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The oxytocin system mediates behavioral and neurobiological
alterations associated with early adversity
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Early life adversities (ELA) can significantly impact brain development and adult behavior, potentially increasing vulnerability to
psychopathologies. Evidence shows that ELA exposure is significantly associated with dysfunctional Oxytocin (OXT), a neuropeptide
strongly engaged in social behavior and linked to the processing of rewarding stimuli, such as drugs of abuse. Moreover, it has
been recently demonstrated that peripheral OXT may be transported to the brain through several mechanisms, including Receptors
for Advanced Glycation End-Products (RAGE), and the RAGE-mediated OXT transport has been shown to play a key critical role in
mediating some aspects of social behavior, such as social bonding. However, how OXT system alterations induced by ELA could
increase vulnerability to psychopathologies is still under investigation. To investigate this link, we exploit our model of early
adversity (Repeated Cross-Fostering, RCF), known to increase the sensitivity to cocaine effects in adult C57BL/6 J (C57) female mice
acting on the dopaminergic mesocorticolimbic system. Here, we show that in C57 females, RCF manipulation also impairs social
recognition and impacts the OXT system by altering i) OXT levels in the brain and plasma; ii) the expression of RAGE; and iii) the
expression of OXT receptor (OxtR). Notably, early restoring brain and plasmatic OXT levels via subcutaneous OXT injection during
RCF manipulation counteracts the RCF-induced neurobiological alterations of the OXT system and prevents short and long-lasting
behavioral alterations. These findings shed light on the mechanisms by which the oxytocinergic system mediates the long-term
effects of early-life adversities on drug addiction vulnerability and social behavior.
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INTRODUCTION
The experience of adversities in early life disrupts normal brain
development, possibly inducing detrimental effects on individuals as
increasing vulnerability to psychopathology across the lifespan.
Clinical and preclinical evidence shows that the experience of early
life adversity (ELA) is associated with altered social behavior, increased
vulnerability to drug abuse, and impaired emotionality. Specifically,
several studies have found a connection between retrospectively
documented childhood stress and drug dependence in later life [1–6].
Interestingly, childhood trauma has been reported to increase the
likelihood of cocaine relapse and drug use escalation, particularly in
women [7], thus suggesting that womenmight bemore vulnerable to
ELA effects on cocaine sensitivity [7–9]. According to clinical reports,
animal models show a strong association between ELA and
vulnerability to addiction-like behaviors in adulthood [10–17], with
females showing enhanced susceptibility compared to males,
especially to cocaine effects [18–20]. Furthermore, ELA exposure has
also been reported to compromise adequate social behavior,

impairing social motivation and social recognition [21–24]. In this
scenario, early life events involving adverse social experiences with
the primary caregivers may alter the brain capacity to correctly
process social and rewarding stimuli.
Despite extensive descriptions of the behavioral consequences of

ELA (e.g. social impairments and increased substance abuse risk),
the underlying neurobiological mechanisms remain largely unclear.
The neuropeptide oxytocin (OXT) is a key regulator of all aspects of
social behavior, including social bonds [25–28], and clinical and
preclinical studies have shown the negative impact of ELA on the
OXT system [29]. Moreover, numerous clinical studies reported
endogenous OXT levels positively associated with secure attach-
ment and inversely related to insecure attachment in adults [30–32]
suggesting the involvement of OXT in attachment bond formation
in humans. Interestingly, a dysregulated OXT system has been
linked not only to social deficits [33–35] but also to greater
susceptibility to developing drug addiction [36, 37]. Accordingly,
exogenous OXT in humans has been reported to induce positive
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behavioral effects in some social deficit-related psychiatric dis-
orders, such as autism and schizophrenia [38–41], and to mitigate
the adverse effects of drugs of abuse, including cocaine [37, 42–45].
OXT, produced by oxytocinergic neurons in the supraoptic

nucleus (SON) and paraventricular nucleus (PVN) of the hypotha-
lamus, is released both in the brain and periphery [25]. It has been
recently demonstrated that peripheral OXT is able to induce
central effects acting through multiple, interacting mechanisms,
including the receptor for advanced glycation end-products
(RAGE) [46, 47]. Notably, the RAGE-mediated OXT transport has
been shown to be critical for its behavioral effects related to social
bonding [46]. OXT neurons in the PVN project widely to the brain,
also sending projections to the main areas of the reward circuit,
such as Nucleus Accumbens (NAc), Ventral Tegmental Area (VTA)
[48–50] and preFrontal Cortex (pFC) [51], thus indicating OXT as a
possible mediator linking ELA effects with response to reinforcing
stimuli (e.g., drugs of abuse and social stimuli). However, it is
noteworthy that only a few studies have directly demonstrated
the relationship between ELA, OXT, and susceptibility to drugs of
abuse [37, 52], whilst no studies have examined, to date, if and
how altered OXT function within the mesocorticolimbic system
induced by ELA can affect response to cocaine and sociability in
adulthood. Similarly, to our knowledge, the involvement of the
RAGE in ELA-induced alterations of the OXT system and behavioral
consequences has never been investigated.
We exploited our model of ELA, the Repeated Cross Fostering

(RCF) procedure, to specifically investigate this point. We have
previously demonstrated that RCF i) alters the attachment bond
between dam and pups [20, 53–55], ii) increases behavioral
response to cocaine in adult female C57BL/6 J (C57) mice; iii)
affects dopaminergic (DA) mesocorticolimbic release induced by
cocaine and stress exposure [56, 57], and iv) alters the cellular
neurophysiology of the VTA inducing a long-lasting reduction of
the Ih current in DA neurons [58].
Here, we extend our findings and disclose the mediating role of

OXT in these effects. First, we explore the effect of RCF on the
brain and peripheral OXT system. Next, we evaluate the effect of
an early OXT treatment on RCF-induced behavioral and neuro-
biological alterations.

MATERIALS AND METHODS
For detailed methods, see the Supplementary Information (SI).

Animals
C57BL/6 J mice were used for all experiments. All procedures were carried
out in accordance with Italian national laws (DL 116/92 and DL 26/2014)
regulating the use of animals for scientific purposes, and in compliance
with European Communities Council Directives (86/609/EEC and 2010/63/
EU). The experimental protocols (numbers 769/2017 and 901/2023) were
approved by the Italian Ministry of Health. Adequate measures were taken
to minimize animal pain and discomfort.

Repeated Cross-Fostering (RCF) Procedure
RCF was performed as previously described [53–58]. On postnatal day 0
(PND0), C57 pups were housed with their biological mothers. From PND1
to PND4, RCF pups were daily fostered by transferring the entire litter to a
different adoptive mother. After PND4, pups remained with the last
adoptive mother until weaning.

Early OXT Pharmacological Treatment
During the RCF manipulation (PND1–PND4), RCF pups received subcuta-
neous injections (20 μL) of either isotonic saline (RCF-Sal) or oxytocin
(50 ng dissolved in 20 μL isotonic saline) (RCF-Oxt).

Ultrasonic Vocalization Calls (USVs)
Separation-induced ultrasonic vocalizations (USVs), an indicator of separa-
tion anxiety, were measured on PND8. Pups were individually exposed to

either home-cage bedding material or clean bedding, and USVs were
recorded, as previously described [20, 55].

Adult behavioral tests
Conditioned Place Preference (CPP) experiments were conducted using a
place-conditioning apparatus to assess cocaine (2.5 mg/kg)-induced
preference, following previously established protocols [57]. For experi-
ments involving Ih current inhibition, animals received bilateral intra-VTA
injections of the Ih channel blocker ZD7288 (ZD) or vehicle and were
tested 24 hours post-surgery.
The Three-Chamber Test (TCT) was performed to assess social

preference and social recognition. During the first session (10min; social
preference phase), an age- and sex-matched mouse was placed into one
cylinder (social stimulus), and a neutral object into the other [20]. In the
second session (10 min; social recognition phase), the object was replaced
with a novel mouse [59]. Scoring was conducted following established
protocols [20, 59]. Open Field Test (OF) and Elevated Plus Maze (EPM) were
performed as previously reported [20].
Brain and plasma collection, and Microdissection of brain punches

are described in Supplementary Methods.

Enzyme-linked immunosorbent assay (ELISA)
Total protein was extracted from plasma and brain samples using C18 Spin
Columns and quantified via ELISA (Enzo Lifesciences kit) according to the
manufacturer’s instructions. Samples were stored at –20 °C prior to
analysis.

Western blot
NAc tissues were homogenized in ice-cold RIPA buffer containing protease
and phosphatase inhibitors. After centrifugation, protein concentration
was determined using Bradford’s assay. Proteins were analyzed by SDS-
PAGE and Western blotting using antibodies against oxytocin-neurophysin
1 and beta-tubulin 2, followed by horseradish peroxidase-conjugated
secondary antibodies.

Quantitative real-time PCR (qRT-PCR)
OXT receptor (OxtR) mRNA levels were assessed in brain hemispheres from
PND5 pups and brain punches from the pFC, NAc, PVN, and VTA from adult
mice; vasopressin receptor 1a (V1aR) receptor was also assessed in NAc
punches. RNA was extracted using the Total RNA Purification Plus Kit, and
cDNA was synthesized using the High-Capacity Reverse Transcription Kit.
qRT-PCR was performed using TaqMan assays, with all samples run in
triplicate.

Multiplex RNAscope
Coronal brain sections (20 μm) were prepared and processed for RNAscope
Multiplex Fluorescent in situ Hybridization using TSAVivid™ fluorophores
[60]. Probes targeting OxtR (Mm-Oxtr-C3), D1R (Mm-Drd1-C2), and D2R
(Mm-Drd2-C1) were used. Quantification of OxtR-mRNA expression in D1R
+ and D2R+ neurons of the dorso-medial and dorso-lateral NAc shell was
performed.

Immunohistochemistry
Animals were perfused transcardially, and brains were sectioned into 30
μm slices. Sections were incubated with anti-oxytocin-neurophysin 1
antibody and visualized using the avidin-biotin-peroxidase method. OXT-
positive neurons in the PVN were counted under a light microscope.

Immunophenotyping and RAGE Expression by High-
Dimensional Flow Cytometry
The pFC was isolated post-perfusion and dissociated into single-cell
suspensions using a brain dissociation kit and GentleMACS dissociator.
High-dimensional flow cytometry was used to assess resident and
infiltrating cell types and RAGE expression [61].

Electrophysiology
Horizontal midbrain slices (250 μm thick) containing the VTA were
prepared from adult females. After transcardial perfusion with NMDG-
based slicing solution, slices were incubated in oxygenated aCSF and
allowed to recover. Whole-cell patch-clamp recordings were conducted on
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visually identified VTA dopaminergic neurons using K-gluconate-based
intracellular solution [58, 62].

Statistics
Statistical analyses were performed using Super ANOVA Statistical
Software or Prism 9 (GraphPad). Data normality was assessed using the
Shapiro-Wilk or D’Agostino & Pearson omnibus normality tests. Depending
on data distribution, Student’s t-test (with Welch’s correction when
needed), one-way or two-way ANOVA, repeated measures ANOVA,
Mann–Whitney U test, Friedman test, or Kruskal-Wallis with Dunn’s post
hoc test were used. Significance was set at p < 0.05.

RESULTS
RCF increases separation anxiety in pups and induces
opposite OXT alterations in the brain and plasma
First, we evaluated attachment behavior in pups by measuring
USVs following separation (Supplementary Fig. 1A). Consistent
with previous reports [20, 55], RCF manipulation induced
separation anxiety, with RCF pups emitting a similar number of
USVs in home-cage versus clean bedding conditions (t= 0.354;
p= 0.7306; Supplementary Fig. 1B). Importantly, no significant
differences were observed in maternal behavior or pup retrieval
between control (Cont) and RCF dams (Supplementary Table 1;
Supplementary Fig. 1C–I). Next, we investigated whether RCF
affected central and peripheral OXT levels (Fig. 1A). RCF induced
opposite effects: OXT levels were reduced in the brain but
increased in plasma compared to Cont pups (Brain OXT: t= 2.513;
p= 0.036; Plasma OXT: t= 3.394; p= 0.0079; Fig. 1B,C). No
significant differences in brain OxtR mRNA expression were
detected in pups (Fig. 1D).
To assess whether these alterations persisted into adulthood

(PND90), we measured OXT levels in plasma and selected brain
regions of the mesocorticolimbic system (NAc, pFC, VTA, and PVN).
We also assessed the number of OXT-positive neurons in the PVN.
In adult females, elevated plasma OXT levels persisted (t= 2.186;
p= 0.0493; Fig. 1E), and brain OXT levels were selectively reduced
in the NAc (t= 3.006; p= 0.022; Fig. 1F) with no effect in the other
brain regions (Fig.1G-I). Western blot analysis confirmed reduced
OXT levels in the NAc (t= 5.71; p= 0.0002; Fig. 1J). To start
investigating the OXT system’s functionality in RCF mice, we
performed a preliminary experiment by measuring cocaine-
induced (i.p.; 2.5 mg/kg) OXT release in the NAc using in vivo
intracerebral microdialysis coupled with ELISA. Basal OXT levels
did not differ between RCF and Cont mice (t= 0.8276; P= 0.4293);
however, cocaine induced a significant OXT increase only in Cont
mice (percentage change relative to respective baseline levels
(t= 2.445; p > 0.040); Supplementary Fig. 2B). No significant
difference was observed in the number of OXT-positive neurons
in the PVN (Fig. 1K).
Altogether, these findings indicate that RCF induces opposite

alterations in brain and plasma OXT levels early in life, with
persistent effects specifically in the NAc into adulthood.

RCF alters RAGE expression in specific cell types of the pFC
Given the mismatch between unchanged OXT cell numbers and
altered OXT levels, we explored whether RCF influenced RAGE
expression, a key mediator of peripheral-to-central OXT transport
through the BBB [47], in the pFC, as this is one of the best-
vascularized areas in the mouse brain [63, 64] and shows
bidirectional connections with the NAc [65](Fig. 2A). First, we
assessed the expression of RAGE in distinct cellular subtypes of
the pFC from Cont mice by means of high- dimensional flow
cytometry (see Supplementary Methods for details; Fig. 2B,C).
One-way ANOVA showed significantly different expression of
RAGE between cell subtypes (F(7, 40)= 26.88; p < 0.0001) in the
Cont group, with non-myeloid leukocytes (p < 0.0001) and
endothelial cells showing the most robust expression (p < 0.05)

(Fig. 2C). We then compared RAGE expression in these cell types in
RCF vs. Cont mice (Supplementary Fig. 3A-E) and found a
significant reduction of RAGE in astrocytes (t= 2.74; p= 0.02;
Fig. 2D), non-myeloid leukocytes (t= 2,23; p= 0.049; Fig. 2E),
oligodendrocytes (t= 2.74; p= 0.02; Fig. 2F).

RCF affects OXT receptor expression in the NAc shell
Given the reduced OXT levels and cocaine-induced release
observed in the NAc of adult RCF mice, we investigated whether
RCF altered OxtR expression in this brain region (Fig. 3A). The NAc
is at the interface between the social and reward networks,
integrating multiple signals to regulate social bonding and
reward-related behaviors and, interestingly, altered NAc OxtR
expression is linked to changes in sociability and drug cue
response [66–73].qRT-PCR on NAc punches showed increased
OxtR expression in RCF mice (U= 3; p= 0.0082; Fig. 3B), with no
significant differences in the other brain area (Supplementary
Fig. 3F-H). Moreover, given the structural and functional similarity
between OxtR and V1aR, together with the known cross-reactivity
of OXT vasopressin receptor V1aR, we also analyzed V1aR
expression in the NAc. No significant difference was observed in
V1aR between RCF and Cont group (t= 0.1214; p= 0.906;
Supplementary Fig. 4A).
To further characterize the increased expression of the OxtR, we

performed RNAscope Multiplex Fluorescent Assay (RNAscope ISH).
Firstly, we observed that OxtRs were mainly expressed on GABAergic
neurons of the NAc (Supplementary Fig. 4B). Further, our analysis
showed that the expression of OxtR was higher in RCF mice than
Cont (t= 4.079; p= 0.0065) (Fig. 3C, D), thus confirming qRT-PCR
results. The increased OxtR expression in RCF mice was evident in
both medium spiny neurons (MSNs)-D1+ (t= 5.297; p= 0.0018) and
MSNs-D2+ (t= 3.215; p= 0.018) subtypes (Fig. 3E-G).
Notably, this upregulation was regionally restricted to the

medial shell of the NAc (NAcMed) for both MSN subtypes (MSNs-
D1 + : t= 3.73; p= 0.0097; MSNs-D2 + : t= 3.315; p= 0.016;
Fig. 3H–M).
Together, these findings demonstrate that RCF selectively

enhances OxtR expression within MSNs of the NAcMed, suggest-
ing a region- and cell type-specific adaptation of the oxytocinergic
system in response to early-life adversity.

OXT treatment during RCF rescues the behavioral and
neurobiological deficits in pups
To determine whether OXT system alterations contribute causally
to the behavioral phenotype, we administered subcutaneous OXT
injections to RCF pups during the RCF period (Fig. 4A). Impor-
tantly, early OXT treatment did not alter maternal behavior
(Supplementary Fig. 5B–H).
At PND8, separation-induced USVs revealed that RCF-Sal pups

showed no significant difference between clean bedding and
home-cage bedding exposures (t= 0.691; p= 0.504), indicative of
disrupted attachment behavior. Conversely, RCF-Oxt pups emitted
significantly more USVs when exposed to clean bedding
compared to home-cage bedding (t= 3.314; p= 0.0158; Fig. 4B),
resembling Cont pups.
Measurement of OXT levels at PND5 revealed that early OXT

treatment increased both brain (t= 6.719; p= 0.0001; Fig. 4C) and
plasma (t= 3.264; p= 0.01; Fig. 4D) OXT levels.
Thus, early OXT treatment restored both OXT levels and

separation behavior in RCF pups.

Early OXT treatment during RCF restores OXT levels, OxtR and
RAGE expression in adulthood
As we observed that the RCF-dependent alteration of the OXT
system persisted from early stages well into adulthood, we asked
whether the rescue effects exerted by exogenous OXT during
post-natal life persisted along development (Fig. 5A). We thus
performed Western Blot (WB) analysis on NAc punches and indeed
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found increased OXT levels in the NAc of RCF-Oxt mice compared
to RCF-Sal mice (U= 5; p= 0.048; Fig. 5B). Likewise, we found that
OXT plasmatic levels were reduced in adult RCF-Oxt compared to
RCF-Sal females (t= 2.516; p= 0.03; Fig. 5C).
We then investigated the effect of early OXT treatment on OxtR

in the NAc. Both qRT-PCR (t= 2.734; p= 0.011; Fig. 5D) and

RNAscope (t= 11.23; p < 0.0001; Fig. 5E,F) techniques showed
reduced expression of OxtR mRNA levels in RCF-Oxt mice
compared to RCF-Sal mice. Also, focusing on the two MSNs
subtypes in the NAc, we found that OXT treatment reduced OxtR
expression selectively in MSN-D1R+ neurons (t= 20.35; p < 0.0001;
Fig. 5G), located in both the medial and the lateral NAc shell
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(NacMed: t= 11.91; p < 0.0001; NacLat: t= 19.74; p < 0.0001;
Fig. 5H-K), with a non-significant trend on MSN-D2R+ (across the
medio-lateral gradient; Supplementary Fig. 4C). Last, to confirm
the involvement of RAGE in RCF-induced alterations, we analysed
the RAGE expression in the cellular subtypes where alterations
were observed in RCF mice (i.e. astrocytes, oligodendrocytes, and
non-myeloid leukocytes). Notably, RCF-Oxt mice showed
increased RAGE expression in astrocytes (t= 2.37; p= 0.042)

(Fig. 5L), non-myeloid leukocytes (t= 4.869; p= 0.0007; Fig. 5M),
and oligodendrocytes (t= 2.82; p= 0.018; Fig. 5N), compared to
RCF-Sal mice.

Early OXT treatment during RCF restores vulnerability to
cocaine effects and social behavior in adulthood
Since exogenous OXT administration effectively reversed neuro-
biological and behavioral alterations induced by RCF in pups, as

Fig. 2 RCF reduces RAGE expression in pFC specific cellular populations. (A) Experimental Timeline: RAGE expression was evaluated in pFC
of adult female mice using High-dimensional flow cytometry. (B) The gating strategy was used to identify the different resident and infiltrated
cell populations within the pFC. (C) Distribution of RAGE expression across different cell types in the pFC of Cont mice by High-dimensional
Flow Cytometry (n= 6). RAGE expression between Cont and RCF mice in astrocytes (D), non mieloyd leukocytes (E), and oligodendrocytes (F).
Data are presented as mean ± SEM. *P < 0.05, ***P < 0.001.

Fig. 1 RCF affects central and peripheral OXT levels. (A) Experimental Timeline: Brain OxtR expression and brain and plasma OXT levels were
assessed 24 h after the end of the RCF procedure (PND5) and in Cont pups; OXT levels in plasma and across brain areas (NAc, pFC, VTA, and PVN),
and the number of OXT-positive cells in PVN were evaluated in adulthood (PND90). (B) OXT levels in the brain and (C) plasma of RCF and Cont
groups (Brain: Cont group = 5; RCF group = 5; Plasma: Cont group = 5; RCF group = 6); (D) OxtR expression in the whole brain of RCF and Cont
pups (PND5) (Cont group = 5; RCF group = 5). (E) Plasma OXT levels in adult (PND90) RCF and Cont groups (Cont group = 7; RCF group = 6); (F)
OXT levels in the NAc of RCF and Cont groups (Cont group= 7; RCF group= 5); (G) OXT levels in the pFC of RCF and Cont mice, (H) OXT levels in
the VTA of RCF and Cont mice (I) OXT levels in the PVN of RCF and Cont mice (Cont group= 6; RCF group= 6). (J) OXT levels in the NAc evaluated
byWB in RCF and Cont groups (Cont group= 11; RCF group= 11); (K) Left panel: Representative coronal brain sections of the PVN immunostained
with OXT primary antibody showing the OXT+ neurons of Cont and RCF mice; Right panel: number of OXT+ neurons in the PVN of Cont and RCF
groups (N= 5 animals per group, 10 sections/animal). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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well as neurobiological changes in adulthood, we next assessed
whether these rescue effects extended to behavioral outcomes in
adult RCF females. We thus tested adult OXT-treated RCF females
(PND90) in the Conditioned Place Preference test (CPP) (Fig. 6A)
using a subthreshold dose of cocaine (2.5 mg/kg), known to be
effective in C57 RCF females [57]. Repeated measure (RM) Two-
way ANOVA for CPP data showed an interaction between
treatment (RCF-Oxt, RCF-Sal) and pairing (Paired, Unpaired)
(F(1,14)= 5.832; p= 0.03). The following post-hoc analysis showed

that whilst RCF-Sal mice showed a significant preference for the
chamber associated with cocaine (p= 0.037), as previously
reported for C57 RCF females [57], RCF-Oxt mice did not show a
significant preference for the cocaine-paired chamber (Fig. 6B).
Taken together, these results confirmed that early treatment with
OXT successfully reversed the typical behavioral alterations
observed in female RCF mice [57]. Finally, we tested RCF, Cont,
RCF-Oxt, and RCF-Sal mice in the Three Chamber Test (TCT;
Fig. 6A) to assess social preference and recognition. As previously
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reported [20], RCF mice showed no social preference deficit
(Fig. 6C). However, in the last session of TCT we found a significant
difference between RCF and Cont in the time spent interacting
with the familiar or the novel subject (χ²(1)= 11.74, p= 0.0083):
whilst Cont mice spent more time interacting with the new
subject compared to the old one (p= 0.0056), RCF mice showed
no significant preference, manifesting a deficit in social recogni-
tion (Fig. 6D). When analysing results for treated mice, whilst there
was no significant difference in social preference between RCF-Oxt

and RCF-Sal (Fig. 6E), the RM two way-ANOVA revealed a
significant treatment x stimulus (familiar, novel) interaction in
the last session of the TCT (F(1,9)= 9.33; p= 0.013): RCF-Sal mice
behaved like RCF (not showing social recognition), and instead
RCF-Oxt mice showed social recognition, spending more time
interacting with the new subject compared to the old one
(p= 0.0035) (Fig. 6F), similar to the Cont group. Finally, no
significant difference was observed between the RCF-Oxt and
RCF-Sal groups in EPM (t= 0.95; p= 0.35; Supplementary Fig. 5I)

Fig. 4 Impact of OXT treatment during RCF on developmental behavioral deficits and OXT system in pups. (A) Experimental Timeline: RCF
pups were subcutaneously treated with OXT (RCF-Oxt) or saline (RCF-Sal) during the RCF procedure (PND1-PND4); plasma and brain OXT levels
were analysed at PND5, and behavioral tests (USVs) were performed at PND8. (B) Number of USVs emitted by RCF-Sal and RCF-Oxt pups when
exposed to the home- and clean-cage bedding (RCF-Sal group= 6 per condition; RCF-Oxt= 6 per condition). (C) Brain andDplasma OXT levels in
RCF-Sal and RCF-Oxt mice (RCF-Sal group = 5; RCF-Oxt= 5). *P < 0.05, ***P < 0.001. The timeline in Fig. 4a shows a blank box shape (close to the
USVs illustration). Fig. 4b has misaligned lines. The solid and dotted lines in the middle of the plot should be on top of each other.

Fig. 3 RCF alters OxtR expression in NAc. (A) Experimental Timeline: OxtR expression was evaluated in NAc of Cont and RCF adult mice. (B)
OxtR expression was evaluated by qRT-PCR in the NAc of Cont and RCF groups (Cont group = 8; RCF group = 7). (C) Representative images of
OxtR RNAscope ISH performed on coronal brain sections at the level of the NAc; scale bar: 50 μm. High-magnification of representative images
of OxtR RNAscope ISH (red) combined with NeuN-immunofluorescence (green) showing the OxtR expression in neurons (right column); scale
bar: 15 μm. (D) Histograms showing the OxtR-RNA signal measured as optical density (O.D.) in the NAc shell of Cont and RCF groups (N= 4
animals per group, 4 sections/animal). (E) Low-magnification of representative images of multiplex RNAscope ISH for OXTR (red) and D1R
(green) and merged signal in the NAc shell medium spiny neurons. Scale bar: 25 μm. (F) Low-magnification of representative images of
multiplex RNAscope ISH for OxtR (red) and D2R (gray) and merged signal in the NAc shell medium spiny neurons. Scale bar: 25 μm. G OxtR-
RNA signal measured as optical density (O.D.) in the NAc shell D1R+ and D2R+ neurons of Cont and RCF groups (N= 4 animals per group,
4 sections/animal). (H) Low-magnification of representative images of multiplex RNAscope ISH for OxtR (red) and D1R (green) and merged
signal in the medium spiny neurons of the dorso-medial portion of the NAc shell. Scale bar: 25 μm. (I) Low-magnification of representative
images of multiplex RNAscope ISH for OxtR (red) and D1R (green) and merged signal in the medium spiny neurons of the dorso-lateral portion
of the NAc shell. Scale bar: 25 μm. (J) Histograms showing the OxtR-RNA signal measured as optical density (O.D.) in the dorso-medial and
dorso-lateral portion of the NAc shell D1R+ neurons of Cont and RCF groups (N= 4 animals per group, 4 sections/animal). (K) Low-
magnification of representative images of multiplex RNAscope ISH for OxtR (red) and D2R (gray) and merged signal in the medium spiny
neurons of the dorso-medial portion of the NAc shell. Scale bar: 25 μm. (L) Low-magnification of representative images of multiplex RNAscope
ISH for OxtR (red) and D2R (gray) and merged signal in the medium spiny neurons of the dorso-lateral portion of the NAc shell. Scale bar: 25
μm. (M) Histograms showing the OxtR-RNA signal measured as optical density (O.D.) in the dorso-medial and dorso-lateral portions of the NAc
shell D2R+ neurons of Cont and RCF groups (N= 4 animals per group, 4 sections/animal). Data are presented as mean ± SEM. *P < 0.05,
**P < 0.01, ***P < 0.001. The timeline in Fig. 3a shows two blank box shapes (bottom right, close to the brain, qRT and RNAscope illustrations).
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and OF (Time in Periphery: t= 0.95; p= 0.35; Distance Moved:
t= 0.13; p= 0.89; Supplementary Fig. 5J,K).

Early OXT treatment does not affect Ih current in VTA DA
neurons of RCF mice
We have previously reported that adult female RCF mice exhibit
reduced Ih current and excitability in DA neurons of the
intermediate VTA [58]. Given the VTA’s central role in reward

processing [74, 75], we next assessed whether early OXT treatment
modulates Ih current in these neurons.
Whole-cell patch-clamp recordings were thus performed from

VTA DA neurons on acute ventral slices from adult RCF-Sal or RCF-
Oxt females (Supplementary Fig. 6A). Investigation of the intrinsic
properties of these neurons showed fully comparable features,
indicating that early OXT treatment did not alter macroscopically
the basic neurophysiological properties in these neurons
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(Supplementary Table 2). Further, no significant effect of the early
OXT treatment on VTA DA neurons was found when investigating
spontaneous or evoked excitability (rheobase and ‘f-I’ relation-
ships), as well as Ih current density (Supplementary Fig. 6B-E). As
the early OXT treatment was effective in reducing the behavioral
effects of cocaine, as assessed by CPP, but not in modulating the
Ih current in VTA DA neurons, we decided to test further the
apparent non-involvement of the Ih current in this behavioral
phenotype. To this end, pharmacological inhibition of the Ih
current of VTA DA neurons was performed in Cont mice by intra-
VTA injection of a selective Ih current inhibitor (ZD) [58] to mimic
the effects reported in RCF females (that is, reduced Ih current)
(Supplementary Fig. 7A). ZD-treated mice (Cont+ZD) and their
control group (Cont+Veh) were tested using CPP paradigm.
Interestingly, our results showed no significant effect of the
treatment (Supplementary Fig. 7B). Overall, our data convincingly
demonstrated that ELA exposure significantly and permanently
alters the OXT system in female mice, with the NAc appearing to
be the mesocorticolimbic area clearly involved in this process.

DISCUSSION
This study extends previous findings on the critical role of the OXT
system in short- and long-term behavioral and neurobiological
consequences induced by ELA exposure. We report here that RCF
disrupts the balance between central and peripheral OXT levels,
reducing brain OXT content and increasing plasma OXT levels in
pups (PND5). This imbalance was still evident in adulthood, along
with altered OxtR expression in NAc, and RAGE expression in the
pFC. Most importantly, we demonstrated that early OXT treatment
during ELA exposure restored key components of the OXT system
function, including brain and plasma OXT levels, OxtR, and RAGE
expression. Accordingly, rescuing the OXT function during early
life was sufficient to normalize both the pups’ behavior and
responses to cocaine and sociability in adults.

Early adversity and dysregulation of the OXT System
We observed reduced OXT levels in the brain at PND5 and in the
NAc of adult (PND90) mice. This finding is consistent with previous
reports showing that ELA can alter neuropeptide signaling in
regions involved in emotional regulation, social behavior, and
motivation [29, 76]. Here, we also report elevated plasma OXT
levels in RCF pups, which persisted into adulthood. Moreover, we
did not observe any significant differences in the number of OXT-
positive cells within the PVN between Cont and RCF mice,
indicating that alterations in OXT dynamics may be due to
functional rather than anatomical changes in the OXT-releasing
neurons. This interpretation is further supported by in vivo
microdialysis results showing impaired OXT release in RCF mice in
response to cocaine injection. Although several mechanisms could

be proposed to explain the mismatch between increased OXT in
plasma and decreased OXT in the brain, one of the most
parsimonious involves the reduced expression of RAGE observed
in RCF mice.

Impact of RCF on pFC RAGE expression
The pioneering works of Yamamoto and coll. [46, 47] have recently
demonstrated, both in vitro and in vivo, that blood OXT can be
transported across the BBB by RAGE, also pointing out a role of
RAGE-mediated OXT transport in social bonding [46]. However, to
our knowledge, the involvement of RAGE in ELA-induced
alterations of the OXT system and behavioral consequences has
never been investigated. Here, we show a cell-type specific
distribution pattern of RAGE in the pFC, a brain region highly
involved in motivation and emotional regulation [77] and strongly
interconnected with NAc [65]. RAGE was most strongly expressed
in non-myeloid leukocytes and endothelial cells, highlighting the
vascular interface as a potential site for OXT entry into the CNS.
Importantly, RAGE expression was reduced in RCF-exposed mice,
particularly in astrocytes, key regulators of BBB permeability
[78, 79], as well as in non-myeloid leukocytes and oligodendro-
cytes, both integral to the neurovascular unit [80]. This down-
regulation may hinder OXT transport into the brain, contributing
to decreased central and increased peripheral OXT levels observed
in RCF animals. Although endothelial RAGE expression was
unchanged, the BBB’s structural integrity relies on coordinated
interactions between endothelial cells, astrocytes, and basement
membrane components [78–80], suggesting that astrocytic RAGE
downregulation may disrupt OXT trafficking. The high RAGE
expression in non-myeloid leukocytes and its reduction in RCF
mice further support a multi-cellular mechanism affecting OXT
brain entry. Additionally, emerging evidence of communication
between oligodendrocytes and endothelial cells [80] raises the
possibility of unexplored RAGE-dependent pathways within the
neurovascular unit modulating OXT transport. Further studies are
warranted to dissect these cell-specific contributions to OXT
dysregulation following ELA.
However, although the RAGE’s role as a key transporter

mediating the entry of peripheral OXT into the brain is well
supported by emerging literature, recent studies suggest that this
may not be the only mechanism involved in this process. For
instance, in an up-to-date paper, Yamamoto and colleagues [81]
have identified C4a, a cleaved fragment of the complement
component C4, as a new OXT-binding protein able to modulate
the bioavailability of circulating OXT, which may affect the
availability of OXT to the brain and behavior. Moreover,
Rajamannar et al. [82] have recently proposed a “stimulus-
secretion-uptake coupling’ mechanism to investigate the precise
way by which OXT is released from the brain into the general
circulation. This mechanism delineates how oxytocin can act as a

Fig. 5 Early OXT treatment during RCF impacts the adult OXT system. (A) Experimental timeline: RCF-Oxt and RCF-Sal were sacrificed
around PND90, and the brain and blood were collected for analysis. Different cohorts of mice were used. (B) OXT levels evaluated by WB in the
NAc of RCF-Sal and RCF-Oxt adult mice (RCF-Sal group = 6; RCF-Oxt group = 7). (C) OXT plasma levels in RCF-Oxt mice compared to RCF-Sal
mice (RCF-Sal group = 6; RCF-Oxt group = 5). (D) OxtR mRNA expression was evaluated by qRT-PCR in the NAc of RCF-Sal and RCF-Oxt (RCF-
Sal group = 5; RCF-Oxt = 6). (E) Representative images of OxtR RNAscope ISH performed on coronal brain sections of the NAc regions (core
and shell) in RCF-Oxt and RCF-Sal mice; scale bar: 50 μm. (F) Histograms showing the OxtR-RNA signal measured as optical density (O.D.) in the
NAc shell of RCF-Sal and RCF- Oxt groups (N= 4 animals per group, 4 sections/animal). (G) Histograms showing the OxtR-RNA signal measured
as optical density (O.D.) in the NAc shell D1R-and D2R+ neurons of RCF-Sal and RCF-Oxt groups (N= 4 animals per group, 4 sections/animal).
(H) Low-magnification of representative images of multiplex RNAscope ISH for OxtR (red) and D1R (green) and merged signal in the medium
spiny neurons of the dorso-medial portion of the NAc shell. Scale bar: 25 μm. (I) Histograms showing the OxtR-RNA signal measured as optical
density (O.D.) in the dorso- medial portion of the NAc shell D1R+ neurons of RCF-Sal and RCF-Oxt groups (N= 4 animals per group,
4 sections/animal). (J) Low-magnification of representative images of multiplex RNAscope ISH for D1R (green) and OxtR (red) merged signal in
the medium spiny neurons of the dorso-lateral portion of the NAc shell. Scale bar: 25 μm. (K) OxtR-RNA signal measured as optical density
(O.D.) in the dorso-lateral portion of the NAc shell D1R+ neurons of RCF-Sal and RCF- Oxt groups (N= 4 animals per group, 4 sections/animal).
High-dimensional Flow Cytometry analysis of pFC RAGE expression in astrocytes (L), non-myeloid leukocytes (M) and oligodendrocytes (N) of
RCF-Oxt and RCF-Sal groups (RCF-Sal group = 6; RCF-Oxt group = 5). Data are presented as mean ± SEM. *P < 0.05, ***P < 0.001.
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self-perpetuating hormone, facilitating its own peripheral uptake
through modulation of pituitary hemodynamics and vascular
permeability.
Altogether, these findings indicate that the dynamics of

peripheral OXT and its central access are likely regulated by
multiple, interacting pathways. Further investigation is necessary
to understand the mechanisms at play.

OXT Receptor alteration in the nucleus accumbens, social
behavior, and cocaine vulnerability
Next, we observed increased OxtR expression in the NAc of RCF
mice. Our ex vivo (WB and ELISA) and in vivo (intracerebral
microdialysis) experiments on OXT levels and release support the
idea that this enhancement may reflect a compensatory response
to reduced OXT signaling in RCF mice. Nonetheless, further studies
are required to definitively rule out the possibility of an actual
enhancement of oxytocinergic signaling.

OXT has been demonstrated to influence social behavior and
response to drugs via interactions with brain circuits, particularly the
mesocorticolimbic system. Social recognition, the ability to
discriminate between familiar from unfamiliar individuals, is critical
for establishing social bonds and hierarchies, such as peer and pair
bonds [83–86]. Environmental factors and the internal social
approach-avoidance balance can influence social recognition, and
early adverse experiences, such as a disrupted early attachment
bond, can undermine future social discrimination and peer
bonding. Notably, impaired social recognition has been linked to
impaired OXT system [83]. For instance, OXT knockout mice fail to
recognize familiar individuals despite repeated exposure, and this
deficit can be rescued by administering low doses of OXT [85]. In
this scenario, the impaired social recognition ability shown by adult
RCF mice may mirror the altered attachment behavior observed at
PND8, which potentially are two different manifestations of a
general impairment in the ability to form appropriate social bonds.

Fig. 6 Early OXT treatment rescues adult behavioral deficits in RCF mice. (A) Experimental Timeline: RCF pups were treated with OXT (RCF-
Oxt) or saline (RCF-Sal) injections during the RCF procedure (from PND1 to PND4). Another cohort of mice underwent the RCF procedure
without treatment. The Conditioned Place Preference (CPP; 2.5 mg/Kg, i.p.) test was performed in adult RCF-Sal and RCF-Oxt mice; Three
Chamber Test (TCT) were performed in adult Cont, RCF, RCF-Sal, and RCF-Oxt mice. Different cohorts of RCF-Oxt and RCF-Sal mice were used
for CPP and TCT experiments. (B) Cocaine-induced CPP in RCF-Oxt and RCF-Sal mice (RCF-Sal group = 7; RCF-Oxt group = 9). (C) Social
Preference shown by RCF and Cont groups in TCT (Cont group = 7; RCF group = 7). (D) Social Recognition shown by RCF and Cont groups in
TCT (Cont group = 7; RCF group = 7). (E) Social Preference shown by RCF-Oxt and RCF-Sal groups in TCT (RCF-Sal = 5; RCF-Oxt = 6). (F) Social
Recognition shown RCF-Oxt and RCF-Sal groups in TCT (RCF-Sal = 5; RCF-Oxt = 6). Data are presented as mean ± SEM. **P < 0.01, ***P < 0.00.
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The OXT’s effects on social bonding are particularly evident in the
NAc, where OxtR expression modulates social behavior and
resilience to early-life neglect [87]. In our model, increased OxtR
expression and reduced OXT levels in the NAc could reasonably
underlie the impaired social recognition shown by adult RCF mice.
This compensatory response could, in turn, lead to an alteration in
the processing of reward-related stimuli, also contributing to
increased vulnerability to the effects of cocaine. Current literature
in the field reports that reduced OXT release and altered receptor
expression contribute to addiction by impairing the OXT system’s
ability to regulate emotional and reward processes, probably
interacting with the dopaminergic system [49]. In line with this,
here we report OxtR alterations in both MSNs-D1 and MSNs-D2
neurons in the dorsomedial region of the NAc shell and impaired
cocaine-induced OXT release. Several studies have suggested a
non-canonical, shared role for both NAc D1R and D2R in encoding
positive valence and reward responses to drugs of abuse and food
[88], suggesting that theymay play synergistically in modulating the
response to rewarding stimuli. Moreover, the medial part of the NAc
shell sends direct projections to the VTA, forming a feedback loop
that enables bidirectional communication, which may regulate DA
release in the NAc [89]. Thus, the increased OxtR expression on MSN
neurons in the medial part of NAc shell could mediate the increased
sensitivity to cocaine exhibited by adult female RCF mice, possibly
also modulating the DA response to this drug.

Early OXT treatment rescues OXT system function and
behavior
Our most striking finding is the restorative effect of early OXT
treatment during RCF exposure on both OXT system function and
behavioral outcomes in pups and adult RCF mice. Early OXT
treatment normalized brain OXT levels and prevented separation
anxiety, an index of the attachment bond, in RCF pups. The
restoration of this behavior is consistent with the well-established
role of OXT in social bonding [90]. Importantly, OXT administration
during the RCF also resulted in normalized adult OXT levels in
both brain (NAc) and plasma and restored RAGE expression in the
pFC. Moreover, this treatment significantly mitigated long-term
vulnerability to cocaine effects and social recognition in adults
exposed to RCF, providing strong evidence that early OXT
administration is sufficient to restore proper processing of
rewarding stimuli. These findings highlight the plasticity of the
oxytocinergic system and suggest the potential for early OXT
treatments to counteract some of the long-lasting consequences
of ELA. Our results are in line with the literature reporting the
protective effects of OXT against addiction, including reduction in
drug-seeking behaviors, craving, and withdrawal symptoms
[51, 52]. In particular, regarding cocaine addiction, OXT mitigates
cocaine-seeking behaviors, affecting brain areas such as the NAc
and pFC [42, 43]. Interestingly, treatment with OXT during RCF
modulates the OxtR expression in MSNs-D1 selectively, and it
affects both the medial and lateral portions of the NAc shell,
suggesting that OXT may exert a region- and neuron-specific
effect in the NAc. The NAc shell, particularly its medial subregion,
is implicated in processing more affective or motivational
components of reward. In contrast, the lateral NAc shell has been
linked to aspects of behavioral control and action initiation. By
modulating OxtR expression on MSNs-D1 in both subregions, OXT
treatment may restore a more balanced regulation of reward-
seeking behavior, dampening the heightened sensitivity to
cocaine effects induced by RCF. Moreover, MSNs are also
implicated in different aspects of social behavior [91]. Thus, the
modulation of OxtR expression in NAc may also regulate the
processing of social stimuli in RCF mice, thereby alleviating social
recognition deficit. This supports the idea that OXT could
modulate addiction-related behaviors and social deficits resulting
from early adversity. OXT’s ability to restore social recognition has
the potential to improve social interactions and emotional

regulation in individuals with a history of ELA, which is a known
risk factor for developing both addiction and social deficits.
Several mechanisms may be responsible for early OXT treatment
effects. Firstly, restoring brain OXT levels to a healthy range would
likely boost neuropeptide signalling, affecting early social bonding
and emotion regulation. Secondly, the restoration of RAGE
expression in OXT-treated RCF mice suggests that early treatment
may enhance OXT transport across the BBB, thereby ensuring
sufficient OXT for optimal brain function. In addition, the
normalized OxtR expression into the NAc of OXT-treated RCF
mice (together with suitable OXT levels) could restore the proper
ability to process natural and pharmacological reinforcing stimuli
in adulthood. Finally, given the widespread distribution of OXT
receptors in the body, peripherally administered OXT may also
influence the brain through peripheral signaling mechanisms.
Notably, there is evidence for functional interactions between OXT
administration and the vagus nerve (VN) [92, 93]. It has been
reported that VN signaling is necessary for the rescue effects of
peripheral OXT on methamphetamine self-administration and
reinstatement [92], as well as on food intake [93], thus supporting
the hypothesis that the vagal pathway mediates the effects of
administered OXT on reward processing. In line with this evidence,
peripheral OXT administration increases activity of PVN OXT
neurons, and this increase is prevented by subdiaphragmatic
vagotomy [93]. Altogether, these findings support a model in
which the VN functions as a gateway through which peripherally
administered OXT signals to the brain to modulate behavior.
Further studies are needed to investigate this mechanism in our
experimental conditions.

Early OXT treatment does not affect Ih current in VTA DA
neurons
We have previously reported that early exposure to RCF leads C57
female mice to a long-lasting reduction of the Ih current in VTA DA
neurons. The Ih current helps integrate excitatory synaptic inputs
[94] and its modulation has been related to several aspects of
addiction, including cocaine- related behaviors. For instance, a
reduced Ih current in VTA DA neurons has been associated with
increased susceptibility to cocaine addiction [95]. Additionally, a
modulatory role of OXT on the Ih current has also been reported
[96]. Here, somewhat at odds with the other rescue effects observed
on the RCF phenotype, we found that early OXT treatment does not
alter the Ih current in VTA DA neurons of adult RCF mice in a long-
lasting manner. Our findings suggest that the behavioral rescue
effects of early OXT treatment are not related to modulation of the
Ih current in intermediate VTA DA neurons, but rather most likely
result from the specific role played by the NAc in the RCF
phenotype, an aspect that warrants further in-depth investigation.
Overall, our results demonstrate that early-life adversity induced

by RCF leads to dysregulation of the OXT system, characterized by
altered brain and plasma OXT levels, as well as changes in RAGE
and OxtR expression in critical nodes of the mesocorticolimbic
system. Early OXT treatment prevented these alterations and
restored behavioral phenotypes in both pups and adult female
mice. These findings shed light on the mechanisms by which the
oxytocinergic system mediates the long-term effects of ELA on
addiction and social behaviors.
Finally, we have previously shown that RCF increases depression-

like behavior in C57 males [20]. Based on known sex-related
differences concerning OXT system, we extended our investigation
to examine the RCF effects on OXT system in male mice.
Interestingly, preliminary data indicate that RCF may influence the
oxytocin system in a sex-dependent manner. Specifically, our results
suggest that while RCF exerts comparable effects on peripheral OXT
levels in both sexes, it differentially affects OxtR expression across
brain regions and RAGE expression across cell types, relative to
female mice. Ongoing and future studies in male subjects will
further explore these sex-specific effects.
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