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Abstract
Background  Sexual violence, a pervasive global issue, significantly impacts individuals and societies, necessitating 
a deeper understanding of its underlying biological mechanisms. This study aimed to elucidate the role of stress-
induced dysregulation of the hypothalamus-pituitary-adrenocortical axis in sexual aggression in male Wistar rats. 
Employing a sexual aggression paradigm, we investigated the effects of social isolation on aggression, anxiety-like 
behaviour, and neurochemistry in virgin adult male Wistar rats.

Results  The results showed that social isolation significantly escalated aggressive behaviours and induced anxiety-
like responses in male rats. The sexual aggression test revealed that socially isolated males exhibited heightened 
aggression towards non-receptive females. Neurochemical analyses indicated significant alterations in key markers, 
such as corticotrophin-releasing hormone, oxytocin, and arginine vasopressin, correlating with the observed 
behavioural changes. Gene expression analyses revealed significant findings, particularly in the expression of the 
oxytocin receptor (OXTR) and vasopressin receptor 1 A (AVPR1A) genes. Social isolation and the duration of aggressive 
behaviour prior to the sexual aggression test significantly influenced OXTR expression in the hippocampus and 
AVPR1A expression in both the prefrontal cortex and hippocampus, highlighting the complex interplay between 
environmental stressors, neurochemical responses, and gene expression in the manifestation of sexual aggression 
behaviour.

Conclusions  This study underscores the critical impact of stress and social isolation on sexual aggression, providing 
valuable insights into possible neurobiological underpinnings of sexual violence. Understanding these mechanisms is 
crucial for developing effective interventions to mitigate the consequences of sexual aggression.
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Introduction
Sexual violence, encompassing a spectrum of coercive 
acts such as sexual assault and harassment, constitutes 
a critical global issue with profound impacts across all 
demographics. The World Health Organization esti-
mates that nearly one-third of women globally have 
encountered some form of sexual violence, highlighting 
the issue’s ubiquity [1]. This challenge is compounded 
in regions recently affected by military conflicts, where 
a culture of militarised masculinity may exacerbate the 
normalisation of aggressive behaviours, including sexual 
aggression [2, 3].

In the animal kingdom, aggression is integral to social 
dynamics and resource competition, serving adaptive 
functions in survival and hierarchy formation [4]. How-
ever, it poses significant risks, including psychological 
trauma and increased mortality [5]. The complexity of 
sexual aggression behaviour and its potential exacerba-
tion by stress factors necessitate a comprehensive under-
standing of its underlying mechanisms and modulating 
biological factors to devise effective prevention and inter-
vention strategies [6].

Stress is a significant disruptor of homeostasis. It acti-
vates a cascade of structural, biochemical, and physi-
ological responses aimed at re-establishing equilibrium 
and ensuring survival [7]. Key brain regions such as the 
medial prefrontal cortex, hippocampus, and amygdala, 
which are integral to learning, memory, emotional pro-
cessing, and cognitive functions, undergo substantial 
remodelling under stress. This remodelling significantly 
impacts the regulation of the hypothalamus-pituitary-
adrenocortical (HPA) axis, a pivotal stress response sys-
tem. The glucocorticoids released by the adrenal glands 
as the end products of HPA axis activation orchestrate 
the physiological and behavioural responses to stress 
[8]. Chronic stress, however, can lead to HPA axis dys-
regulation, preventing the restoration of homeostasis and 
potentially resulting in behavioural alterations such as 
anxiety, depression, and aggression [9, 10].

Several studies have shed light on the complex inter-
play between stress, neuromodulators, and aggressive 
behaviour. For instance, research by Raise-Abdullahi 
et al., (2023) demonstrated that chronic stress leads to 
alterations in the expression of corticotropin releasing 
hormone (CRH) receptors in the brain, thereby influ-
encing stress responses and social behaviours, includ-
ing aggression [11]. Investigations by Inoue et al., (2023) 
revealed that testosterone levels are positively correlated 
with aggressive behaviours in male mammals, highlight-
ing the role of this hormone in regulating territorial and 
dominance-related aggression [12]. Similarly, serotonin 
deficiency has been associated with increased aggres-
sion levels in animal models, underscoring the signifi-
cance of serotonin in modulating mood and impulse 

control [13]. Research shows that the influence of vaso-
pressin on aggression depends on sex. For example, 
Fodor et al., (2014) found that vasopressin deficiency 
affects aggression and impulsiveness differently in male 
and female rats, suggesting that vasopressin’s effects 
on maternal aggression develop alongside impulsivity 
[14]. Stribley and Cater (1999) demonstrated that post-
natal exposure to arginine vasopressin (AVP) leads to 
long-lasting increases in aggression in adult male prai-
rie voles [15]. Early foundational research by Feris et al., 
(1989) highlighted that vasopressin levels in the anterior 
hypothalamus fluctuate with the oestrous cycle, indicat-
ing a complex interplay between hormonal cycles and 
aggressive behaviour [16]. Additionally, Delville et al., 
(1998) provided evidence that vasopressin innervation 
in the brain is associated with flank-marking behaviour 
in golden hamsters, further underscoring vasopressin’s 
role in aggression [17]. Oxytocin also has complex effects 
on aggression. Insel and Winslow (1991) illustrated 
the effects of central oxytocin administration on social 
behaviours, including responses to social separation in 
infant rats, laying the groundwork for later studies on 
oxytocin’s role in social and aggressive behaviours [18]. 
Moreover, Pfundmair et al., (2018) found that oxytocin 
promotes aggression in response to provocation in low-
anxiety individuals [19]. Similarly, DeWall et al., (2014) 
showed that oxytocin increases intimate partner violence 
inclinations in individuals prone to physical aggression 
[20]. Conversely, Gulevich et al., (2019) reported that 
a single oxytocin application decreases the time spent 
engaged in aggression and increases the latency period to 
this behaviour in aggressive rats but had no such effect in 
tame rats [21]. These findings emphasise the importance 
of investigating the neurobiological substrates underlying 
aggressive behaviours to gain a comprehensive under-
standing of their mechanisms and potential therapeutic 
targets.

Despite the critical need to understand the determi-
nants of male sexual aggression, research in this area, 
particularly in animal models, remains sparse. Exist-
ing human studies focus on the psychological profile 
of offenders, with limited exploration of physiological 
underpinnings [22, 23]. Such studies are also often ham-
pered by methodological limitations such as confirma-
tion bias [24]. Within the context of aggression research, 
various animal models have been developed to eluci-
date the multifaceted nature of aggressive behaviours, 
each with its own specific focus and limitations. Though 
these cannot fully replicate the multifaceted and complex 
nature of aggression in humans, their use to explore the 
neurobiology underlying sexual aggression is particu-
larly valuable. Traditional models of aggression, such as 
the resident-intruder paradigm, have been instrumental 
in studying territorial and dominance-related aggression 
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often employing same-sex animals to assess aggres-
sive interactions. This paradigm involves introducing an 
“intruder” animal into the territory of a “resident” ani-
mal and observing the ensuing interactions. The Sexual 
Conspecific Aggressive Response model offers valuable 
insights into the neurochemical and structural changes 
that may underlie sexual aggression [25]. However, this 
model primarily addresses the impact of aggressive 
sexual behaviour on female rats, focusing on the neuro-
chemical and structural changes associated with sexual 
aggression, with scant information on the biological 
mechanisms driving the development of sexual aggres-
sion in males. While these models offer valuable insights 
into mechanisms underlying general aggression, they fall 
short in accurately depicting the complexities of sexual 
aggression, which intertwines sexual motivation with 
aggressive behaviour. The Sexual Aggression Test (SxAT) 
has emerged as a specialised model designed to specifi-
cally address male sexual aggression [26]. The SxAT aims 
to replicate and measure sexually aggressive behaviours 
under controlled laboratory conditions, providing a 
structured framework to assess the interplay between 
sexual arousal and aggression.

The current study seeks to establish an adapted version 
of the SxAT based on the original methodology devel-
oped by Oliveira et al., (2022) [26]. By subjecting male 
Wistar rats to seven days of social isolation to induce 
stress and HPA axis dysregulation, and using the resi-
dent-intruder test to assess aggression, we endeavoured 
to simulate conditions conducive to the development of 
aggressive behaviour. Subsequently, a four-day sexual 
aggression assessment protocol was implemented to fur-
ther investigate the sexual aggressive responses elicited 
by these conditions. This adapted animal SxAT model 
aims to better investigate the specific dynamics and 
determinants of sexually aggressive behaviours in male 
Wistar rats in the context of social isolation.

Materials and methods
Animals
The study used virgin adult male (250–300 g) and female 
(180–200  g) Wistar rats, Rattus norvegicus, obtained 
from the Stellenbosch University Animal Breeding Facil-
ity. The animals were housed in type III cages, maintain-
ing a controlled environment with a room temperature of 
22 ± 1 °C, 55% relative humidity, and an inverted 12-hour 
light/dark cycle (lights off at 06:00, lights on at 18:00). 
To address the impact of environmental enrichment on 
social dynamics, enrichment materials were introduced 
to the cages of group-housed males and all females. As 
environmental enrichment has been shown to mitigate 
the effects of isolation, cages for socially isolated male 
rats remained unenriched [27]. Socially isolated males 
were housed individually, while group-housed males 

were accommodated in groups of 3–4 per cage. Both 
food and water were provided ad libitum.

Animal care and experimental procedures were con-
ducted in strict compliance with the South African 
National Health Research Ethics guidelines and were 
approved by the Stellenbosch University Research Ethics 
Committee (ACU-2021-13333). Prior to the commence-
ment of experimental protocols, all animals underwent a 
seven-day habituation period within the home room to 
acclimate to the environment, as well as handling. Fol-
lowing habituation, the rats were divided into groups 
(n = 10 per group) as detailed below:

Adult male rats
Group I (GHCM): Group housed control males. This 
group served as the control. Males were housed in groups 
and were not exposed to the SxAT.

Group II (GHSM): Group housed sexual aggression 
assessment males. Males in this group were housed in 
groups to study sexual aggression in a social housing 
context.

Group III (ICM): Isolated control males. Males were 
isolated to assess the impact of social isolation without 
exposure to the SxAT.

Group IV (ISM): Isolated sexual aggression assessment 
males. Males were isolated to study sexual aggression in 
the context of social isolation.

Group V: Intruders (n = 5): These were lighter, younger, 
physically smaller and well-socialised male rats that were 
never housed under isolated conditions. The rats were 
used in the resident intruder paradigm and were unfa-
miliar to the resident rats to ensure clear differentiation 
and to minimise pre-existing social hierarchies that could 
influence the outcome of the test.

Group VI: Sexually experienced males (n = 5). These 
males were not enrolled in behavioural experiments but 
were used to ensure reliable mating behaviour during the 
assessment of female sexual receptivity.

Adult female rats
Group I (CF): Control females never exposed to males.

Group II (GHSF): Females exposed to group housed 
males during the SxAT.

Group III (ISF): Females exposed to isolated males dur-
ing the SxAT.

The study proceeded as indicated in the timeline 
(Fig. 1).

Induction of stress (social isolation paradigm)
To induce stress through social deprivation, male rats 
at postnatal day (PND) 63 (9 weeks old) were housed 
individually in single cages for seven days, as previously 
described [28]. Rats assigned to the social condition were 
grouped and housed 3–4 per cage, facilitating normal 
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social interactions among them. Both isolated and social 
groups were maintained in the same room, ensuring uni-
form environmental conditions. Interactions with the 
experimenter were minimised and restricted solely to 
essential handling during the weekly maintenance of the 
cages, thus maintaining the integrity of the social isola-
tion conditions for the isolated group.

Resident-intruder paradigm
The resident-intruder paradigm was used to evaluate 
whether social isolation elicited aggressive behaviour 
in male rats. This was performed on the day before the 
SxAT (GHCM, ICM, GHSM and ISM) and then again 
on the day after the SxAT (for ISM and GHSM rats). The 
assessments were scheduled at 13:00 during the dark 
phase, under dim red illumination (< 2  lx) to facilitate 
video recording while preserving the nocturnal condi-
tions conducive to rat activity. To enhance territorial 
behaviour, the bedding in the home cages of both isolated 
and group-housed males remained unchanged for three 
days leading up to the test.

The resident-intruder test was conducted on male rats 
as previously described [29]. On the day of the experi-
ment, (PND 70), the weights of the experimental males 
(residents) and the intruders were recorded to ensure 
that intruders were lighter [30, 31]. At 12:00, residents 
were moved to transparent cages with their original bed-
ding for a one-hour acclimation period in their home 
environment. Following that, both residents and intrud-
ers were relocated to the experimental room for an addi-
tional hour of habituation. A 15-minute pre-test period 
was allotted for the animals to adjust to the presence of 
the experimenter, red light, and camera setup, minimis-
ing the confounding effects of the novel environment on 
behaviour.

A male intruder was introduced into the home cage 
of the resident, during which dominant and subordinate 
behaviours, latency to the first attack, and the frequency 
of attacks by the resident were observed and recorded 
over a 10-minute duration. Behavioural analyses were 
performed by an observer blinded to the experiment 
using Behavioural Observation Research Interactive 
Software (BORIS) [32] and focussed on three main cat-
egories: (i) aggressive behaviours, including keep down, 
threat behaviour, offensive grooming, and attacks; (ii) 
neutral behaviours, such as exploration, and self-groom-
ing; and (iii) social behaviours, encompassing non-
aggressive interactions like sniffing [31].

Assessment of sexual aggression behaviour
To assess if the aggression elicited by social isolation pro-
voked sexual aggression in male rats towards non-recep-
tive female rats, we performed the SxAT from PND 71. 
Prior to the test each day, the female rats were screened 
for receptivity.

Identification of sexually receptive and non-receptive 
female rats
To differentiate between sexually receptive and non-
receptive female rats, daily assessments of the oestrous 
cycle were conducted using vaginal cytology, which is 
crucial for understanding reproductive behaviour and 
physiology [33, 34]. The oestrous cycle comprises four 
distinct stages: proestrus, characterised by growing ovar-
ian follicles and round nucleated epithelial cells; oestrus, 
denoted by sexual receptivity and the predominance of 
large cornified cells; metestrus, marked by numerous 
corpora lutea and leukocytes; and dioestrus, indicated by 
the presence of small follicles and a predominance of leu-
kocytes [35].

Fig. 1  Timeline of study design and behavioural testing procedures. This timeline illustrates the sequence of key events and procedures in the study, 
including time points for acclimation, social isolation, the order of behavioural tests, and sample collection. Each step is depicted to provide a clear un-
derstanding of the study’s methodological flow and ensure reproducibility. SxAT = sexual aggression test
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Vaginal smears were collected at 09:00 using a cotton 
bud moistened with saline, introduced approximately 
1  cm into the vaginal orifice to avoid cervical stimula-
tion that could induce pseudopregnancy [36]. The epithe-
lial cell samples were air-dried, mounted on slides, and 
examined under a microscope at 10x and 40x magnifica-
tions without staining. This process enabled the identifi-
cation of the oestrous stage based on the cell composition 
in the vaginal smears.

For experimental purposes, the oestrous cycle stages 
were categorised into two groups: “oestrous” for females 
in proestrus or oestrus stages, indicating sexual recep-
tivity, and “non-oestrous” for those in metestrus or 
dioestrus, denoting a lack of receptivity [35, 37]. This 
classification is pivotal in studies exploring sexual aggres-
sion and receptivity in rodents and was thus performed 
prior to subsequent behavioural analyses.

Assessment of receptivity
To evaluate sexual receptivity among female rats identi-
fied as being in the oestrous phase, a structured behav-
ioural assay was implemented at a consistent daily time 
of 11:00 AM, following oestrous confirmation via vaginal 
cytology. This timing ensured hormonal alignment con-
ducive to sexual receptivity. To assess for receptivity, a 
female rat in oestrous was paired with a sexually experi-
enced male rat, not part of the experimental cohort, to 
observe and record receptive behaviours indicative of 
readiness to mate. Key behaviours monitored included 
lordosis, characterised by an arched back posture to facil-
itate male intromission; darting and hopping movements 
signifying arousal; and ear-wiggling, a less common but 
recognised indicator of female receptivity [38].

Upon demonstration of these behaviours, the female 
was immediately removed to prevent mating, ensuring 
the focus remained on receptivity rather than copula-
tion. This procedure was repeated over four consecutive 
days to systematically assess the persistence and escala-
tion of sexually aggressive behaviours following repeated 
exposures [39], thereby providing a comprehensive 
assessment of the females’ readiness to engage in mating 
behaviours across distinct stages of their hormonal cycle.

Sexual aggression test protocol
We employed an adapted version of the SxAT [26]. Our 
adaptations included:

(1)	Housing conditions: We specifically modified the 
housing conditions prior to the SxAT to include both 
isolated and group-housed settings. This allowed us 
to assess the impact of the social environment on 
aggressive behaviours.

(2)	Aggression induction: To induce aggressive 
behaviour, we used a resident-intruder paradigm 

where male rats were exposed to intruder male rats 
before the SxAT. This step was designed to enhance 
the ecological validity of the test by simulating 
a competitive social scenario that could trigger 
aggressive responses.

(3)	Neurochemical and gene expression analysis: 
In addition to behavioural observations, we 
incorporated neurochemical and gene expression 
analyses to explore the underlying mechanisms of 
aggression. We measured levels of key markers and 
gene expression in specific brain regions.

The core principles of the original SxAT methodology 
were maintained, including the interaction between male 
and non-receptive female rats to induce and measure 
sexual aggression behaviours.

The test was conducted in a controlled environment, 
specifically in a dark phase illuminated by very dim red 
light (less than 2  lx), to facilitate video recording while 
preserving the nocturnal conditions conducive to rat 
activity.

On PND 71, after screening the female rats at 09:00 to 
determine the oestrous status, and assessing for sexual 
receptivity at 11:00, both male (GHSM and ISM) and 
female (GHSF and ISF) rats were assessed using the SxAT 
as briefly described below.

At 12:00, the experimental males (GHSM and ISM) and 
females (GHSF and ISF), were moved to filming cages 
with their home cage bedding and allowed to habituate 
for 1 h in their home room.

At 13:00, a sexually receptive female in oestrus was 
placed in a cage with an experimental male. After suc-
cessful intromission, the female was immediately 
replaced by a non-receptive female that was not in oes-
trus. Male-female pairings were recorded for the remain-
ing time within the 10-minute recording period.

Sexual aggression behaviour was indicated by the male 
rat forcefully mounting, as assessed by placement of the 
forepaws and pelvic thrusting, an unreceptive female rat 
[40]. Female lack of receptivity was indicated by a non-
lordotic posture, kicking back, lying down on the back, or 
turning around upright. The male sexual behaviour was 
recorded alongside other aggressive behaviours, which 
included: forced grooming (male rats aggressively lick-
ing the head/neck area of the female), keep down (males 
using their front paws and upper body to force the female 
to lie on her back), threat (males displaying threaten-
ing postures or movements toward the female, includ-
ing pushing or shoving her with their head), and lateral 
threat (males turning their bodies sideways and pushing 
the female into a wall or corner).

A trained observer used a timer to record the copula-
tion latency, as well as the occurrence of forced mount-
ing and aggressive behaviour. This produced a frequency 
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score (number of behaviours in 10  min) for forced 
mounting and aggressive behaviour. Additionally, every 
SxAT were captured on camera using a GoPro (Sumikon, 
PEARL GmbH, Buggingen, Germany). Therefore, in 
addition to forced mounting and aggressive behaviour, 
neutral behaviours (such as immobility, exploration, and 
self-grooming) and non-aggressive social interactions 
(such as anogenital sniffing and defensive behaviour) 
were also recorded and graded. The percentage of time 
an animal spent engaging in a particular type of behav-
iour was determined from these scores (total length of 
behaviour / 600 × 100%).

Control groups, including GHCM, ICM, and CF, were 
not exposed to rats of the opposite-sex but underwent 
the same recording procedures in the experimental room, 
ensuring consistency across all experimental conditions.

After the SxAT, the male rats (GHSM AND ISM) 
underwent evaluations for aggressive behaviour (on PND 
75) through the previously described resident-intruder 
test, alongside assessments for anxiety-like behaviour 
using both the open field test (OFT) and elevated plus 
maze (EPM).

Assessments of anxiety-like behaviour
On PND 76, male rats were assessed for anxiety-like 
behaviour using the EPM and OFT, according to previ-
ously described methods [41, 42]. These evaluations were 
scheduled 48 h following the conclusion of the SxAT to 
ensure any immediate stress responses had subsided. At 
12:00, prior to testing, the rats were transferred to a hold-
ing room, where they were given a one-hour period to 
acclimate to the unfamiliar environment. The testing pro-
cedures commenced at 13:00, beginning with the EPM 
and followed by the OFT, to systematically assess the rat’s 
anxiety-like behaviour under controlled conditions. To 
ensure even illumination, testing chamber cages were not 
placed in direct light, dark corners, or shadowed areas. 
All instrument acclimation and testing were performed 
at the same time each day between the hours of 12:00 and 
17:00 and by the same individuals, who were blinded to 
the animal treatment group.

The open field test
The OFT was used to assess anxiety-like behaviour. This 
72 × 72 × 36 cm apparatus is divided by a painted line into 
central (measuring 24 × 24  cm) and outer zones. Male 
rats were placed into the cleaned apparatus and behav-
iour was recorded for 5 min using an overhead camera. 
Horizontal (ambulation and freezing) and vertical move-
ments were registered and used as measures of loco-
motor activity, exploration and anxiety-like behaviour. 
Grooming and freezing were used as measures of anxi-
ety [43]. The apparatus was cleaned with a 70% alcohol 
solution and allowed to dry between each test. Behaviour 

was analysed using the BORIS software. The paradigm 
relies on the approach-avoidance conflict, in which the 
drive to explore novel environments is in opposition to 
the tendency of prey animals, such as rats, to avoid open 
spaces. Time spent in the arena’s periphery serves as a 
robust marker of anxiety-like behaviour, is responsive to 
anxiolytic interventions, and is used in models of stress-
induced anxiety conditions [44].

The elevated plus maze
The EPM assay was performed as previously described 
[42]. Briefly, the maze consisted of two closed arms 
(50 × 10 × 40 cm) and two open arms (50 × 10 cm), which 
were elevated 50  cm above the floor. The intersection 
between the open arm and the closed arm was an open 
square platform (10 × 10 cm). The rats were placed indi-
vidually on the central platform facing a closed arm and 
allowed to explore the maze for 5  min. Their behaviour 
was monitored using a video camera and analysed with 
BORIS software. The percent time spent and the number 
(frequency) of entries into the open arms were recorded. 
The entire apparatus was cleaned with a 70% alcohol 
solution and dried properly between each test.

Brain tissue preparation
To allow for stabilisation of hormone levels and mRNA 
expression, all animals were sacrificed by decapitation 
using a sharp guillotine 24  h after the last behavioural 
test (PND 77). Brain tissue (amygdala, hippocampus, 
hypothalamus, and prefrontal cortex) was harvested, 
snap-frozen in liquid nitrogen and stored at -80  °C in a 
Bio-freezer for later analysis of mRNA and gene expres-
sion differences.

Neurochemical assessments
Trunk blood samples from male rats (n = 10 per group) 
were collected into serum collection tubes and centri-
fuged at 1200  rpm for 20  min at 4 oC using a Heraeus 
Labofuge 200 centrifuge (Thermo Fisher Scientific, 
Waltham, MA). The serum supernatant was then aspi-
rated with a 1000 µl pipette, transferred into 1 ml Eppen-
dorf tubes, and stored at -80 °C for later analysis. Serum 
samples were subsequently thawed and the concentra-
tion of neurochemicals was determined according to 
the manufacturer’s instructions using enzyme-linked 
immunosorbent assay (ELISA) kits (Elabscience, Hous-
ton, TX). This assay involves precoating microplate wells 
with antibodies specific to the target neurochemical. The 
neurochemical present in the samples competes with a 
fixed amount of neurochemical-horseradish peroxidase 
(HRP) conjugate for binding sites on the antibody. After 
incubation, unbound conjugates are removed through 
a series of wash steps, resulting in an inverse relation-
ship between the amount of bound neurochemical-HRP 
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conjugate and the concentration of neurochemical in 
the sample. The development of the colorimetric signal, 
initiated by adding a substrate solution, is inversely pro-
portional to the neurochemical concentration, measured 
by optical density at 450  nm (FLUOstar Omega, BMG 
LABTECH, Ortenberg, Germany). The serum concen-
trations of testosterone (Elabscience® QuicKey Pro Rat 
T(Testosterone) ELISA Kit- E-OSEL-R0003), oxytocin 
(Elabscience® QuicKey Pro Rat OT(Oxyctocin) ELISA 
Kit- E-EL-0029), corticosterone (Elabscience® QuicKey 
Pro Rat CORT(Corticosterone) ELISA Kit- E-EL-0160), 
CRH (Elabscience® QuicKey Pro Rat CRH (Corticotropin 
Releasing Hormone) ELISA Kit- E-EL-R0270), and sero-
tonin (Elabscience® QuicKey Pro Rat 5-HT (5-Hydroxy-
tryptamine) ELISA Kit- E-EL-0033), were quantified 
using rat-specific ELISA kits. Given the low concentra-
tion of AVP in serum and the potential for interference 
from other serum components, an extraction proce-
dure was performed prior to immunoassay analysis. The 
extraction involved mixing 1 part serum sample with 
1.5 parts of Extraction Solution, vortexing, and then 
incubating samples at room temperature for 90  min. 
The mixture was then centrifuged at 4 °C at 1660 x g for 
20 min. The supernatant was transferred to a clean tube 
and dried using a speedvac (Thermo Fisher Scientific) at 
37 °C. The samples were then reconstituted with 250 µL 
of Assay Buffer. Following extraction, the serum levels 
of AVP were quantified using a highly sensitive and spe-
cific immunoassay kit for AVP (DetectX® Arg8-Vasopres-
sin (AVP) Immunoassay Kit, ARBOR Assays-K049-H), 
according to the manufacturer’s protocol. The analyses of 
the samples were carried out in triplicates, and the values 
were estimated from the standard curve produced from 
the calculated concentrations.

RNA extraction, cDNA synthesis, and quantitative real-time 
PCR
The stored brain tissue was homogenised using the lysis 
buffer included in the RNA isolation kit (Cat No. 83913-
1EA) provided by Sigma-Aldrich (St. Louis, MO, USA). 
Total RNA was extracted using the GenElute™ Total RNA 
Purification Kit (Sigma-Aldrich). RNA purity was deter-
mined using the Nanodrop spectrophotometer (NANO-
DROP ONE, Thermofisher Scientific, Madision, WI, 
USA) by measuring the ratio of absorbance at 260 nm to 
280 nm (A260/A280 ratio). A ratio between 1.8 and 2.0 
was considered indicative of pure RNA, free from protein 
contamination. RNA integrity was assessed via gel elec-
trophoresis on a 1% agarose gel. The appearance of sharp 
28 S and 18 S ribosomal RNA bands confirmed the integ-
rity of the RNA, with minimal smearing indicating little 
to no degradation [45]. RNA quality was measured using 
TapeStation (RNA ScreenTape). An RNA Integrity Num-
ber (RIN), above 7 (scale from 1 to 10 used to assess RNA 

quality, with 10 indicating intact RNA) was considered 
acceptable for sensitive downstream applications such as 
cDNA synthesis and quantitative real-time PCR (qPCR), 
ensuring reliable and accurate gene expression analysis.

The extracted RNA samples were reverse-transcribed 
at 37  °C for 120  min using the High-Capacity cDNA 
Reverse Transcription Kit 4,368,814 (Thermo Fisher Sci-
entific) according to the manufacturer’s protocol. cDNA 
derived from 10 ng of RNA was used for qPCR under 
the following conditions: 10  min at 95  °C, 40 cycles of 
15 s at 95 °C, and 1 min at 60 °C using 200 nM forward 
and reverse primers. In the qPCR analysis, pre-designed 
primers targeting the genes of interest (AVPR1A, 
CRHR1, OXTR, AR, and Htr1a, Supplementary Table 1) 
were obtained from Thermo Fisher Scientific. The qPCR 
assays were performed under standard conditions using a 
real-time PCR system (Quant studio 5) and the TaqMan® 
Fast Advanced Master Mix kit (Thermo Fisher Scientific) 
following the manufacturer’s protocol. Each assay was 
conducted in triplicate to ensure robustness and reliabil-
ity of the results.

To determine the amplification efficiency of each assay 
and to calculate relative expression levels, standard 
curves were prepared using serially diluted cDNA sam-
ples (gene amplification efficiencies; AVPR1A = 106.382, 
GAPDH = 93.386, HTR1A = 84.276, OXTR = 89.487, 
AR = 90.123, CRHR1 = 86.345). The standard curves were 
generated using a range of known concentrations of 
cDNA, enabling us to assess the efficiency of amplifica-
tion and establish the relationship between Ct values and 
the quantity of target mRNA.

The Ct values obtained from the qPCR experiments 
were adjusted using the following formula: Adjusted Ct 
(Ct_adj) = Ct_sample + [(Ct_standard - Ct_intercept) / 
slope]. This adjustment accounts for variations in ampli-
fication efficiency and ensured accurate quantification of 
gene expression levels across samples.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
was chosen as the endogenous control due to its stable 
expression across various tissues and experimental con-
ditions [46]. GAPDH is widely utilised as a reference gene 
in qPCR experiments owing to its involvement in gly-
colysis and its constitutive expression, making it a reliable 
indicator for mRNA quantity and quality normalisation.

Samples from various experimental groups and brain 
regions were randomly distributed across qPCR plates to 
ensure impartial and representative outcomes. This ran-
dom allocation minimises bias and ensures that observed 
differences reflect genuine biological variations. Ran-
domisation also addresses plate-to-plate variability and 
evens out systematic effects, enhancing the reliability of 
our qPCR data analysis.
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The comparative Ct or ΔΔCt method was used to cal-
culate the relative fold change (2−ΔΔCt) in gene expression 
from qPCR experiments.

ΔCtsample​=CtTarget gene, sample​− CtHousekeeping gene, sample​.
ΔCtcalibrator​=CtTarget gene, control​− CtHousekeeping gene, control.
ΔΔCtsample​ = ΔCtsample​ − ΔCtcalibrator​.
Relative Fold Change = 2−ΔΔCtsample.

Data and statistical analysis
The R programming language, designed for statistical 
computing and graphics, was used for statistical analy-
sis [47]. The distribution of the behavioural assessment 
data was checked using the Shapiro-Wilk test. Outli-
ers were identified using Grubb’s test and removed. For 
normally distributed data, comparisons between two 
groups were performed using Welch two-sample t-tests. 
Data are presented as the mean ± SD. For non-normally 
distributed data, the median values between groups were 
compared using the Kruskal-Wallis Rank Sum test, and 
data are presented as the mean and interquartile range 
(IQR). Regression analyses were used to assess group 
differences in aggressive behaviour during the resident 
intruder paradigm tests conducted after exposure to the 
SxAT. Regression models included post SxAT behaviour 
as the outcome variable and social isolation, pre SxAT 
behaviour, and the social isolation x pre SxAT behaviour 
as predictors. Linear mixed models to assess differences 
in SxAT aggressive behaviours across the four days of 
testing used test day and social isolation groups as fixed 
effects and the rat ID as a random effect. Mixed mod-
els were run using the lme4 package [48], and p-values 
were generated using Kenward-Roger approximation of 
degrees of freedom in the lmertest package [49]. Signifi-
cant outcomes were probed using the lsmeans function 
with Tukey correction. Correlations between behavioural 
and neurochemical measures were assessed using Pear-
son’s correlation coefficient for normally distributed data 

and Spearman’s Rho for data that were not normally dis-
tributed. Significance was set at p < 0.05.

Results
Housing in isolation increased aggressive behaviour in the 
resident-intruder test before the SxAT
To investigate baseline aggressive tendencies in male 
Wistar rats subjected to social isolation prior to the 
SxAT, aggressive behaviours between rats in the isolated 
(ICM & ISM) and group-housed (GHCM & GHSM) con-
ditions using the resident-intruder test were compared 
using t-tests or Wilcoxon-Rank sum tests, as appropri-
ate (Table  1). Social isolation significantly influenced 
aggressive behaviour in the resident-intruder test, with 
isolated rats (ICM & ISM) spending a significantly higher 
percentage of time engaged in aggressive behaviour 
(50.73 ± 5.05%) compared to group-housed rats (GHCM 
& GHSM) (6.87 ± 2.83%) during the pre-SxAT period 
(W = 0, p = 0.0000) (Fig.  2a). Housing condition signifi-
cantly affected the latency to the first attack in the pre-
SxAT period, with isolated rats (ICM & ISM) exhibiting 
a significantly shorter latency (36.5 ± 32  s) compared to 
group-housed rats (GHCM & GHSM) (369.0 ± 153.75  s) 
(W = 400, p = 0.0000) (Fig. 2b).

This table presents the aggression behavioural param-
eters of rats subjected to different housing conditions 
(‘Group’ vs. ‘Isolated’) before undergoing the SxAT. # 
Parametric data are reported as the mean and standard 
deviation and were compared using the Welch two sam-
ple t-test. @ Non-parametric data are reported as the 
median and 25th and 75th percentile values and were 
compared using the Wilcoxon rank sum test. Statistically 
significant differences were observed across all param-
eters (*p-values < 0.0001). Sample size for each group is 
n = 20.

Housing in isolation increased aggressive behaviour in the 
resident-intruder test after the SxAT
Regression analyses were employed to evaluate the 
impact of housing conditions on aggressive behaviour in 
the resident intruder paradigm conducted after the SxAT. 
Models employed pre-SxAT behaviour and housing con-
dition (ISM vs. GHSM), as well as their interaction, as 
predictors with aggressive behaviours as outcomes. The 
analysis highlighted a significant main effect of housing 
condition on three behaviours. Isolation housing was 
associated with higher “offensive grooming” (beta esti-
mate = 88.970, SE = 26.699, t = 3.332, p = 0.0042) (Fig.  3a) 
and “forced mounting” (beta estimate = 34.355, stan-
dard error = 13.817, t = 2.486, p = 0.0243) (Fig.  3b) dura-
tions, and shorter latency to first attack (beta estimate = 
-248.079, standard error = 75.477, t = -3.287, p = 0.0047) 
(Fig.  3c). The latency to attack regression model 
explained a substantial portion of the variance in latency 

Table 1  Impact of isolated housing on resident intruder test 
aggressive behaviours in rats prior to the SxAT
Behavioural 
parameter (s)

Group-
housed 
median 
(IQR)

Housed in 
isolation 
median 
(IQR)

Test 
statistic 
value

P-value

Forced mounting 
duration @

2.5 (2.0–3.3) 18.0 
(15.8–24.3)

W = 0 0.0000***

Threats duration @ 4.0 (3.0–5.3) 26.0 
(14.5–32.3)

W = 0 0.0000***

Keep down dura-
tion @

5.0 (3.8–8.0) 68.5 
(47.5–81.0)

W = 0 0.0001***

Offensive grooming 
duration @

6.5 (3.8–15.3) 41.0 
(31.8–49.8)

W = 6 0.0002***

Attack duration # 19.1 ± 5.2 154.8 ± 31.1 t = 
-19.255

0.0000***

Latency to attack @ 369.0 
(298.3–452.0)

36.5 
(25.3–57.3)

W = 0 0.0000***
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to first attack (adjusted R-squared = 0.7062). No models 
showed housing condition x pre-SxAT interaction effects 
(Table 2).

Housing in isolation increased the duration of aggressive 
behaviour during the four-day SxAT paradigm
In the SxAT paradigm, rats housed in isolation (ISM) 
spent more time engaged in offensive grooming than 

those housed in groups (GHSM) (beta estimate = 107.500, 
standard error = 7.839, t = 13.713, p < 0.001) (Fig. 4a). The 
analysis revealed no significant variations or interactions 
between the day of the test and housing condition. Rats 
housed in isolation also displayed significantly prolonged 
durations of threat behaviour compared to those housed 
in groups (beta estimate = 149.900, standard error = 8.346, 
t = 17.960, p < 0.001). Analyses indicated a significant 

Fig. 3  Housing in isolation increased aggression in the post-SxAT resident intruder test. The analyses compared isolated (ISM, n = 10) and group-housed 
(GHSM, n = 10) rats, considering pre-SxAT behaviour as a predictor. Isolation housing significantly increased the duration of (a) offensive grooming and 
(b) forced mounting and (c) reduced the latency to first attack. No significant interaction effects between housing condition and pre-SxAT vs. post-SxAT 
behaviours were observed. Raw data points are plotted, with box plots representing the median, interquartile range, whiskers for values 1.5x the inter-
quartile range, and notches for the 95% confidence interval. *p < 0.05, **p < 0.01

 

Fig. 2  Housing in isolation increased aggression in the pre-SxAT resident intruder test. Isolated Rats housed in isolation (‘Isolated’, n = 20) (a) spent more 
time exhibiting aggressive behaviour and (b) had a shorter latency to first attack those reared in groups (‘Group’, n = 20) during the 10-minute test. Raw 
data points are plotted, with box plots representing the median, interquartile range, whiskers for values 1.5x the interquartile range, and notches for the 
95% confidence interval. **** p < 0.0001
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effect of day 3 and day 3 x isolation group on behaviour, 
with post-hoc analysis indicating that this was driven by 
an increase in threat behaviour duration on day 3 com-
pared to day 1 in group-housed animals (Fig. 4b).

Housing in isolation increased anxiety-like behaviour in 
the EPM
Significant differences were observed between hous-
ing condition groups in anxiety-like behaviour in rats 
assessed 48 h (on PND 76) after being subjected to SxAT 
(Table  3). Isolated (ISM) rats exhibited a significant 
decrease in OFT rearing frequency (t = -2.865, p = 0.0103) 
and a significant increase in OFT rearing time (t = -3.197, 

p = 0.0063) compared to group-housed (GHSM) rats. 
In the EPM, group-housed rats demonstrated higher 
EPM open arm frequency (t = 2.205, p = 0.0418) (Fig. 5a) 
and significantly more time in the open arm (W = 341, 
p = 0.0001) (Fig. 5b).

Table 3 summarises the analysis of anxiety-like behav-
iours by GHSM (n = 10) and ISM (n = 10) rats in the 
OFT and EPM 48 h (PND 76) after the SxAT. The table 
includes test statistics, mean and standard deviation (SD) 
values, degrees of freedom (dF) where applicable, and 
the significance level (p-value) of the observed differ-
ences. #Parametrically distributed data are reported as 
mean and standard deviation and were compared using 

Table 2  Impact of isolation housing on aggressive behaviour post-SxAT in male Wistar rats
Behavioural parameter (s) Model coefficients Estimate Standard error t value Pr(>|t|)
Forced mounting duration Isolated housing condition 34.355 13.817 2.486 0.0243*

Pre-SxAT forced mounting duration 0.966 2.790 0.346 0.7338
Isolated housing condition x pre-SxAT forced mounting duration -1.436 2.852 -0.503 0.6216

Threats duration Isolated housing condition 8.606 20.829 0.413 0.6850
Pre-SxAT threats duration -3.689 3.750 -0.984 0.3400
Isolated housing condition x pre-SxAT threats duration 3.362 3.775 0.891 0.3860

Keep down duration Isolated housing condition 52.137 29.267 1.781 0.0938
Pre-SxAT keep down duration -0.144 3.659 -0.039 0.9691
Isolated housing condition x pre-SxAT keep down duration 0.300 3.673 0.082 0.9359

Offensive grooming duration Isolated housing condition 88.970 26.699 3.332 0.0042
Pre-SxAT offensive grooming duration -0.852 0.942 -0.905 0.3788
Isolated housing condition x pre-SxAT offensive grooming duration 0.099 1.078 0.092 0.9277

Attacks duration Isolated housing condition 66.082 53.442 1.237 0.2340
Pre-SxAT attacks duration 1.420 1.756 0.808 0.4310
Isolated housing condition x pre-SxAT attacks duration -1.396 1.776 -0.786 0.4430

Latency to attack Isolated housing condition -248.079 75.477 -3.287 0.0047**
Pre-SxAT latency to attack -0.257 0.224 -1.144 0.2694
Isolated housing condition x pre-SxAT latency to attack 0.185 0.470 0.394 0.6986

Regression analyses assessed the influence of housing in isolation (ISM vs. GHSM, n = 10/group) on aggressive behaviours following the SxAT. Housing condition 
(isolation or group-housed), the specific behaviour measured in the resident intruder paradigm conducted before the SxAT (pre-SxAT), and their interaction were 
assessed as predictors for each parameter. The estimate, standard error, t-value, and p-value are provided, along with symbols indicating statistical significance 
levels are provided for each coefficient. *p < 0.05, **p < 0.01

Fig. 4  Isolation housing increased the time spent engaged in aggressive behaviour across the four-day SxAT paradigm. Isolated rats (ISM, n = 10) exhib-
ited significantly longer (a) offensive grooming and (b) threat behaviour duration compared to group-housed rats (GHSM, n = 10). For threat duration, 
models indicated a significant day 3 effect and significant interactions between housing condition and day 3. Box plots represent the median and inter-
quartile range, with whiskers for values 1.5x the interquartile range and notches for the 95% confidence interval. **p < 0.01, *** p < 0.001
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the Welch two sample t-test. @Non-parametric data are 
reported as the median and 25th and 75th percentile val-
ues and were compared using the Wilcoxon rank sum 
test. Significant findings are observed in OFT rearing fre-
quency and rearing time, as well as the percentage time 
spent in and frequency of entry into the EPM open arms. 
*p < 0.05, ** p < 0.01, p < 0.001.

Relationships between neurochemical measures and 
behaviours
We investigated the correlations between six neuro-
chemical markers (serotonin, AVP, CRH, corticosterone, 
testosterone, and oxytocin) and anxiety-like behaviour in 
the OFP and EPM, as well as aggressive behaviours in the 
resident intruder paradigm conducted pre and post the 
SxAT paradigm.

Neurochemical marker levels are associated with 
aggressive behaviour in the resident intruder paradigm
Analyses indicated significant correlations between vari-
ous neurochemical markers and aggressive behaviour 
duration in the pre-SxAT resident intruder paradigm, 
among ISM and GHSM groups, (Table  4). Serotonin 
(Spearman’s rho = -0.464, p = 0.0128) and CRH (Spear-
man’s rho = -0.419, p = 0.0263) exhibited moderate while 
oxytocin (Spearman’s rho = -0.721, p = 0.0000) showed 
strong negative correlations with aggressive behav-
iour duration. In contrast, corticosterone (Spearman’s 
rho = 0.549, p = 0.0025) and AVP (Spearman’s rho = 0.791, 
p = 0.0000) showed moderate and strong positive correla-
tions, respectively. In the post SxAT correlation analysis, 
higher levels of serotonin were significantly associated 
with reduced aggression duration (Spearman’s rho = 
-0.603, p = 0.0225). Higher oxytocin levels were strongly 
associated with shorter durations of aggressive behaviour 

Table 3  Impact of isolation housing on anxiety-like behaviour in 
rats exposed to the SxAT
Behavioural 
parameter

Test 
statistic

Group-
housed 
mean (SD)

Housed in 
isolation 
mean (SD)

dF P-value

OFT rearing 
frequency #

t = 
-2.865

9.8 ± 8.2 13.5 ± 14.3 17.934 0.0103*

OFT outer 
zone time #

t = 0.620 172.4 ± 10.2 166.4 ± 14.8 14.124 0.5453

OFT centre 
zone time #

t = 
-0.174

117.5 ± 13.0 119.3 ± 11.8 10.83 0.8650

OFT rearing 
time #

t = 
-3.197

26.9 ± 8.2 43.6 ± 14.3 14.354 0.0063**

EPM open 
arm frequen-
cy #

t = 2.205 7.9 ± 2.1 5.0 ± 1.9 16.691 0.0418*

EPM open 
arm time 
(%) @

W = 341 47.7 
(43.7–53.0)

35.3 
(12.9–41.6)

- 0.0001***

Table 4  Correlations between serum levels of neurochemical 
markers and aggressive behaviour duration before and after the 
SxAT paradigm
Neurochemical 
marker

Pre-SxAT Post-SxAT
Correlation 
coefficient 
(Spearman’s 
rho)

P-value Correlation 
coefficient 
(Spearman’s 
rho)

P-value

Testosterone 0.105 0.5964 0.189 0.5171
Serotonin -0.464 0.0128* -0.602 0.0225*
Corticosterone 0.549 0.0025** 0.396 0.1610
Oxytocin -0.721 0.0001*** -0.684 0.0070**
AVP 0.791 0.0001*** 0.698 0.0055**
CRH -0.419 0.0263* 0.068 0.8168
AVP = arginine vasopressin, CRH = corticotropin-releasing hormone, 
SxAT = sexual aggression test. *p < 0.05, **p < 0.01, *** p < 0.001

Fig. 5  Isolation housing increased the time spent in anxiety-like behaviour in the EPM. Rats housed in isolation (ISM, n = 10) (a) entered the open arms 
less frequently than rats housed in groups (GHSM, n = 10) and (b) spent less time in the open arms. Raw data points are plotted, with box plots represent-
ing the median, interquartile range, whiskers for values 1.5x the interquartile range, and notches for the 95% confidence interval. *p < 0.05, **p < 0.0001
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(Spearman’s rho = -0.684, p = 0.0070). In contrast, AVP 
exhibited a strong positive correlation with aggressive 
behaviour duration (Spearman’s rho = 0.698, p = 0.0055) 
(Table 4). Raw group data are included in supplementary 
Table 2.

Neurochemical marker levels are associated with 
aggressive behaviour in the SxAT
The correlations between serum levels of various neu-
rochemical markers and the percentage time spent in 
aggressive behaviour during the SxAT revealed signifi-
cant relationships (Table 5). AVP (Spearman’s rho = 0.674, 
p = 0.0082) and corticosterone (Spearman’s rho = 0.537, 
p = 0.0478) were moderately positively correlated with 
the duration of aggressive behaviour. Testosterone also 
showed a moderate positive correlation with aggressive 
behaviour but only at a nominally significant level (Spear-
man’s rho = 0.517, p = 0.0583). On the other hand, sero-
tonin (Spearman’s rho = -0.552, p = 0.0406) and oxytocin 
(Spearman’s rho = -0.810, p = 0.0004) were moderately 
and very strong negatively correlated with aggressive 
behaviour, respectively.

Neurochemical marker levels are associated with anxiety-
like behaviours
The correlation analysis between neurochemical mark-
ers and anxiety-like behaviours in the OFT and EPM 
revealed significant relationships that provide insights 
into the neurobiological basis of these behaviours 
(Table  6). Higher serum levels of oxytocin (Spear-
man’s rho = -0.571, p = 0.0015) and CRF (Spearman’s 
rho = -0.661, p = 0.0001) were moderately and strongly 
associated with decreased time spent in the OFT outer 
zone, respectively. On the other hand, higher levels of 
AVP were moderately correlated with increased time 
spent in the outer zone of the OFT (Pearson’s r = 0.524, 
p = 0.0042). In the EPM (Table 7), higher serum levels of 
serotonin were moderately associated with a longer time 
spent in the open arm (rho = 0.421, p = 0.0256). Higher 
levels of serum corticosterone (Spearman’s rho = -0.559, 
p = 0.0020) and AVP (Spearman’s rho = -0.617, p = 0.0005) 
were moderately correlated with less time spent in the 
open arm. On the other hand, higher levels of oxyto-
cin were significantly and strongly correlated with more 
time spent in the open arms (Spearman’s rho = 0.698, 
p = 0.0000).

Analysis of the relationship between isolation housing, 
resident-intruder aggressive behaviour and gene 
expression in specific brain regions
We performed linear regression analyses to explore how 
housing condition and the duration of aggressive behav-
iour prior to sexual aggression influence the expression of 
key neurochemical markers, including CRHR1, HTR1A, 

AVP, OXTR, AVPR1A, and AR, across different brain 
regions: the PFC, HYPO, HIPP, and AMYG. These anal-
yses aimed to elucidate the complex interplay between 
environmental and behavioural factors and their neuro-
biological underpinnings in the context of aggression and 
stress response.

The linear regression analyses assessing the impact of 
isolation vs. group housing condition and the duration of 
aggressive behaviour on the expression of various neuro-
chemical markers revealed notable findings, particularly 

Table 5  Correlations between serum levels of neurochemical 
markers and percentage time spent in aggressive behaviour 
during the SxAT paradigm
Neurochemical marker Correlation coefficient 

(Spearman’s rho)
P-value

Testosterone 0.517 0.0583
Serotonin 0.552 0.0406*
Corticosterone 0.537 0.0478*
Oxytocin -0.810 0.0004 

***
AVP 0.674 0.0082**
CRH -0.207 0.4781
AVP = arginine vasopressin, CRH = corticotropin releasing hormone. *p < 0.05, 
**p < 0.01, *** p < 0.001

Table 6  Correlation between serum levels of neurochemical 
markers and anxiety-like behaviour in the OFT
Neurochem-
ical marker

OFT outer zone time OFT centre zone time
Correlation 
coefficient

P-value Correlation 
coefficient

P-value

Testoster-
one @

-0.157 0.4237 0.126 0.5230

Serotonin # 0.003 0.9871 0.093 0.6393
Corticoste-
rone @

0.369 0.0535 -0.409 0.0305*

Oxytocin @ -0.571 0.0015** 0.630 0.0003***
AVP # 0.524 0.0042** -0.580 0.0012**
CRH @ -0.661 0.0001*** 0.631 0.0003***
#Parametric data report Pearson’s r and @ non-parametric data report 
Spearman’s rho. AVP = arginine vasopressin, CRH = corticotropin-releasing 
hormone. *p < 0.05, **p < 0.01, ***p < 0.001

Table 7  Correlation between serum levels of neurochemical 
markers and anxiety-like behaviour in the EPM
Neurochemical 
marker

Behavioural 
parameter

Correlation 
coefficient 
(Spearman’s 
rho)

P-value

Testosterone EPM % open arm time 0.309 0.1096
Serotonin EPM % open arm time 0.421 0.0256*
Corticosterone EPM % open arm time -0.559 0.0020**
Oxytocin EPM % open arm time 0.698 0.0000***
AVP EPM % open arm time -0.617 0.0005***
CRH EPM % open arm time 0.408 0.0313*
AVP = arginine vasopressin, CRH = corticotropin-releasing hormone. *p < 0.05, 
**p < 0.01, ***p < 0.001
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with AVPR1A expression in the PFC and HIPP (Table 8). 
The model indicated a nominal effect of housing condi-
tion (beta estimate = -2.683, standard error = 1.124, t 
= -2.388, p = 0.0542) and a significant housing condi-
tion x pre-SxAT aggressive behaviour interaction effect 
(beta estimate = 0.019, standard error = 0.006, t = 3.058, 
p = 0.0220), where AVPR1A expression was positively 
associated with aggressive behaviour in the rats exposed 
to social isolation but inversely correlated in group-
housed rats (Fig.  6a). AVPR1A expression in the hip-
pocampus was positively associated with pre-SxAT 
aggressive behaviour (beta estimate = 0.010, standard 
error = 0.004, t = -2.448, p = 0.0499) (Fig. 6b).

Analysis of the relationship between isolation housing, 
sexual aggression and gene expression in specific brain 
regions
We also analysed the relationship between housing 
condition, the duration of sexual aggression behaviour, 
and gene expression levels. The expression of OXTR in 
the hippocampus was significantly associated with the 
interaction between housing condition and the percent-
age of time spent engaged in sexually aggressive behav-
iour (Fig.  7). In GHSM, increased aggression exposure 
was associated with reduced expression (beta estimate 
=-0.522 standard error = 0.193, t = -2.708, p = 0.0352). 
However, the significant interaction (beta esti-
mate = 0.556, standard error = 0.227, t = 2.448, p = 0.0499) 
effect indicated that the negative impact of aggression 
on OXTR expression was offset when combined with the 
isolation housing condition.

Discussion
The study aimed to understand the complex dynamics 
underlying sexual aggression using the SxAT paradigm. 
The study focused on experimentally inducing aggres-
sive behaviour in male rats by disrupting the HPA-axis 
through social isolation [50–52]. The resident intruder 
test was employed to examine the manifestation of 
these behaviours. Subsequently, we assessed whether 
the induced aggressive behaviour translated into sexual 
aggression towards non-receptive females. The SxAT 
was used to understand the dynamics and determinants 
of aggressive behaviours, specifically in the context of 
mating or sexual encounters. It allowed us to observe, 
quantify, and analyse aggressive behaviours displayed 
during unwanted sexual interactions. To uncover the 
neurochemical underpinnings of sexual aggression, the 
study analysed changes in multiple neurotransmitters 
and hormones, including CRH, oxytocin, AVP, serotonin, 
testosterone, and corticosterone. Concurrently, expres-
sion levels of OXTR, CHRH1, 5-HTR1A, AVP1A, and AR, 
were detected and quantified in specific brain regions, 

namely the hypothalamus, prefrontal cortex, hippocam-
pus, and amygdala.

We explored the effects of housing conditions on 
aggressive behaviour in male Wistar rats before expo-
sure to the SxAT. Our findings demonstrated a clear and 
significant increase in aggressive behaviours, such as 
forced mounting, threats, keep down, offensive groom-
ing, and attack durations, among isolated rats compared 
to their group-housed counterparts. These results are 
consistent with previous research indicating that social 
isolation can exacerbate aggressive tendencies in rodents 
[53, 54]. These findings also align with Wongwitdecha & 
Marsden (1996), who observed that social isolation not 
only intensifies aggressive behaviour but also modulates 
the effects of diazepam [55]. The activation of the HPA 
axis in response to social isolation, leading to the release 
of stress hormones and subsequent behavioural adapta-
tions, is suggested to contribute to the neuroendocrine 
basis of aggressive behaviour. The chronic activation 
of the HPA axis and resulting hormonal imbalances are 
implicated in dysregulating emotional states and increas-
ing aggressive tendencies [56, 57]. Our regression analy-
sis of post-SxAT behaviours highlighted the significant 
main effects of housing conditions on “offensive groom-
ing” and “forced mounting” durations, and shorter 
latency to the first attack, indicating that isolation exac-
erbates aggressive responses even post-sexual aggression. 
These findings align with previous research emphasising 
the long-lasting impact of social isolation on aggression 
modulation [58]. These results also support the notion 
that social isolation not only impacts initial aggressive 
behaviours but also influences subsequent interactions, 
potentially through alterations in stress and aggression-
related neurobiological pathways [59–61].

Our resident intruder test findings suggest that social 
isolation plays a pivotal role in shaping aggressive behav-
iour with potential implications for understanding the 
neurobiological mechanisms driving these behaviours. 
Changes in stress-responsive systems and disruptions in 
neurotransmitter pathways could underlie the observed 
behavioural alterations, highlighting the profound impact 
of social experiences on aggression regulation. Our anal-
ysis revealed that serum serotonin, oxytocin and CRH 
exhibited negative correlations with the duration of 
aggressive behaviour in the pre-SxAT resident intruder 
test, with serotonin and oxytocin continuing to show this 
relationship post-SxAT, aligning with previous research 
highlighting their inhibitory effects on aggression [62, 
63]. Conversely, serum corticosterone and AVP showed 
positive correlations with aggression duration, suggesting 
that these markers may facilitate or exacerbate aggres-
sive tendencies. The role of AVP in promoting aggression 
has been well-documented, with AVP acting as a neuro-
modulator in aggression-related brain areas [64, 65]. For 
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Brain region Model coefficients Estimate Standard error t value Pr(>|t|)
CRHR1
PFC Isolated housing condition 1.504 1.314 -1.145 0.2958

Pre-SxAT aggressive behaviour duration -0.002 0.006 -0.248 0.8126
Isolated housing condition x pre-SxAT aggressive behaviour duration -1.436 2.852 -0.503 0.6216

HYPO Isolated housing condition 2.048 3.941 0.520 0.6220
Pre-SxAT aggressive behaviour duration -0.011 0.018 -0.590 0.5770
Isolated housing condition x pre-SxAT aggressive behaviour duration 0.006 0.022 0.251 0.8100

HIPP Isolated housing condition 1.350 1.457 -0.926 0.3900
PreSxAT aggressive behaviour duration -0.002 0.007 -0.294 0.7785
Isolated housing condition x Pre-SxAT aggressive behaviour duration 0.006 0.008 0.741 0.4865

AMYG Isolated housing condition 1.469 1.332 1.103 0.3122
Pre-SxAT aggressive behaviour duration 0.001 0.006 0.231 0.8250
Isolated housing condition x pre-SxAT aggressive behaviour duration -0.006 0.008 -0.800 0.4544

HTR1A
PFC Isolated housing condition -5.172 3.937 -1.314 0.2369

Pre-SxAT aggressive behaviour duration -0.039 0.018 -2.147 0.0754
Isolated housing condition x pre-SxAT aggressive behaviour duration 0.051 0.022 2.300 0.0611

HYPO Isolated housing condition 0.589 1.687 0.349 0.7388
Pre-SxAT aggressive behaviour duration 0.003 0.008 0.419 0.6900
Isolated housing condition x pre-SxAT aggressive behaviour duration -0.004 0.010 -0.424 0.6862

HIPP Isolated housing condition 3.155 4.045 0.780 0.4650
Pre-SxAT aggressive behaviour duration -0.005 0.019 -0.258 0.8050
Isolated housing condition x pre-SxAT aggressive behaviour duration -0.006 0.023 -0.261 0.8030

AMYG Isolated housing condition -2.094 4.276 -0.490 0.6420
Pre-SxAT aggressive behaviour duration -0.003 0.020 -0.156 0.8810
Isolated housing condition x pre-SxAT aggressive behaviour duration 0.010 0.024 0.423 0.6870

OXTR
PFC Isolated housing condition 2.441 4.218 0.579 0.5839

Pre-SxAT aggressive behaviour duration -0.002 0.020 -0.097 0.9259
Isolated housing condition x pre-SxAT aggressive behaviour duration -0.009 0.024 -0.361 0.7305

HYPO Isolated housing condition -1.345 2.115 -0.636 0.5483
Pre-SxAT aggressive behaviour duration -0.003 0.010 -0.332 0.7512
Isolated housing condition x pre-SxAT aggressive behaviour duration 0.006 0.012 0.460 0.6615

HIPP Isolated housing condition -2.881 5.831 -0.494 0.6390
Pre-SxAT aggressive behaviour duration 0.032 0.027 1.173 0.2850
Isolated housing condition x pre-SxAT aggressive behaviour duration -0.018 0.033 -0.548 0.6040

AMYG Isolated housing condition 0.292 2.328 0.125 0.9042
Pre-SxAT aggressive behaviour duration -0.011 0.011 -0.998 0.3570
Isolated housing condition x pre-SxAT aggressive behaviour duration 0.008 0.013 0.639 0.5465

AR
PFC Isolated housing condition 1.019 0.592 1.721 0.1361

Pre-SxAT aggressive behaviour duration -0.004 0.003 -1.410 0.2081
Isolated housing condition x pre-SxAT aggressive behaviour duration 0.000 0.003 0.071 0.9457

HYPO Isolated housing condition 0.115 0.733 0.157 0.8808
Pre-SxAT aggressive behaviour duration 0.005 0.003 1.607 0.1591
Isolated housing condition x pre-SxAT aggressive behaviour duration -0.006 0.004 -1.337 0.2297

HIPP Isolated housing condition -1.650 2.064 -0.800 0.4543
Pre-SxAT aggressive behaviour duration 0.012 0.010 1.234 0.2633
Isolated housing condition x pre-SxAT aggressive behaviour duration -0.006 0.012 -0.475 0.6517

AMYG Isolated housing condition -0.366 1.593 -0.230 0.8261
Pre-SxAT aggressive behaviour duration -0.006 0.007 -0.832 0.4373
Isolated housing condition x pre-SxAT aggressive behaviour duration 0.008 0.009 0.837 0.4348

AVPR1A

Table 8  Impact of housing condition and aggressive behaviour duration on brain neurochemical marker expression
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instance, Ferris et al. (1984) demonstrated that vasopres-
sin injections into the hypothalamus could trigger aggres-
sive behaviours in golden hamsters, marking one of the 
first studies to establish this relationship [66]. Addition-
ally, research by Albers & Ferris (1986) provided further 
evidence for the involvement of vasopressin, along with 
substance P, in the regulation of aggression in golden 
hamsters, highlighting the neurochemical pathways 
implicated in aggressive behaviours [67]. Corticosterone’s 
positive correlation with aggression duration may reflect 
its broader role in stress and arousal, which can underpin 
aggressive behaviours [68, 69].

Our findings are in line with existing research indicat-
ing the modulatory role of serotonin in aggression [70]. 
Aggression levels has been correlated with 5-HT1A 
receptor availability in specific brain regions, including 
the prefrontal and anterior cingulate cortices, with higher 
aggression associated with increased receptor availabil-
ity in these areas. Analysis of aggressive behaviour in 
the post-SxAT resident intruder test further highlights 

the inverse relationship between serotonin and aggres-
sive behaviour duration, aligning with the serotonin 
deficiency hypothesis of aggression [71]. Oxytocin’s nega-
tive correlation with post-SxAT aggressive behaviour 
supports its role in reducing aggression, echoing find-
ings that link oxytocin to prosocial behaviours [72]. The 
strongest positive correlation was observed between AVP 
and aggressive behaviour, with this positive correlation 
continuing in post-SxAT analyses, suggesting a consistent 
influence on aggression. This underscores the potential 
involvement of AVP in regulating aggression [73], with 
this effect potentially occurring via the vasopressinergic 
system’s modulation of social behaviours [74].

In addition to serum markers, we explored how hous-
ing conditions and pre-SxAT aggressive behaviour 
affected key neurochemical markers’ expression in spe-
cific brain regions. AVPR1A expression in the prefrontal 
cortex and hippocampus was significantly influenced by 
the interaction between housing conditions and aggres-
sive behaviour. In the prefrontal cortex, the model 

Fig. 6  AVPR1A expression is influenced by isolation housing and the duration of aggressive behaviour displayed in the pre-SxAT resident intruder test. 
(a) AVPR1A expression in the PFC is nominally associated with isolation housing and significantly associated with the interaction between isolation hous-
ing and aggressive behaviour duration. (b) In the hippocampus, longer pre-SxAT aggression duration was positively associated with AVPR1A expression. 
Graphs display the regression line and 95% confidence interval. N = 5/group. HIPP = hippocampus, PFC = prefrontal cortex

 

Brain region Model coefficients Estimate Standard error t value Pr(>|t|)
PFC Isolated housing condition -2.683 1.124 -2.388 0.0542

Pre-SxAT aggressive behaviour duration -0.007 0.005 -1.263 0.2535
Isolated housing condition x pre-SxAT aggressive behaviour duration 0.019 0.006 3.058 0.0223*

HYPO Isolated housing condition 3.225 2.414 1.336 0.2300
Pre-SxAT aggressive behaviour duration 0.004 0.011 0.364 0.7280
Isolated housing condition x pre-SxAT aggressive behaviour duration -0.012 0.014 -0.840 0.4330

HIPP Isolated housing condition -1.220 0.836 -1.459 0.1948
Pre-SxAT aggressive behaviour duration 0.010 0.004 2.448 0.0499*
Isolated housing condition x pre-SxAT aggressive behaviour duration -0.004 0.005 0.888 0.4087

AMYG Isolated housing condition -1.488 2.066 -0.720 0.4990
Pre-SxAT aggressive behaviour duration -0.002 0.010 -0.186 0.8590
Isolated housing condition x pre-SxAT aggressive behaviour duration 0.008 0.012 0.713 0.5030

Regression analyses assessed the influence of housing in isolation (ISM vs. GHSM, n = 5/group) and post-SxAT aggressive behaviour duration affect gene expression 
(CRHR1, HTR1A, AVP, OXTR, AR and AVPR1A) in four brain regions (PFC, HYPO, HIPP, AMYG) of adult male rats. The estimate, standard error, t-value, and p-value 
are provided, along with symbols indicating statistical significance levels are provided for each coefficient. PFC = prefrontal cortex, HYPO = hypothalamus, 
HIPP = hippocampus, AMYG = amygdala. *p < 0.05

Table 8  (continued) 
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highlighted a notable interaction effect between hous-
ing conditions and aggressive behaviour on AVPR1A 
expression, indicating that social isolation positively cor-
relates with AVPR1A expression, linked to aggressive 
behaviour. This is consistent with findings that suggest 
that social and aggressive behaviours can lead to altera-
tion in AVPR1A levels [75, 76]. AVPR1A plays a role in 
modulating social recognition and memory processes 
[77]. The prefrontal cortex is involved in higher cognitive 
functions, including decision-making and social behav-
iour regulation [78]. AVPR1A receptors in the prefrontal 
cortex influence these functions by affecting the pro-
cessing of social information and the formation of social 
memories [79]. Disruption of these processes could lead 
to alterations in social behaviour, including increased 
aggression. AVPR1A has also been shown to interact 
with other neurotransmitter systems, such as serotonin 
and dopamine, which are known to play roles in regulat-
ing aggression [80]. AVPR1A activation in the PFC may 
enhance dopamine release, which has been implicated in 
promoting aggressive behaviour [81, 82]. The AVPR1A 
receptor may also interact with oxytocin receptors in 
the brain, as both play crucial roles in regulating social 
behaviours and stress responses [83, 84]. This interaction 
may influence the expression of aggressive behaviour, 
with social isolation potentially altering this interaction 
and leading to increased aggression in some individu-
als. A previous study showed a significant correlation 
between AVPR1A expression in the hippocampus and 
aggressive behaviour in mice [75]. The study showed 
that increased AVPR1A expression in the hippocampus 
is associated with heightened aggressive behaviour. The 

hippocampus plays a critical role in memory formation 
and stress responses, and AVPR1A influences these pro-
cesses by modulating the release of vasopressin, a neu-
ropeptide implicated in social behaviour regulation [85]. 
Enhanced AVPR1A expression could lead to increased 
vasopressin signalling, which has been linked to aggres-
sive responses, particularly in stressful or social domi-
nance scenarios. The analysis of the impact of sexual 
aggression on OXTR expression in the hippocampus 
revealed that increased aggression exposure is linked to 
reduced OXTR expression in group-housed rats. This 
effect was offset in isolated rats, suggesting a protective 
or compensatory mechanism elicited by oxytocin in the 
context of social isolation. This is in line with research 
indicating oxytocin’s role in promoting social bonding 
and mitigating stress responses [86–88], emphasising its 
potential as a modulator of aggression and social interac-
tion in adverse environments.

With respect to sexual aggression, we also found effects 
of housing condition on behaviour. Rats housed in isola-
tion also spent more time engaged in offensive grooming 
and threat behaviour in the SxAT compared to group-
housed rats, supporting the value of this animal model 
of sexual aggression. We found significant correlations 
between serum levels of certain neurochemicals and the 
percentage of time spent in aggressive behaviour dur-
ing the SxAT, supporting the role of these neurochemi-
cals in modulating sexual aggression. Consistent with 
the resident intruder aggression findings, AVP and cor-
ticosterone both showed significant positive correlations 
with aggression during a sexually aggressive encoun-
ter. Research has consistently shown that AVP plays 

Fig. 7  Impact of housing condition and sexual aggression behaviour duration on OXTR expression in the hippocampus. In GHSM rats, increased ag-
gression exposure was associated with reduced OXTR expression compared to ISM rats (n = 5/group). The interaction of housing and sexual aggression 
duration significantly modulated OXTR levels. Graphs display the regression line and 95% confidence interval. HIPP = hippocampus
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a significant role in modulating aggressive behaviour, 
particularly in sexual and territorial contexts. In animal 
studies, AVP has been found to increase aggression in 
sexually naive male hamsters and male squirrel monkeys, 
especially when normal olfactory cues are disrupted, sug-
gesting its involvement in sexual competition and mating 
behaviour [14, 89]. Additionally, in monogamous rodents, 
AVP in the ventral tegmental area has been linked to 
heightened aggression related to mating and territorial 
defence [90]. Human studies further support this, show-
ing that higher cerebrospinal fluid levels of AVP correlate 
with increased aggression in individuals with personality 
disorders, highlighting AVP’s broader role in aggressive 
behaviours [91]. Elevated corticosterone levels have been 
linked to increased aggression in male rodents, especially 
following social defeat and under stress, suggesting a key 
role for this hormone in sexual aggression [92]. Corti-
costerone influences brain regions such as the amyg-
dala and hypothalamus, which are critical for aggressive 
behaviours, as discussed in comprehensive reviews of the 
HPA axis’s involvement in aggression [93, 94]. Moreover, 
corticosterone’s role in enhancing sexual aggression, par-
ticularly under stress or competitive conditions, has been 
further supported by studies on sexual motivation and 
behaviour [95, 96]. Combined, these results indicate that 
both AVP and corticosterone are implicated in aggressive 
behaviour more broadly, and, of relevance to this study, 
in sexually aggressive behaviour.

The significant negative correlations observed for 
serotonin and oxytocin in the SxAT suggest that these 
neurochemicals may serve as inhibitory modulators of 
sexual aggression and are in accordance with the inverse 
correlations with aggressive behaviour observed in the 
resident intruder test. Previous findings have shown 
that serotonin plays a critical inhibitory role in aggres-
sive behaviour, including sexual aggression. Studies have 
demonstrated that serotonin, particularly through its 
action in brain areas like the hypothalamus and prefron-
tal cortex, generally suppresses aggression [74]. In animal 
models, elevated serotonin levels are linked to reduced 
aggression, while lower serotonin levels, often influenced 
by genetic factors such as the MAO-A gene, are associ-
ated with increased aggression [97]. The modulation of 
aggression through specific serotonin receptors (5-HT1A 
and 5-HT1B) further supports its inhibitory function in 
both animals and humans [98]. Additionally, lower levels 
of serotonin metabolites in cerebrospinal fluid have been 
correlated with higher rates of aggressive behaviours 
in nonhuman primates, reinforcing serotonin’s role as a 
key regulator of aggression [99]. Studies in male rats and 
prairie voles have demonstrated that oxytocin reduces 
aggressive behaviour, particularly following sexual expe-
riences, by enhancing anti-aggressive and social bonding 
behaviours [100]. In humans, oxytocin has been found to 

reduce aggressive responses, especially in social or sexual 
conflict situations [101]. However, in individuals with 
high trait aggression, oxytocin can paradoxically increase 
tendencies toward intimate partner violence, suggesting a 
complex and context-dependent role of oxytocin in mod-
ulating aggression [20].

In our study on anxiety-like behaviour in rats post-
SxAT, we observed notable differences influenced by 
their housing conditions. Isolated rats showed less fre-
quent rearing in the OFT, suggesting heightened anxiety, 
as rearing is typically associated with a sense of security 
[102]. This behaviour aligns with previous findings that 
prolonged isolation can increase anxiety in rodents [103, 
104]. Additionally, these isolated rats spent more time 
rearing, potentially indicating increased anxiety due to 
the absence of social buffering available to group-housed 
rats. In the EPM, group-housed rats showed significantly 
higher frequency of entries to the open arms and spent 
more time in the open arms compared to their isolated 
counterparts. These findings align with established lit-
erature where increased time and frequency in the open 
arms of the EPM are indicative of reduced anxiety levels 
[105]. These results highlight how isolation can exac-
erbate anxiety-like behaviours in rats, evident from the 
increased rearing time and decreased open arm time 
in the OFT and EPM, respectively. On the other hand, 
group housing seemed to mitigate anxiety, as indicated 
by the increased open arm frequency in the EPM. These 
findings are consistent with broader research suggest-
ing that social isolation can significantly impact mental 
health, particularly by increasing anxiety and stress [106, 
107].

Our findings also highlight significant correlations 
between serum neurochemical markers and behaviours 
in both the OFT and EPM. Notably, oxytocin showed 
a robust negative correlation with anxiety-like behav-
iours, underscoring its anxiolytic properties and role in 
promoting social and exploratory behaviours [72]. This 
is complemented by the negative correlations between 
serotonin and anxiety-like behaviours, reinforcing sero-
tonin’s role in anxiety regulation [108, 109]. The positive 
correlation between AVP and anxiety-like behaviours 
in the OFT, coupled with its positive correlation with 
aggression, paints a picture of AVP as a potential mod-
ulator of stress-related behaviours, influencing both 
aggression and anxiety [110, 111]. Corticosterone’s posi-
tive correlation with anxiety-like behaviours in the EPM 
further supports its role in stress responses and anxi-
ety [112, 113]. These findings collectively illuminate the 
complex neurochemical landscape underlying aggres-
sion and anxiety-like behaviours. The modulatory roles 
of serotonin and oxytocin, in particular, suggest potential 
therapeutic targets for mitigating aggression and anxiety, 
emphasising the importance of neurochemical balance 
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in behavioural regulation. Furthermore, the differential 
effects of AVP and corticosterone on both aggression and 
anxiety-like behaviours highlight the nuanced and con-
text-dependent roles these markers play in modulating 
behavioural responses.

Limitations
There are several limitations in our study to that pre-
vent a fully comprehensive understanding of our find-
ings. First, the direct association between our rat model 
and human sexual aggression requires careful consider-
ation. While animal models are invaluable for elucidating 
the neurobiological mechanisms underlying aggression, 
human sexual aggression is a multifaceted phenomenon 
influenced by a wide range of psychological, social, and 
biological factors. Therefore, our study refrains from 
making definitive statements about the direct applicabil-
ity of our findings to human sexual aggression. Instead, 
we present this as a potential area for further exploration, 
ensuring that our study is framed within the appropriate 
context of animal behaviour research. Our model cap-
tures specific aspects of aggressive behaviour, and given 
this limitation, cannot be overgeneralised as absolutely 
applicable to humans.

We also acknowledge that the validity and reliability 
of correlations drawn from a relatively small sample size 
(n = 5), may be a concern. While this sample size is con-
sistent with several recent studies in the field [114–117], 
larger sample sizes would provide more robust data and 
we suggest that our analyses are repeated in future stud-
ies to confirm the validity of these findings.

It would be optimal to measure the levels of OXT and 
AVP in the brain to draw a more direct association with 
behavioural changes. However, peripheral levels of these 
neuropeptides can reflect central neurochemical activity 
relevant to behavioural studies and recent studies have 
demonstrated correlations between peripheral measure-
ments of these neuropeptides and behavioural outcomes 
[118–121].

Finally, our characterisation of the behavioural pheno-
type of these animals is incomplete. More insight into 
appetitive sexual activity, as well as a more comprehen-
sive assessment of whether the aggression displayed is 
defensive, offensive or injurious is required. Such experi-
ments could also allow for more nuanced interpretations 
of the neurochemical data.

Conclusion
The study demonstrated that social isolation exacerbates 
sexually aggressive behaviours in male Wistar rats influ-
enced by stress. Additionally, the study highlighted signif-
icant correlations between neurochemical markers and 
behaviours. Notably, oxytocin and serotonin exhibited 
negative correlations with aggression and anxiety-like 

behaviours, suggesting their potential roles in mitigat-
ing these responses. Conversely, AVP’s positive correla-
tion with both aggression and anxiety-like behaviours 
underscores its modulatory role in stress-related behav-
iours. Social isolation was found to exacerbate aggressive 
behaviours and alter neurochemical marker expressions, 
specifically increasing AVPR1A expression in the pre-
frontal cortex and hippocampus, which correlated with 
heightened aggression. This aligns with prior research 
suggesting social isolation impacts aggression and stress 
responses. We observed reduced OXTR expression in 
the hippocampus with increased aggression exposure, 
highlighting the complex interplay between social experi-
ences and neurobiology in aggression modulation.
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