)= 4.16, p= 0.06; TrainingxDeletion:
F(2,22)= 4.55, p= 0.02) and number of attacks (Training effect: F(2,22)= 3.93, p= 0.03; Deletion effect: F(1,11)= 0.006, p= 0.93; TrainingxDeletion:
F(2,22)= 0.34, p= 0.77) (D), without affecting social, exploratory (E) and sexual behavior (F). *p < 0.05, **<0.01 vs vehicle or control (Ctrl); #<0.5
vs RI1; ## <0.1 vs RI1. Data are presented as mean+ s.e.m. Scale bar 100 μm.
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in IST mice (Fig. 1). Ablation of those neurons in Kiss::cre mice
before the IST protocol abolished the rise in aggressive behavior
induced via training without affecting baseline aggression (first RI)
or sexual behavior (Fig. 5). Those effects (i) indicate a sex-specific
role of AVPV-kisspeptin neurons on innate behaviors, i.e. involved
in aggressive but not sexual behavior in males and sexual
behavior in females [46] and (ii) highlight kisspeptin as a potential
factor underlying the aggression training effect. Social isolation
seems to strongly affect peptides as isolated rodents were found
to present alterations related to peptide mRNA, synthesis, and
release in the NKB [39], oxytocin [12, 13, 61], and vasopressin
[12, 61] systems. As testosterone (and potentially aromatized
estrogens) are known to induce plasticity in the aggression circuits
of trained animals [8, 14], one could hypothesize that the
increased number of kisspeptin neurons might arise from the
plastic effects of estrogens or testosterone in kisspeptin synthesis
and/or production in the AVPV. In fact, aromatase knockout (ArKO)
male mice exhibited an increased number of kisspeptin neurons in
the AVPV which were further heightened after castration and
treatment with estradiol for 10 days [62, 63]. Additionally,
testosterone treatment itself increased the promptness for
aggression (reduced attack latency) in Peromyscus, similar to our
training effect, whereas aromatase inhibition affected baseline
aggression [58]. Taking together, one could hypothesize that
aggressive experiences and social isolation alter different sex
steroid sources to act on AVPV-kisspeptin neurons enhancing
synthesis and release in order to generate the training-induced
rise in aggression. Future studies should dissect the link between
this IST-induced increase in the number of AVPV-kisspeptin
neurons, sex steroids, and aggression.
Contrasting with the above-described results, administration of

kisspeptin-10 i.p. strongly reduced aggression in males (Fig. 5).
This result was somewhat puzzling and unexpected. However, one
could hypothesize that (i) kisspeptin acts via other neuromodu-
latory systems to decrease aggression independently of GnRH or
(ii) other atypical kisspeptin neuronal populations are responsible
for these anti-aggressive effects. Regarding the first hypothesis,
kisspeptin was found to act via nitric oxide (NO) and neuronal
nitric oxide synthase (nNOS) to stimulate sexual behavior in
females [24, 46, 64]. In males, decreased NO signaling is known to
exacerbate aggression [65–68], thus one could hypothesize that
kisspeptin decreases aggression in males by stimulating NO
production and neurotransmission.
Concerning other kisspeptin neuronal populations, extrahy-

pothalamic populations have been described in the LS and medial
amygdala [69]. As both regions are known to send GABAergic
projections to the VMH [53, 70, 71] to suppress aggressive
behavior, one could hypothesize that those neurons are also the
ones expressing kisspeptin. Future studies should dissect the
neural circuits underlying the anti-aggressive effects of kisspeptin
using site-specific gain and loss of function approaches.
To the best of our knowledge, this is the first study to assess the

role of different levels of the hypothalamus-pituitary-gonad axis
on aggressive behavior. Here we provided evidence indicating
that escalated aggression is underlied by elevated activity of the
GnRH system including high neuronal activity and, particularly,
increased GnRHR signaling. Additionally, we described a novel
role, beyond the reproductive context, for AVPV-kisspeptin
neurons as well as kisspeptin signaling.
One could assume that social isolation and aggressive experi-

ences create an imbalance in neuronal inhibitory inputs to the HPG
axis leading to a hyperfunction of this system. This hyperfunctioning
system probably generates exaggerated aggressive behavior seen
in our animals. Interestingly aggressive interactions themselves
might contribute to maintaining an “allostatic” and hyperfunction-
ing HPG axis by elevating levels of sex steroids such as testosterone
which feedback directly or indirectly on kisspeptin and GnRH
neurons. It remains to be addressed whether those behavioral and

neuroendocrine alterations are also found in female mice. It has
been shown that gonadectomy reduced aggression in female mice
and rats [44, 72, 73], whereas chronic treatment with deslorelin was
found to enhance aggression in female Southern Giant Pouched
rats [54]. Furthermore, administration of a GnRHR antagonist
decreased maternal aggression [55]. These findings thus suggest
that the HPG axis is involved in female aggression. Indeed,
preliminary unpublished data from our lab shows that IST females
also presented an enhanced activity of MS GnRH and KNDy neurons
when compared to GH controls. Therefore, future studies should
investigate how the IST protocol affects the HPG axis of females.
Taken together, this study might impact the fields of

neuroendocrinology and behavioral neuroscience opening new
venues for the role of reproductive-relevant peptides in patholo-
gical behavioral conditions involving exacerbated aggression.

REFERENCES
1. Nelson RJ, Trainor BC. Neural mechanisms of aggression. Nat Rev Neurosci.

2007;8:536–46.
2. Lischinsky JE, Lin D. Neural mechanisms of aggression across species. Nat Neu-

rosci. 2020;23:1317–28.
3. Reidy DE, Kearns MC, DeGue S, Lilienfeld SO, Massetti G, Kiehl KA. Why psy-

chopathy matters: implications for public health and violence prevention.
Aggress Violent Behav. 2015;24:214–25.

4. Masis-Calvo M, Schmidtner AK, de Moura Oliveira VE, Grossmann CP, de Jong TR,
Neumann ID. Animal models of social stress: the dark side of social interactions.
Stress. 2018;5:41–432.

5. Haller J. Preclinical models of conduct disorder—principles and pharmacologic
perspectives. Neurosci Biobehav Rev. 2016. 2016. https://doi.org/10.1016/
j.neubiorev.2016.05.032.

6. Freitag CM, Konrad K, Stadler C, De Brito SA, Popma A, Herpertz SC, et al. Conduct
disorder in adolescent females: current state of research and study design of the
FemNAT-CD consortium. Eur Child Adolesc Psychiatry. 2018;9:1077–93.

7. Sandi C, Haller J. Stress and the social brain: behavioural effects and neurobio-
logical mechanisms. Nat Rev Neurosci. 2015;16:290–304.

8. Oliveira VE de M. Animal Models of Aggression. Handbook of Anger, Aggression,
and Violence, Cham: Springer International Publishing; 2023. p. 1–24.

9. Kim HHS, Jung JH. Social isolation and psychological distress during the COVID-
19 pandemic: a cross-national analysis. Gerontologist. 2021;61:103–13.

10. Mojahed A, Brym S, Hense H, Grafe B, Helfferich C, Lindert J, et al. Rapid review
on the associations of social and geographical isolation and intimate partner
violence: implications for the ongoing COVID-19 pandemic. Front Psychiatry.
2021;12:1–14.

11. Sumner SA, Mercy JA, Dahlberg LL, Hillis SD, Klevens J, Houry D. Violence in
the United States: status, challenges, and opportunities. J Am Med Assoc.
2015;314:478–88.

12. Oliveira VEM, Lukas M, Wolf HN, Durante E, Lorenz A, Mayer AL, et al. Oxytocin
and vasopressin within the ventral and dorsal lateral septum modulate aggres-
sion in female rats. Nat Commun. 2021;12:2900.

13. Oliveira VEM, Neumann ID, de Jong TR. Post-weaning social isolation exacerbates
aggression in both sexes and affects the vasopressin and oxytocin system in a
sex-specific manner. Neuropharmacology. 2019;156:107504.

14. Trainor BC, Kyomen HH, Marler CA. Estrogenic encounters: How interactions
between aromatase and the environment modulate aggression. Front Neu-
roendocrinol. 2006;27:170–9.

15. Koolhaas JM, Schuurman T, Wiepkema PR. The organization of intraspecific
agonistic behaviour in the rat. Prog Neurobiol. 1980;15:247–68.

16. Albert DJ, Dyson EM, Walsh ML. Cohabitation with a female activates
testosterone-dependent social aggression in male rats independently of changes
in serum testosterone concentration. I. 1988;44:735–40.

17. Oyegbile TO, Marler CA. Winning fights elevates testosterone levels in
California mice and enhances future ability to win fights. Horm Behav.
2005;48:259–67.

18. Sayegh JF, Kobor G, Lajtha A, Vadasz C. Effects of social isolation and the time of
day on testosterone levels in plasma of C57BL/6By and BALB/cBy mice. Steroids.
1990;55:79–82.

19. Trainor BC, Lin S, Finy MS, Rowland MR, Nelson RJ. Photoperiod reverses the
effects of estrogens on male aggression via genomic and nongenomic pathways.
Proc Natl Acad Sci USA. 2007;104:9840–5.

20. Lee H, Kim D-W, Remedios R, Anthony TE, Chang A, Madisen L, et al. Scalable
control of mounting and attack by Esr1+ neurons in the ventromedial hypo-
thalamus. Nature. 2014;509:627–32.

V.E.M. Oliveira et al.

1273

Neuropsychopharmacology (2024) 49:1266 – 1275

https://doi.org/10.1016/j.neubiorev.2016.05.032
https://doi.org/10.1016/j.neubiorev.2016.05.032


21. Yang CF, Chiang MC, Gray DC, Prabhakaran M, Alvarado M, Juntti SA, et al.
Sexually dimorphic neurons in the ventromedial hypothalamus govern mating in
both sexes and aggression in males. Cell. 2013;153:896–909.

22. Unger EK, Burke KJ, Fuller PM, Unger EK, Burke KJ, Yang CF, et al. Medial
amygdalar aromatase neurons regulate aggression in both sexes report medial
amygdalar aromatase neurons regulate aggression in both sexes. Cell Rep.
2015;10:453–62.

23. Trainor BC, Greiwe KM, Nelson RJ. Individual differences in estrogen receptor α in
select brain nuclei are associated with individual differences in aggression. Horm
Behav. 2006;50:338–45.

24. Delli V, Silva MSB, Prévot V, Chachlaki K The KiNG of reproduction: Kisspeptin/
nNOS interactions shaping hypothalamic GnRH release. Mol Cell Endocrinol.
2021;532:1–12.

25. Kaprara A, Huhtaniemi IT. The hypothalamus-pituitary-gonad axis: tales of mice
and men. Metabolism. 2018;86:3–17.

26. Rudolph LM, Bentley GE, Calandra RS, Paredes AH, Tesone M, Wu TJ, et al. Per-
ipheral and central mechanisms involved in the hormonal control of male and
female reproduction. J Neuroendocrinol. 2016;28:1–12.

27. Kingston DA, Seto MC, Ahmed AG, Fedoroff P, Firestone P, Bradford JM. The role
of central and peripheral hormones in sexual and violent recidivism in sex
offenders. J Am Acad Psychiatry Law. 2012;40:476–85.

28. Veenema AH, Torner L, Blume A, Beiderbeck DI, Neumann ID. Low inborn anxiety
correlates with high intermale aggression: Link to ACTH response and neuronal
activation of the hypothalamic paraventricular nucleus. Horm Behav. 2007;51:11–19.

29. Eleftheriou BE, Church RL. Effects of repeated exposure to aggressionand defeat
on plasma and pituitary levels of luteinizing hormone Hin C57BL / 6J mice. Gen
Comp Endocrinol. 1967;9:263–6.

30. Penfold LM, Norton T, Asa CS. Effects of GnRH agonists on testosterone and
testosterone-stimulated parameters for contraception and aggression reduction
in male lion-tailed Macaques (Macaca silenus). Zoo Biol. 2021;40:541–50.

31. Rydhmer L, Lundström K, Andersson K. Immunocastration reduces aggressive
and sexual behaviour in male pigs. Animal. 2010;4:965–72.

32. Van Der Weiden RMF, Helmerhorst FM, Eriksson T. Gonadotropin-releasing hor-
mone agonist against severe aggression in autism. BMJ Case Rep. 2016;2016:1–3.

33. Wen S, Götze IN, Mai O, Schauer C, Leinders-Zufall T, Boehm U. Genetic identification
of GnRH receptor neurons: a new model for studying neural circuits underlying
reproductive physiology in the mouse brain. Endocrinology. 2011;152:1515–26.

34. Spergel DJ. Neuropeptidergic modulation of GnRH neuronal activity and GnRH
secretion controlling reproduction: insights from recent mouse studies. Cell Tis-
sue Res. 2019;375:179–91.

35. Moore AM, Coolen LM, Lehman MN. Kisspeptin/Neurokinin B/Dynorphin (KNDy)
cells as integrators of diverse internal and external cues: evidence from viral-
based monosynaptic tract-tracing in mice. Sci Rep. 2019;9:26–28.

36. Moore AM, Coolen LM, Porter DT, Goodman RL, Lehman MN. KNDy cells revisited.
Endocrinology. 2018;159:3219–34.

37. Navarro VictorM, Tena-Sempere M. Kisspeptins and the neuroendocrine control
of reproduction. Front Biosci. 2011;S3:267–75.

38. Ruka KA, Burger LL, Moenter SM. Regulation of arcuate neurons coexpressing
kisspeptin, neurokinin b, and dynorphin by modulators of neurokinin 3 and
k-opioid receptors in adult male mice. Endocrinology. 2013;154:2761–71.

39. Zelikowsky M, Hui M, Karigo T, Choe A, Yang B, Blanco MR, et al. The neuro-
peptide Tac2 controls a distributed brain state induced by chronic social isolation
stress. Cell. 2018;173:1265–1279.e19.

40. Koolhaas JM, Coppens CM, de Boer SF, Buwalda B, Meerlo P, Timmermans PJ. The
resident-intruder paradigm: a standardized test for aggression, violence and
social stress. J Visualized Exp. 2013;77:4367.

41. Miczek KA, Maxson SC, Fish EW, Faccidomo S. Aggressive behavioral phenotypes
in mice. Behav Brain Res. 2001;125:167–81.

42. Blumstein DT, Evans CS, Daniel JC JWatcher 0.9: An Introductory User’s Guide.
Animal Behaviour Laboratory, Macquarie University. 2000.

43. Oliveira VEM, de Jong, Trynke R, Neumann ID. Modelling sexual violence in male
rats: the sexual aggression test (SxAT). Transl Psychiatry. 2022;12:1–12.

44. Oliveira VE de M, Bakker J. Neuroendocrine regulation of female aggression.
Front Endocrinol (Lausanne). 2022;13.

45. Oliveira VEM, Jong TR, De, Neumann ID. Synthetic oxytocin and vasopressin act
within the central amygdala to exacerbate aggression in female wistar rats. Front
Neurosci. 2022;16:1–12.

46. Hellier V, Brock O, Candlish M, Desroziers E, Aoki M, Mayer C, et al. Female sexual
behavior in mice is controlled by kisspeptin neurons. Nat Commun. 2018;9.

47. Faure MC, Corona R, de Bournonville C, Foidart J-M, Cornil CA. Role of membrane
estrogen receptor alpha on the positive feedback of 1 estrogens on LH secretion
2 3. Biorxiv. 2023. 2023. https://doi.org/10.1101/2023.03.22.533736.

48. Steyn FJ, Wan Y, Clarkson J, Veldhuis JD, Herbison AE, Chen C. Development of a
methodology for and assessment of pulsatile luteinizing hormone secretion in
juvenile and adult male mice. Endocrinology. 2013;154:4939–45.

49. Haller J. The neurobiology of abnormal manifestations of aggression-A review
of hypothalamic mechanisms in cats, rodents, and humans. Brain Res Bull.
2013;93:97–109.

50. Kagawa N, Hirose S, Fujimoto K, Nomura C, Fujita Y, Honda A, et al. Social rank-
dependent expression of gonadotropin-releasing hormones and kisspeptin in
the medaka brain. Gen Comp Endocrinol. 2017;249:48–54.

51. Williamson CM, Romeo RD, Curley JP. Dynamic changes in social dominance and
mPOA GnRH expression in male mice following social opportunity. Horm Behav.
2017;87:80–88.

52. Lin D, Boyle MP, Dollar P, Lee H, Lein ES, Perona P, et al. Functional identification
of an aggression locus in the mouse hypothalamus. Nature. 2011;470:221–6.

53. Yamaguchi T, Wei D, Song SC, Lim B, Tritsch NX, Lin D. Posterior amygdala
regulates sexual and aggressive behaviors in male mice. Nat Neurosci. 2020.
2020. https://doi.org/10.1038/s41593-020-0675-x.

54. Lo B, Freeman AR, Singh B, Hanadari-Levy A, Berman J, Chaves A, et al. Effects of a
gonadotropin-releasing hormone agonist on sex behavior in females of the
southern giant pouched rat. Integr Comp Biol, 62, Oxford University Press; 2022.
p. 613-24.

55. Bayerl DS, Klampfl SM, Bosch OJ. More than reproduction: central gonadotropin-
releasing hormone antagonism decreases maternal aggression in lactating rats. J
Neuroendocrinol. 2019;31:1–8.

56. Tata B, Mimouni NEH, Barbotin AL, Malone SA, Loyens A, Pigny P, et al. Elevated
prenatal anti-Müllerian hormone reprograms the fetus and induces polycystic
ovary syndrome in adulthood. Nat Med. 2018;24:834–46.

57. Stagkourakis S, Spigolon G, Liu G, Anderson DJ. Experience-dependent plasticity
in an innate social behavior is mediated by hypothalamic LTP. 2020. 2020. https://
doi.org/10.1073/pnas.2011782117/-/DCSupplemental.

58. Trainor BC, Bird IM, Marler CA. Opposing hormonal mechanisms of aggression
revealed through short-lived testosterone manipulations and multiple winning
experiences. Horm Behav. 2004;45:115–21.

59. Nagae M, Uenoyama Y, Okamoto S, Tsuchida H, Ikegami K, Goto T. Direct evi-
dence that KNDy neurons maintain gonadotropin pulses and folliculogenesis as
the GnRH pulse generator. 2021;118:1–11.

60. James McQuillan H, Han SY, Cheong I, Herbison AE. GnRH pulse generator activity
across the estrous cycle of female mice. Endocrinology. 2019;160:1480–91.

61. Tanaka K, Osako Y, Yuri K. Juvenile social experience regulates central
neuropeptides relevant to emotional and social behaviors. Neuroscience.
2010;166:1036–42.

62. Brock O, Bakker J. The two kisspeptin neuronal populations are differentially
organized and activated by estradiol in mice. Endocrinology. 2013;154:
2739–49.

63. Szymanski L, Bakker J. Aromatase knockout mice show normal steroid-induced
activation of gonadotrophin-releasing hormone neurones and luteinising hor-
mone surges with a reduced population of kisspeptin neurones in the rostral
hypothalamus. J Neuroendocrinol. 2012;24:1222–33.

64. Silva MSB, Decoster L, Trova S, Mimouni NEH, Delli V, Chachlaki K, et al.
Female sexual behavior is disrupted in a preclinical mouse model of PCOS via
an attenuated hypothalamic nitric oxide pathway. Proc Natl Acad Sci USA.
2022;119:1–12.

65. Trainor BC, Workman JL, Jessen R, Nelson RJ. Impaired nitric oxide synthase
signaling dissociates social investigation and aggression. Behav Neurosci. 2007;
121:362–9.

66. Demas GE, Eliasson MJL, Dawson TM, Dawson VL, Kriegsfeld LJ, Nelson RJ, et al.
Inhibition of neuronal nitric oxide synthase increases aggressive behavior in
mice. Mol Med. 1997;3:610–6.

67. Nelson RJ, Demais GE, Huang PL, Fishman MC, Dawson VL, Dawson TM, et al.
Behavioural abnormalities in male mice lacking neuronal nitric oxide synthase.
Nat Lett. 1995;378:383–6.

68. Yang L, Cui J, Zeng L, Lu W. Targeting PSD95/nNOS by ZL006 alleviates social
isolation-induced heightened attack behavior in mice. Psychopharmacol (Berl).
2022;239:267–76.

69. Stephens SBZ, Di Giorgio NP, Liaw RB, Parra RA, Yang JA, Chahal N, et al. Estradiol-
dependent and -independent stimulation of KIss1 expression in the amygdala,
BNST, and lateral septum of mice. Endocrinology. 2018;159:3389–402.

70. Menon R, Süß T, Oliveira VEM, Neumann ID, Bludau A. Neurobiology of the lateral
septum: regulation of social behavior. Trends Neurosci. 2022;45:27–40.

71. Wong LC, Wang L, D’Amour JA, Yumita T, Chen G, Yamaguchi T, et al. Effective
modulation of male aggression through lateral septum to medial hypothalamus
projection. Curr Biol. 2016;26:593–604.

72. Newman EL, Covington HE III, Suh J, Bicakci MB, Ressler KJ, Debold JF, et al.
Fighting females: neural and behavioral consequences of social defeat stress in
female mice. Biol Psychiatry. 2019;86:657–68.

73. Ho HP, Olsson M, Westberg L, Melke J, Eriksson E. The serotonin reuptake inhi-
bitor fluoxetine reduces sex steroid-related aggression in female rats: an animal
model of premenstrual irritability? Neuropsychopharmacology. 2001;24:502–10.

V.E.M. Oliveira et al.

1274

Neuropsychopharmacology (2024) 49:1266 – 1275

https://doi.org/10.1101/2023.03.22.533736
https://doi.org/10.1038/s41593-020-0675-x
https://doi.org/10.1073/pnas.2011782117/-/DCSupplemental
https://doi.org/10.1073/pnas.2011782117/-/DCSupplemental


ACKNOWLEDGEMENTS
We would like to thank Philippe Cioffi (anti-NK3R), Erik Hrabovszky (anti-GnRH), and
Isabelle Francheschini (anti-kisspeptin) for sharing antibody resources with the
authors. We also would like to thank Laura de Vries for her help with perfusion
experiments and Mahault Cornelis for her help with immunostaings. This work was
supported by the Fonds de la Recherche Scientifique -FNRS Charges des Recherche
(CR 40011133) AGGRESSIONKiNG project to VO, by the Fondation Léon Fredericq
Bourse de fonctionnement Post-Doctorant (Neuromodulation of aggression by
kisspeptin, neurokinin B), and GnRH to VO and the FNRS (PDR T.0015.20 to JB).

AUTHOR CONTRIBUTIONS
VO: Designed, performed, and analyzed experiments, wrote the manuscript, as well as
designed the figures and tables. FE: Assisted with performing and analyzing behavioral
experiments and analyzed the LH assay with the help of MF. MF: performed the LH
assay. JB: supervised the study, and gave input to experimental design and to the
manuscript. All authors contributed to the article and approved the submitted version.

FUNDING
Open Access funding enabled and organized by Projekt DEAL.

COMPETING INTERESTS
JB is a Research Director of the FNRS, and she discloses a patent on. “Agonists of
human kisspeptin receptor for modulating sexual desire.” WO2020/151830A1 filed -1
Unspecified -001 and issued 30 July 2020. MF was supported by a joint project
(E4Liberty) with Mithra Pharmaceuticals. All authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41386-024-01808-3.

Correspondence and requests for materials should be addressed to Vinícius Elias de
Moura Oliveira or Julie Bakker.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

V.E.M. Oliveira et al.

1275

Neuropsychopharmacology (2024) 49:1266 – 1275

https://doi.org/10.1038/s41386-024-01808-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Social isolation and aggression training lead to escalated aggression and hypothalamus-pituitary-gonad axis hyperfunction in�mice
	Introduction
	Methods
	Ethical statement
	Animals
	Resident intruder test�(RI)
	Sexual behavior
	Experimental�design
	The social isolation and aggression training protocol�(IST)
	Endogenous measurements
	Experiment�A
	Experiment�B
	Experiment�C
	Experiment�D

	Stereotaxic surgery
	Drugs
	Immunohistochemistry
	Sex steroid�assays
	LH�assay
	Statistics

	Results
	Social isolation and aggression training exacerbate aggression in male mice and hyperactivate the HPG�axis
	NK3R signaling mildly affects aggression in IST�mice
	High aggression in IST mice is underlied by GnRHR signaling
	Kisspeptin and AVPV-Kisspeptin neurons differentially affect aggressive behavior induced�by IST

	Discussion
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




