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Early-life oxytocin attenuates the social deﬁcits induced by
caesarean-section delivery in the mouse
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The oxytocin (OXT) system has been strongly implicated in the regulation of social behaviour and anxiety, potentially contributing
to the aetiology of a wide range of neuropathologies. Birth by Caesarean-section (C-section) results in alterations in microbiota
diversity in early-life, alterations in brain development and has recently been associated with long-term social and anxiety-like
behaviour deﬁcits. In this study, we assessed whether OXT intervention in the early postnatal period could reverse C-sectionmediated effects on behaviour, and physiology in early life and adulthood. Following C-section or per vaginum birth, pups were
administered with OXT (0.2 or 2 μg/20 μl; s.c.) or saline daily from postnatal days 1–5. We demonstrate that early postnatal OXT
treatment has long-lasting effects reversing many of the effects of C-section on mouse behaviour and physiology. In early-life, highdose OXT administration attenuated C-section-mediated maternal attachment impairments. In adulthood, low-dose OXT restored
social memory deﬁcits, some aspects of anxiety-like behaviour, and improved gastrointestinal transit. Furthermore, as a
consequence of OXT intervention in early life, OXT plasma levels were increased in adulthood, and dysregulation of the immune
response in C-section animals was attenuated by both doses of OXT treatment. These ﬁndings indicate that there is an early
developmental window sensitive to manipulations of the OXT system that can prevent lifelong behavioural and physiological
impairments associated with mode of birth.
Neuropsychopharmacology (2021) 46:1958–1968; https://doi.org/10.1038/s41386-021-01040-3

INTRODUCTION
Birth delivery by Caesarean-section (C-section), when medically
indicated, is a crucial life-saving procedure. However, in recent
decades, the use of elective C-section has dramatically increased
worldwide, with rates exceeding World Health Organisation guidelines (of 10–15%), especially in middle- and high-income countries [1].
This trend raises signiﬁcant concerns given the growing evidence for
an association between C-section delivery and increased risk for
immune and metabolic disorders [2–5]. Birth by C-section has been
linked to possible neurodevelopmental consequences in humans
[6–8] and in animals [9–11]. Recently, we have demonstrated that
mice delivered by C-section exhibit enduring behavioural deﬁcits [9].
OXT is a key modulator of mammalian maternal-offspring
attachment and social behaviour [12–16]. The OXT system can be
activated by stressful and anxiogenic stimuli and acts as
key-modulator of the hypothalamic-pituitary-adrenal (HPA) axis
[17–19]. Consistent with the important role of OXT in social
behaviour promotion and stress regulation, OXT dysregulation has
been associated with anxiety and autism spectrum disorders (ASD)
[20–23]. Therefore, there is a growing interest in the OXT system
as a potential target in the treatment of neuropsychiatric disorders
associated with stress and social dysfunction [24–29].
In addition to the widely studied effects of OXT on behaviour, there
is increasing evidence that the OXT system plays an important role in

integrating neural, endocrine, metabolic, and immune information
that is crucial for development and function of the immune system.
Thus OXT can act indirectly on immunity; as it attenuates plasma
tumour necrosis factor alpha (TNF-α), interleukin (IL)−1, IL-4, IL-6 and
other inﬂammatory mediators in parallel with attenuating stressrelated hormones, such as cortisol in healthy individuals challenged
with endotoxin [30]. OXT can also directly bind to OXTR and
vasopressin receptors (AVPR) expressed in major components of the
immune system including thymic cells [31].
Behavioural and physiological adaptative effects of OXT is thought
to start at birth [32]. Indeed early life OXT prevents respiratory distress
and can prevent birth-related anoxia [33], participates in gamma
aminobutyric acid (GABA) system maturation [34–36], on fetal
analgesia [37] and triggers catecholamine and cytokine release [38].
Furthermore, the OXT system starts to develop in utero and the peak
of OXT receptor (OXTR) binding occurs prior to weaning and
coincides with critical periods for brain wiring and development [39].
This overlapping time-window leads to increased vulnerability of the
OXTR to adverse early-life experiences [40]. In this context, early-life
pharmacological manipulations of the OXT system, and their
subsequent impact on behaviour and physiological changes are of
great interest. These studies are relevant in the context of human
neurodevelopmental disorders, as there are growing numbers of
human studies investigating the efﬁcacy of OXT infusions for
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ameliorating symptoms in individuals with ASD [23, 41, 42]. Perinatal
administration of synthetic OXT (pitocin) is a common obstetric
practice to accelerate childbirth, and OXTR antagonists are often
administered in order to prevent premature labour [43]. Interestingly,
OXT administration during labour has been associated with higher
odds of C-section [44] with consequences that remain be fullyexplored. Given the multitude of effects that OXT can have on health
and neurodevelopment, it is important to better characterise the
effects of these manipulations. Despite that, it remains unclear
whether interventions targeting the OXT system can ameliorate the
enduring effects of C-section on physiology and behaviour. Therefore,
in this study, we investigated the long-term effects of early postnatal
OXT treatment on mouse offspring delivered by C-section.
MATERIALS AND METHODS
Animals
The experiments were carried out in male Swiss mice of different
ages. 8-week-old female and male breeders were obtained from
Harlan laboratories, UK. Breeding began after 1–2 weeks of
acclimatisation to the animal holding room. Animals were kept
under a strict 12:12 h dark-light cycle and temperature (20 ± 1 °C,
55.5%) with food and water given ad libitum unless speciﬁed
otherwise. Male offspring were weaned at postnatal (P) day 21 and
group-housed in 3–4 mice per cage. Each experimental group
included the offspring from 3 to 4 independent litters. In addition,
10-week-old Swiss male mice, purchased from Harlan laboratories,
UK, were used as conspeciﬁcs in the three-chamber test. All
experimental procedures were conducted in accordance with the
Directive 2010/63/EU and were approved by the Animal
Experimentation Ethics Committee of University College Cork #
2012/036.
Mode of delivery: experimental groups
Mice were time-mated, and the presence of a vaginal plug in
females was marked as a gestational day 0.5 (G0.5). Males were
removed from the cages, and pregnant females were not
disturbed except for cage cleaning. Pregnant dams were randomly
assigned to one of two experimental groups: (1) Vaginal delivery:
the offspring were delivered naturally and raised by their
biological mother. (2) C-section: the offspring were delivered by
C-section surgery and raised by a foster dam that gave birth on
the same day. Treatments were assigned to the entire litter; each
pup in a litter received the same treatment (See OXT administration for further details). After weaning, mice were grouphoused in cages accordingly to the litter.
C-section surgery
At full term (G19.5), female mice were euthanized by cervical
dislocation. All further procedures were performed in clean conditions. The abdominal skin was prepped with 70% ethanol; the
uterus was excised with sterile surgical tools and placed on sterile
gauze, preheated to +37 °C with a heating pad. Pups were
removed from the uterus by applying a gentle pressure with a
sterile swab, and further massaged for 1–2 min to clear the
amniotic membrane and stimulate pulmonary breathing. Once
spontaneous breathing was noted, pups were immediately
transferred to a foster mother. The procedure took ~3 min. The
average litter size was 10 pups/litter.
OXT administration
From P1 to P5, male and female pups were temporarily removed
from their nest (5 min), weighed and given a daily subcutaneous
(s.c.) injection of OXT. Pups received 0.2 µg or 2 µg of OXT (Tocris,
Bioscience, UK) dissolved in 20 µL of isotonic saline, or 20 µL of
isotonic saline alone (control). Treatment was adapted from
[45, 46].
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Experimental design
Effects of C-section on behaviour were evaluated in both male and
female offspring in early-life (P9/P10), and only in males in
adulthood (weeks 10–16). The behavioural experiments were
performed during the light phase and between the hours of 9 am
and 2 pm. Mice were habituated to the room 30 min prior to each
test. All the behavioural tests were done with the same animals.
The exact order of behavioural tests, as well as resting intervals
between them were optimised to reduce cumulative stress effects
and the potential confounding carryover effects from previous
tests (see Fig. 1a).
Plasma OXT measurement
Trunk blood was collected and centrifuged (5 min, 5000 g, 4 °C),
and plasma was extracted, and stored at −20 °C until OXT
concentration was measured using a radioimmunoassay (RIA)
performed by RIAgnosis (Sinzing; Germany).
Gene expression analysis with qRT-PCR
Total RNA was extracted from the paraventricular nucleus of the
hypothalamus (PVN) using the mirVana™ miRNA Isolation Kit
(Thermo Fisher Scientiﬁc). RNA concentration was quantiﬁed using
the ND-1000 spectrophotometer (NanoDrop®). Equal amounts of
RNA were reverse transcribed to cDNA using a High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Life Technologies, Carlsbad, CA). Gene expression was analysed using TaqMan
Gene Expression Assays on the AB7300 system (Applied Biosystems, Thermo Fisher Scientiﬁc). Changes in gene expression levels
were calculated using the ΔΔCt method [47]. The average of three
technical replicates for each biological sample was normalised to
β-actin (Actb) expression, then the fold changes vs. the control
(VB) group were calculated. The expression of Actb was stable
across all experimental groups.
Behavioural assessments
Maternal care. Maternal care was assessed at P6 in order to
exclude possible cross-fostering confounding effects. Home cages
were transported to the experimental room 30 min prior to the
experiment. The behaviour of each dam was monitored for 30 min
in the morning in their home cage. The time spent on nursing,
pup licking/grooming, carrying and time on-nest were collectively
considered as high-care behaviours. The data are presented as
time engaged in high care behaviours.
Maternal attachment and social recognition behaviour (homing
test). The homing test evaluates the tendency capacity of pups to
recognise their mother’s nest and is an indirect measure of
attachment and social behaviour [48]. At P10, a clean mouse cage
was divided into the three equallysized quadrants by wire-mesh
dividers. One of the side quadrants (Maternalf) was uniformly covered
with wood shavings from the home cage, thus containing familiar
odour stimuli. The opposite side quadrant (Other) was covered with
wood shavings from the cage of another litter (born at approximately
the same time); the middle quadrant (Neutral) was covered with clean
bedding material. Male and female pups were placed individually in
the middle quadrant for 1 min; the dividers were then removed, and
the pups allowed to move freely around for 2 min. Total time spent in
each area was recorded. Percentage maternal preference was
calculated using the formula: (time spent in the mother’s bedding
(s)*100/duration of the test (120 s)).
Ultrasonic vocalisation test (USV). The USV was performed as
described [9]. Male and female pups were isolated and placed into
a clean plastic container enclosed in a sound-attenuating chamber
for 3 min. USV calls were detected by an ultrasound sensitive
microphone—a bat detector (US Mini-2 bat detector, Summit,
Birmingham, USA) tuned in the range of 60–80 kHz and the total
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Fig. 1 Early-life oxytocin increases plasma oxytocin concentration in adulthood. A Schematic representation of OXT treatment and behavioural
testing sequence. Following birth by C-Section or per vaginum, pups received daily injections of OXT (0.2 or 2 μg/20 μl saline; s.c.) from
postnatal days 1–5 and were subjected to a sequence of behavioural tests. B OXT administration in early-life increases OXT plasma levels in
adulthood. Mode of delivery effect (F (1, 41) = 1.116, p = 0.297); treatment effect (F (1, 41) = 5.893, p = 0.006); mode of delivery × treatment
(F (2,41) = 0.886, p = 0.420). ([VB control n = 6, VB 0.2 OT n = 7, VB 2 OT control n = 8, CS control n = 10, CS 0.2 OXT n = 8, CS 2 OXT n = 8]).
Two-way ANOVA, followed by LSD post-hoc. OXT oxytocin, VB vaginal birth, CS C-section. Male offspring in each group derived from three
independent litters.

number of calls was recorded using the software Noldus UltraVox
version 2.0 (Tracksys, UK).
Three-chamber test. Sociability and preference for social novelty
were assessed in a three-chamber apparatus, as described
previously [49]. Animals were placed in a rectangular apparatus
divided into three chambers separated by transparent partitions
with small circular openings allowing easy access to all compartments. The test was composed of three sequential 10 min trials: (1)
habituation (a test animal was allowed to explore the three empty
chambers); (2) sociability (an unfamiliar animal was positioned in a
wire-mesh cage in either the left- or right- side chamber); (3) social
novelty preference (a novel animal was positioned in either rightor left- side chamber, opposite the one occupied by the now
familiar animal). The time of active interaction was measured. All
animals were age- and sex-matched.
Marble burying test. The marble burying test measures repetitive
and anxiety-like behaviours; the number of marbles buried during
the test correlates with anxiety [50]. Clean cages were ﬁlled with a
4 cm layer of chipped cedar wood bedding. Twenty glass marbles
(15 mm diameter) were laid on top of the bedding, equidistant
from each other in a 4 × 5 arrangement. The mouse was then
placed in the cage and allowed to explore it for 30 min. The
number of marbles buried (>2/3 marble covered by bedding
material) was noted.
Elevated plus maze test (EPM). The elevated plus maze consists in
a Plexiglas plus-shaped apparatus with two open and two
enclosed arms (50 cm × 5 cm × 15 cm walls) elevated from the
ﬂoor by 1 m. Mice were placed in the centre of the EPM apparatus

facing an open arm and allowed to explore it for 5 min. The
number of entries into open and closed arms were noted. The
experiment was performed in the dark under red light. Mice were
habituated to the room and light conditions for 1 h prior to the
start of behavioural test.
Aversive open ﬁeld test (OF). The aversive open ﬁeld test is used
to assess locomotor activity, as well as the response to a novel,
stressful environment [51]. Light was set at 1000 lux. The distance
moved in an open-ﬁeld arena (Perspex box with white base: 30 ×
30 × 20 cm) and the time spent in the central zone (16 × 15 cm) of
the open ﬁeld were recorded during a 10 min period using
Ethovision videotracking system (Noldus Information Technology).
Forced-swim test (FST). Mice were placed into a cylinder ﬁlled
with tepid water (23–25 °C) to a depth of 17 cm. Behaviour was
recorded by a camera positioned from above the swim tank. The
immobility time was scored during the last 4 min of the 6 min test.
After removal from the cylinder, mice were placed into a separate
cage for recovery.
Analysis of cytokine release in stimulated murine splenocyte. Splenocytes were isolated as follows: immediately upon collection,
cellular contents of spleen were trimmed of all fat and dissociated
in RPMI medium (R8758, supplemented with 10% FBS and 5%
penicillin/streptomycin, Sigma), treated with Red Blood Cell lysis
buffer (Sigma) to remove erythrocytes, passed through a 70 μm
ﬁlter, and resuspended in fresh RPMI medium (as above) for
seeding. Splenocytes were seeded in 6 well plates at 16 × 106
cells/well in 4 mL. Following a 2.5 h rest period, cells were
stimulated with lipopolysaccharide (LPS-2 μg/mL) for 24 h.
Neuropsychopharmacology (2021) 46:1958 – 1968
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Following stimulation, the supernatants were harvested to assess
IL-4, IL-6, IL-10 and TNF-α concentration (pg/mL) using the
Proinﬂammatory Panel 1 (mouse) V-PLEX MULTI-SPOT® Meso
Scale Discovery kits (MSD, Rockville, MD, USA) as per manufacturer’s instructions.
Gastrointestinal transit. Intestinal transit time was measured as
previously described [52]. Mice were single-housed and habituated to new cages for 3 h. Following the acclimatisation, mice
received a 200 µL oral gavage of carmine (C1022; Sigma Aldrich)
suspended in 0.5% carboximethylcelulose sodium salt (Sigma; St
Louis, MO, USA). Cages were checked every 10 min, and the time
between the gavage and the appearance of the ﬁrst red-coloured
faecal bolus was noted.
In vivo intestinal permeability assay. Mice were fasted overnight
and Fluorescein Isothiocyanate (FITC)-dextran, MW = 4 kDa (FD4,
Sigma) was given orally by gavage, (600 mg/kg, 80 mg/ml) in
phosphate buffered saline (PBS). A blood sample (100 μl in
heparin-coated glass capillary) was taken from tail vein 2 h after
oral gavage. Samples were kept on ice, centrifuged at ~3500 g for
15 min, plasma was aspirated. Plasma FITC concentrations were
measured with a Victor spectrometer. The excitation maximum is
490 nm, the emission maximum was 520 nm (measured at 535
nm). Serial dilutions of FITC in PBS were prepared for
standard curve.
Statistical analyses. Statistical analyses were carried out using
SPSS version 19 (Armonk, NY, USA). Parametric data were
analysed by Two-way ANOVA for mode of delivery and
treatment factors followed by LSD post-hoc tests or Paired
Student t test and represented as mean ± S.E.M. Non-parametric
data were analysed by Kruskal–Wallis followed by UMann–Whitney tests and One-Sample Chi-Square Test. Nonparametric data are represented as median with interquartile
range; whiskers represent min and max values. p < 0.05 was
considered statistically signiﬁcant. A mixed-effects regression
model was used to re-analyse our data using litter as a ﬁxed
effect in order to examine the covariance structure that is
inherent in the experimental design using R (version 4.0.4). p
value < 0.05 was deemed signiﬁcant; F and p values are
presented in the Supplementary Table 1.
RESULTS
Early-life OXT increases plasma OXT concentration in adulthood
Following C-section or per vaginum birth, OXT or saline was
administered daily to pups from postnatal day 1–5. Social and
anxiety-like behaviour and subsequent physiological and
molecular parameters were assessed. To determine the longterm impact of early-postnatal treatment with OXT on the OXT
system, we measured the concentration of OXT in the plasma of
VB and CS adult mice. Although, there was no signiﬁcant effect
of the mode of delivery, a sustained increase in the hormone
concentration was observed in VB and CS mice following highdose OXT administration in early in life (Fig. 1b). However, only
the VB group showed elevated plasma OXT levels in response to
low-dose OXT (Fig. 1b). The synthesis and release of OXT is
regulated by the activation of OXTR and AVPR in the
paraventricular nuclei and in the supraoptic nuclei of the
hypothalamus [53]. In addition, C-section has been shown to
cause a long-term change in the PVN number of vasopressin
neurons [10]. The PVN is also a major site of regulation of stress
[54]. Therefore, we hypothesised that Oxtr and AVP1a receptor
mRNA expression in this region would provide us with evidence
of how the exposure to a stressful stimulus at birth might
regulate the OXT system. However, no differences were
detected between the groups (Fig. S1).
Neuropsychopharmacology (2021) 46:1958 – 1968

Postnatal OXT reversed C-section mediated social recognition
deﬁcits in early-life and in adulthood
Birth by C-section was recently shown to have a negative impact
on the ability of pups to recognise social behavioural cues and
affect offspring-maternal attachment [9]. To test whether the
postnatal treatment with OXT could ameliorate these effects,
males and female pup’s maternal attachment behaviour was
tested at P10 (Fig. 2a). As expected, VB pups from all treatment
groups could discriminate between the familiar and non-familiar
stimuli and move towards the mother’s nest (Fig. 2a), whereas CS
offspring failed to discriminate the maternal stimuli (Fig. 2a).
Strikingly, the postnatal treatment with the higher dose of OXT reestablished the time spent in the mother’s bedding. To exclude
the possibility that the observed differences in offspring
phenotype were due to the impact of cross-fostering on nurturing
per se, we assessed maternal care behaviour at P6 (Fig. S2).
Noteworthy, the cross-fostering procedure did not impair
maternal care behaviour towards CS offspring (Fig. S2). Interestingly, when female and male pups were treated with both doses
of OXT there was a signiﬁcant increase in the time the mother
spent engaged in high-care behaviours (licking, grooming and
arched back nursing the pups) in both VB and CS groups (Fig. S2).
In early-life, communication behaviour was assessed in the
isolation-induced USV test in female and male pups. (Fig. 2b).
Although there was no signiﬁcant effect of the mode of delivery in
this test which has been shown to be more susceptible to litter
effects [9], the treatment with low-dose OXT signiﬁcantly
increased the number of calls in both VB and CS groups (Fig. 2b).
To investigate if OXT could attenuate the enduring social
recognition behaviour deﬁcits induced by C-section, we performed the 3-chamber test in adulthood (Fig. 2c). Previous
ﬁndings did not show deﬁcits in sociability associated with the
C-section delivery mode [9]. Here, we conﬁrmed these ﬁndings
and demonstrated that OXT treatment does not interfere with
sociability in the adult male offspring (Fig. S3). However, when CS
male mice were given the choice to interact with a novel or with a
familiar mouse, they exhibited decreased preference for social
novelty (Fig. 2c) which was completely restored by treatment with
low-dose OXT early in life (Fig. 2c).
Early-life OXT selectively improved but did not completely reverse
the anxiety-like phenotype induced by C-section
To extend our investigation on the effects of the early-life
pharmacological manipulation of OXT system on the C-sectionassociated behavioural phenotype, adult male VB and CS
offspring were tested in a variety of anxiety-like-behavioural
paradigms (Fig. 3). In adulthood, as expected, CS showed
increased anxiety-like behaviour as they buried signiﬁcantly
more marbles in comparison to VB in the marble burying test
(Fig. 3a). Interestingly, postnatal injection with the low-dose OXT
attenuated these effects (Fig. 3a). In addition, we measured
anxiety-like behaviour in the EPM (Fig. 3b). Although we found
that C-section reduced the number of entrances into the open
arms of the EPM in comparison to the control group, there were
no signiﬁcant effects of OXT treatment in this test (Fig. 3b).
When mice were tested in the aversive open ﬁeld test, we saw
no impact of either mode of delivery or OXT treatment on the
time spent in the centre zone of the arena (Fig. 3c). C-section
reduced the total distance travelled in the open ﬁeld with no
effects of OXT on ameliorating these effects (Fig. 3c). Interestingly, treatment with OXT signiﬁcantly reduced the distance
travelled in the VB, but not the CS group (Fig. 3c). Given that
anxiety and depression are highly comorbid pathologies in
humans [55], we tested whether mice born by C-section exhibit
depressive-like behaviour using the forced-swim test, as well as,
the potential for early-life treatment with OXT to exert antidepressive response in mice. However, no signiﬁcant alterations
were observed across the groups (Fig. S4).
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Early-life OXT modulated immune response in adult mice
To combine the pharmacological evidence of a role of OXT in
ameliorating speciﬁc C-section-associated behavioural phenotype
with the established link between OXT and the neuro-immune
axis [56], we assessed whether early-life treatment with OXT could
modulate the immune response in adult male CS offspring.
Interestingly, when splenocytes from CS mice were challenged
with LPS they produced signiﬁcantly more TNFα than the
splenocytes from VB mice (Fig. 4a). This aberrant immune
response was attenuated by administration of low-dose and

high-dose OXT early in life (Fig. 4a). Moreover, treatment with lowdose and high-dose OXT reduced IL-10 production in CS
splenocytes (Fig. 4b), despite not affecting IL-4 and IL-6 levels
(Table 1).
Early-life postnatal OXT improved intestinal motility deﬁcits in
adult C-section offspring
Birth by C-section is known to interfere with the wiring of the gutbrain axis in mice [9]. To further characterise whether birth by Csection could affect gastrointestinal function in male offspring and
Neuropsychopharmacology (2021) 46:1958 – 1968
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Fig. 2 Early postnatal administration of OXT rescued C-section mediated effects on social behaviour. A High-dose OXT administration
reversed C-section mediated effects on attachment behaviour in early-life. VB control x2(1) = 5.261, p = 0.022, n = 23; VB 0.2 OXT x2(1) = 8.909, p =
0.003, n = 22; VB 2 OXT x2(1) = 8.333, p = 0.004, n = 12; CS control x2(1) = 0.667, p = 0.414, n = 24; CS 0.2 OXT x2(1) = 0.391, p = 0.532, n = 23;
CS 2 OXT x2(1) = 4.167, p = 0.041, n = 24 (one sample Chi-square test). Data are represented as median with interquartile range; whiskers
represent min and max values. Male and Female offspring. *p < 0.05 for differences within the group. B Low-dose OXT increases the number of
calls followed isolation-induced USV. There was no signiﬁcant effect of the mode of delivery (x2 = 0.827; df = 1; p = 0.363). However, when pups
were treated with low-dose OXT there was a signiﬁcant increase on the number of calls emitted in both birth conditions (x2 = 44.995; df = 2; p
< 0.001). ([VB control n = 44, VB 0.2 OT n = 43, VB 2 OT control n = 24, CS control n = 30, CS 0.2 OXT n = 29, CS 2 OXT n = 25]). Male and
Female offspring. Kruskal–Wallis test followed by Mann–Whitney U test. Data are represented as median with interquartile range; whiskers
represent min and max values. #p < 0.05 for treatment effect within the group. C Low-dose OXT rescued the deﬁcit in the preference for social
novelty in adult CS mice. VB control t (11) = 4.681, p = 0.001, n = 12; VB 0.2 OXT t (11) = 3.064, p = 0.011, n = 12; VB 2 OXT t (10) = 3.404, p =
0.007, n = 11; CS control t (11) = 0.594, p = 0.564, n = 12; CS 0.2 OXT t (11) = 3.671, p = 0.004, n = 12; CS 2 OXT t (10) = 0.970, p = 0.355, n = 12.
Male offspring. Paired Student’s t test comparing interaction time with a familiar mouse to a novel mouse. Data are represented as Mean ±
Standard Error of the Mean (S.E.M.). *p < 0.05 and **p < 0.01 for mouse vs. object (A–C) Offspring in each group is derived from three
independent litters. OXT oxytocin, VB vaginal birth, CS C-section.

whether the pharmacological treatment with OXT could have
beneﬁcial effects, we used the carmine red assay as an in vivo
marker of intestinal transit. Here we show that CS mice have faster
gastrointestinal transit when compared with VB mice. Very little is
known about the developmental effect of OXT administration on
gut physiology and here we show that treatment with low-dose
OXT early in life reversed these effects (Fig. S5a). To test whether
this effect of OXT on gastrointestinal motility correlates with
changes in gastrointestinal permeability, we measured transepithelial ﬂux (from the gut lumen to the circulating blood) of 4 kDa
FITC- dextran in the VB and CS offspring. However, no signiﬁcant
alterations in macromolecular permeability of the GI tract were
observed across the groups (Fig. S5b).
DISCUSSION
Recent research has established that birth by C-section can result
in different pattern of behaviour in humans [6–8] and in animals
[9–11]. Recent discoveries point to a pivotal role for OXT in
regulating general well-being through its inﬂuence on neuroimmune-endocrine pathways [57]. Here we demonstrate that
pharmacological manipulation of the OXT system during the early
postnatal period (P1-P5) improves social and anxiety-like behaviours, as well as the immune response later in life in the C-section
mice model. OXT levels are demonstrated to be increased in
vaginally born, but not in C-section neonates [58].The
results obtained from this study demonstrate that there is an
developmental window sensitive to manipulations of the
OXT system, hormone replacement with OXT in early-life which
may be capable of preventing some of the lifelong
behavioural and physiological impairments induced by the mode
of delivery.
OXT is fundamental for establishing maternal-offspring
attachment and social behaviour in mammals [12–15]. In our
studies the most consistent ﬁnding in relation to behavioural
changes is that postnatal treatment with OXT reversed Csection-mediated social recognition deﬁcits. At P10, CS offspring
spent less time in the maternal nest which was completely
restored by the high dose of OXT. The C-section-associated
attachment deﬁcits were not associated with differences in
maternal care received by the foster dam. Nonetheless, both
doses of OXT applied to the offspring increased maternal care in
all groups. This is important as OXT is known for its role on
strengthening maternal-offspring bonds [59, 60]. Although our
maternal care analysis was limited to a short timeframe,
differences in maternal care may also underlie some of the
long-lasting effects we observe in our treatment with OXT. A
more comprehensive analysis of maternal behaviour is warranted to understand the role of early-life OXT treatment and
subsequent behaviour development outcomes. Early orientation
to speciﬁc odour cues is critical to mammalian offspring survival
Neuropsychopharmacology (2021) 46:1958 – 1968

and to social behaviour developmental trajectories [61]. As
expected, adult CS offspring showed deﬁcits in social novelty
preference which was fully restored by low-dose OXT treatment
early-in-life. Our results are in line with other studies that
demonstrate that early life administration of OXT can reverse
long-lasting social behavioural deﬁcits in the contactinassociated protein-like 2 (CNTNAP2) model of ASD [62]. Moreover, OXT treatment after birth prevents social and cognitive
deﬁcits OXT system function in adult mice deﬁcient for MAGE
Family Member L2 (Magel2) gene, which is involved in
Prader–Willi Syndrome and ASD [45].
As previously shown, CS offspring exhibited enduring deﬁcits in
anxiety-like behaviour in the marble burying test, elevated-plus
maze and in the aversive open-ﬁeld tests. In addition to its role in
social behaviour, OXT has been associated with anxiolytic and
anti-stress effects in the brain [17]. Here we demonstrated that
postnatal treatment with a low dose of OXT reduced anxiety in
the marble burying test, but not in the elevated-plus maze or in
the aversive open-ﬁeld in male CS offspring. Although these three
behavioural models evaluate the tendency of mice to engage in
exploratory behaviour in an aversive space [63], the marble
burying is also widely thought as a measure of repetitive
behaviour [64], which may be also be relevant to ASD.
Here we investigated the effects of the delivery mode on
peripheral levels of OXT (in plasma) as well as Oxtr and Avpr1a
mRNA expression in the PVN in male adult offspring. Although
mode of delivery did not affect plasma OXT, postnatal
pharmacological manipulation of the OXT system increased
the peptide plasma levels in adulthood in both VB and CS
groups. In a different study, using a similar dosage and
treatment protocol, Meziane et al. (2014) [45] demonstrated
that a single dose of subcutaneous OXT administered to
neonates can bypass the blood-brain barrier and act in the
brain using matrix-assisted laser desorption/ionisation. Surprisingly, Oxtr and Avpr1a mRNA expression in the PVN were not
changed in adulthood. Suggesting that alterations in OXT levels
may depend more on post-transcriptional events and less on
gene expression during this stage of life. Further, the potential
changes to Oxtr expression in other brain regions that regulate
social and anxiety-like behaviours warrant further investigation.
Interestingly, with regards to behaviour the higher dose of OXT
was more effective in preventing the CS-mediated effects in
early postnatal days whereas the low dose of OXT was
associated with long-term changes. These ﬁndings may indicate
plasticity of the OXT system across the development. A similar
dose response curve has been reported in several studies
involving OXT and other peptides [40, 65]. A better understanding of the dynamic role of the OXT system during
development would be required for the interpretation of these
results [39, 66, 67]. Further, OXT developmental effects are not
limited to the OXT system and behaviour and are suggested to
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have an organisational effect wiring the HPA-axis [68], the
immune system [56], neurotransmitter systems such as GABAergic [35], noradrenergic and serotoninergic systems.
One of the main ﬁndings of this study is that early-life treatment
with both doses of OXT prevented adult male CS offspring from
immune hyper-reactivity and decreased the production of pro(TNFα) and anti-inﬂammatory IL-10 cytokine production in
splenocytes stimulated with LPS. Alterations in in immune system
development has been previously associated with birth by Csection [69]. On the other hand, OXT has emerged as key factor
regulating immune homeostasis through several different neuro-

immune-endocrine networks [56, 70]. In addition, OXT is known to
be involved in immune system maturation and by reinforcing
immunotolerance by activation of a subset of CD4 + Foxp3 +
CD25 + regulatory T cells (Tregs) [71]. Another noteworthy aspect
is that OXT can modulate immune system maturation by
activation of OXTR and AVPR present in the PVN [56] and in
immune organs such as the thymus and spleen [72]. However,
mRNA expression of Oxtr and Avpr1a in the PVN were not affected
in the C-section model suggesting that this may not be the
mechanism of immune dysfunction at play here. Further, the initial
microbial acquisition due to C-section has been previously
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Fig. 3 Effects of postnatal OXT administration on C-section-associated anxiety phenotype. A Early postnatal treatment with low-dose OXT
decreased the number of marbles buried in the CS group. Mode of delivery effect (F (1, 73) = 4.716, p = 0.033); treatment effect (F (2, 73) = 2.258,
p = 0.112); mode of delivery × treatment (F (2,73) = 3.351, p = 0.041) ([VB control n = 12, VB 0.2 OT n = 14, VB 2 OT control n = 13, CS control n
= 15, CS 0.2 OXT n = 12, CS 2 OXT n = 13]). B OXT administration did not improve C-section-induced anxiety-like behaviour in the elevated plus maze.
Mode of delivery effect (F (1, 74) = 7.614, p = 0.007); treatment effect (F (2, 74) = 0.663, p = 0.518); mode of delivery × treatment (F (2,74) =
0.820, p = 0.444). C There were no signiﬁcant differences in the number of entrances of the closed arms of the EPM. Mode of delivery effect (F
(1, 74) = 0.843, p = 0.361); treatment effect (F (2, 74) = 0.829, p = 0.441); mode of delivery × treatment (F (2,74) = 1.497, p = 0.231). ([VB control
n = 12, VB 0.2 OT n = 14, VB 2 OT control n = 13, CS control n = 16, CS 0.2 OXT n = 12, CS 2 OXT n = 13]).C There were no signiﬁcant effects on
time spent in central zone of an aversive-open ﬁeld. Early postnatal treatment did not reverse C-section-mediated effects on the total distance travelled
in an aversive open-ﬁeld arena. Time in the central zone: Mode of delivery effect (F (1, 65) = 8.167, p = 0.006); treatment effect (F (2, 65) = 2.079,
p = 0.133); mode of delivery × treatment (F (2,65) = 7.848, <0.001) ([VB control n = 9 VB 0.2 OT n = 11, VB 2 OT control n = 13, CS control n =
14, CS 0.2 OXT n = 12, CS 2 OXT n = 12]). Total distance travelled: Mode of delivery effect (F (1, 65) = 5.531, p = 0.022); treatment effect (F (2,
65) = 0.713, p = 0.261); mode of delivery × treatment (F (2,65) = 2.164, p = 0.123) ([VB control n = 9 VB 0.2 OT n = 11, VB 2 OT control n = 13,
CS control n = 14, CS 0.2 OXT n = 12, CS 2 OXT n = 12]). A–C Two-way ANOVA, followed by LSD post-hoc. Data are represented as Mean ±
Standard Error of the Mean (S.E.M.). Male offspring in each group is derived from three independent litters. *p < 0.05, *p < 0.01 and ***p <
0.001. OXT oxytocin, VB vaginal birth, CS C-section.

Fig. 4 Early-life OXT administration induced long-lasting effects on immune function. A Early-life OXT attenuates TNF-α secretion in CS
splenocytes stimulated with LPS. Mode of delivery effect (x2 = 0.432; df = 1; p = 0.511) and treatment effect (x2 = 7.994; df = 2; p = 0.018) ([VB
control n = 6, VB 0.2 OT n = 5, VB 2 OT control n = 6, CS control n = 14, CS 0.2 OXT n = 6, CS 2 OXT n = 11]). B Early-life OXT decreases IL-10
secretion in CS splenocytes stimulated with LPS in CS group. Mode of delivery effect (x2 = 227.000; df = 1; p = 0.177) and treatment effect (x2 =
11.805; df = 2; p = 0.003) ([VB control n = 6, VB 0.2 OT n = 5, VB 2 OT control n = 8, CS control n = 14, CS 0.2 OXT n = 6, CS 2 OXT n = 11]).
Kruskal–Wallis test followed by Mann–Whitney. Male offspring in each group is derived from three independent litters. Data are represented
as Median ± Interquartile range. *p < 0.05 for mode of delivery effect and #p < 0.05 for treatment effect within the group. OXT oxytocin, VB
vaginal birth, CS C-section.

Table 1.
Cytokines

There were no signiﬁcant effects of C-section or OXT on splenocytes IL-4 and IL-6 secretion after LPS stimulation.
VB
0 OXT (µg/20 µL)

CS
0.2 OXT (µg/20 µL)

2 OXT (µg/20 µL)

0 OXT (µg/20 µL)

0.2 OXT (µg/20 µL)

2 OXT (µg/20 µL)

Il-4

0.64 ± 0.06

0.61 ± 0.09

0.55 ± 0.11

0.65 ± 0.10

1.17 ± 0.29

0.64 ± 0.06

Il-6

491.0 ± 57.64

700.8 ± 284.20

531.3 ± 81.48

854.6 ± 136.50

746.3 ± 313.90

372.7 ± 86.00

Data are represented as mean ± S.E.M.
OXT oxytocin, VB vaginal birth, CS C-section, LPS lipopolysaccharide.

associated with abnormal immune responses in humans [73]
and in mouse models [74]. Although we cannot rule out that
the injection stress may affect both the HPA axis and immune
system, the connection between microbiota and neuro-immune
responses following birth by C-section requires further investigation [75].
Recently, the gut microbiota was shown to modulate the OXT
system and improve social behaviour in animal models of ASD
[76–78]. Thus, the relative contribution of such OXT-microbiotaNeuropsychopharmacology (2021) 46:1958 – 1968

immune interactions to the behavioural effects observed need to
be explored in future studies. In the current study, we also
observed an interesting physiological effect of postnatal low-dose
OXT on restoring gastrointestinal transit in male CS adult mice
without compromising gut permeability. In a previous study OXT
was demonstrated to slow gastrointestinal motility, protect the
intestinal barrier from inﬂammation and decrease macromolecular
permeability [79]. Although speculative, the restoration of the
gastrointestinal transit paralleled to restoring the immune system
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response could reﬂect an indirect developmental effect of OXT in
the gut-brain axis network.
There is a growing interest in manipulation of the OXT system
for potential therapeutic use. Our study opens an avenue for the
investigation of how manipulation of the OXT system inﬂuences
the wiring of the brain following C-section delivery. Although
the translation of ﬁndings in animal models are limited, OXT is
present in human breast milk [80] and breast-feeding initiation
may also be adversely affected by C-section [81]. Some
additional limitations to the study should be noted: here we
focused on male mouse behaviour in adulthood as a direct
follow-up to our previous ﬁndings in male mice [9] . As sex is an
important biological variable for behaviour development and
the OXT system [66, 82, 83], future studies should investigate the
effects of C-section and OXT treatment on behaviour in females.
In our previous study [9] we controlled for the effects of
fostering by adding a cross-fostered group and demonstrated
that cross-fostering has minimal effects on behaviour. However,
for statistical, logistical, and ethical reasons we did not include
extra groups in the current study. In addition, to minimise
animal usage, all the behavioural tests were done in the same
animals and we cannot rule out the possible confounding
carryover effects from previous tests. Most of our ﬁndings on
groups treated with OXT remained signiﬁcant after controlling
for litter effects (Supplementary Table 1), albeit some tests of
anxiety and maternal attachment behaviour did not reveal
differences between CS and VB groups after controlling for
environment (Supplementary Table 1). It may be that these
measures are more sensitive to litter or handling effects during
early-life that may be masking differences between the groups
[9, 40, 84].
Finally, as a rise in unplanned C-section deliveries are a global
trend [85] the data from this study suggest that targeting OXT
may serve as a novel and worthy target for improving health
outcomes associated with the procedure.

FUNDING AND DISCLOSURE
This publication has emanated from research supported in part by
a Centre grant from Science Foundation Ireland (SFI) to the APC
Microbiome Institute under Grant Number SFI/12/RC/2273_P2. It
was funded from the European Community’s Seventh Framework
Programme Grant MyNewGut under Grant Agreement No. FP7/
2007–2013 and Dept Agriculture, Food & the Marine, Ireland
funded TODDLERFOOD: Food Solutions for Replenishing Disrupted Microbiota in Toddlers (2014–2018) and SMARTFOOD:
Science Based ‘Intelligent’/Functional and Medical Foods for
Optimum Brain Health, Targeting Depression and Cognition
(2013–2017). LHM was funded by Science Without Borders,
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES), under the Grant Agreement Number No. 11601-13-2. The
authors have nothing to disclose. Open Access funding provided
by the IReL Consortium.

ACKNOWLEDGEMENTS
The authors would like to thank Dr Caitlin Cowan for assisting with paper proof
reading and Dr Angela Moya-Perez, Patrick Fitzgerald, Colette Manley and the Staff of
the Bioservices Unit, University College Cork for technical support. Dr Gil Sharon and
Dr Jose Franco for assisting on the data analyses.

AUTHOR CONTRIBUTIONS
LHM and JFC conceived the idea. LHM design and performed the experiments. AG,
SC, KS, APRC and GM assisted with experiments. LHM wrote the paper. All the authors
contributed to the ﬁnal version of the paper. AG and GM helped supervise the
project. TD and JFC supervised the project.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41386-021-01040-3.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional afﬁliations.

REFERENCES
1. Betran AP, Torloni MR, Zhang JJ, Gülmezoglu AM. WHO statement on caesarean
section rates. BJOG. 2016;123:667–70.
2. Algert CS, McElduff A, Morris JM, Roberts CL. Perinatal risk factors for early onset
of Type 1 diabetes in a 2000-5 birth cohort. Diabet Med. 2009;26:1193–7.
3. Darmasseelane K, Hyde MJ, Santhakumaran S, Gale C, Modi N. Mode of delivery
and offspring body mass index, overweight and obesity in adult life: a systematic
review and meta-analysis. PLoS ONE. 2014;9:e87896.
4. Horta BL, Gigante DP, Lima RC, Barros FC, Victora CG. Birth by caesarean section
and prevalence of risk factors for non-communicable diseases in young adults: a
birth cohort study. PLoS ONE. 2013;8:e74301.
5. Stokholm J, Thorsen J, Blaser MJ, Rasmussen MA, Hjelmsø M, Shah S, et al.
Delivery mode and gut microbial changes correlate with an increased risk of
childhood asthma. Sci Transl Med. 2020;12.
6. Polidano C, Zhu A, Bornstein JC. The relation between cesarean birth and child
cognitive development. Sci Rep. 2017;7:11483.
7. Yang X-T, Zhang W-R, Tian Z-C, Wang K, Ding W-J, Liu Y, et al. Depressive severity
associated with cesarean section in young depressed individuals. Chin Med J.
2019;132:1883–4.
8. Curran EA, Kenny LC, Dalman C, Kearney PM, Cryan JF, Dinan TG, et al. Birth by
caesarean section and school performance in Swedish adolescents- a populationbased study. BMC Pregnancy Childbirth. 2017;17:121.
9. Morais LH, Golubeva AV, Moloney GM, Moya-Pérez A, Ventura-Silva AP, Arboleya
S, et al. Enduring behavioral effects induced by birth by caesarean section in the
mouse. Curr Biol. 2020;30:3761–.e6.
10. Castillo-Ruiz A, Mosley M, Jacobs AJ, Hofﬁz YC, Forger NG. Birth delivery mode
alters perinatal cell death in the mouse brain. Proc Natl Acad Sci USA.
2018;115:11826–31.
11. Simon-Areces J, Dietrich MO, Hermes G, Garcia-Segura LM, Arevalo M-A, Horvath
TL. UCP2 induced by natural birth regulates neuronal differentiation of the hippocampus and related adult behavior. PLoS ONE. 2012;7:e42911.
12. Insel TR. Is social attachment an addictive disorder? Physiol Behav. 2003;79:351–7.
13. Walum H, Young LJ. The neural mechanisms and circuitry of the pair bond. Nat
Rev Neurosci. 2018;19:643–54.
14. Plasencia G, Luedicke JM, Nazarloo HP, Carter CS, Ebner NC. Plasma oxytocin and
vasopressin levels in young and older men and women: Functional relationships
with attachment and cognition. Psychoneuroendocrinology. 2019;110:104419.
15. Caldwell HK. Oxytocin and vasopressin: powerful regulators of social behavior.
Neuroscientist. 2017;23:517–28.
16. Carter CS, Kenkel WM, MacLean EL, Wilson SR, Perkeybile AM, Yee JR, et al. Is
oxytocin “nature’s medicine”? Pharmacol Rev. 2020;72:829–61.
17. Neumann ID, Slattery DA. Oxytocin in general anxiety and social fear: A translational approach. Biol Psychiatry. 2016;79:213–21.
18. Kenkel W. Birth signalling hormones and the developmental consequences of
caesarean delivery. J Neuroendocrinol. 2021;33:e12912.
19. Kenkel WM, Perkeybile AM, Yee JR, Pournajaﬁ-Nazarloo H, Lillard TS, Ferguson EF,
et al. Behavioral and epigenetic consequences of oxytocin treatment at birth. Sci
Adv. 2019;5:eaav2244.
20. Mamrut S, Harony H, Sood R, Shahar-Gold H, Gainer H, Shi Y-J, et al. DNA
methylation of speciﬁc CpG sites in the promoter region regulates the transcription of the mouse oxytocin receptor. PLoS ONE. 2013;8:e56869.
21. Kosaka H, Okamoto Y, Munesue T, Yamasue H, Inohara K, Fujioka T, et al. Oxytocin
efﬁcacy is modulated by dosage and oxytocin receptor genotype in young adults
with high-functioning autism: a 24-week randomized clinical trial. Transl Psychiatry. 2016;6:e872.
22. Liu W, Pappas GD, Carter CS. Oxytocin receptors in brain cortical regions are
reduced in haploinsufﬁcient (+/-) reeler mice. Neurol Res. 2005;27:339–45.
23. Andari E, Nishitani S, Kaundinya G, Caceres GA, Morrier MJ, Ousley O, et al. Epigenetic modiﬁcation of the oxytocin receptor gene: implications for autism
symptom severity and brain functional connectivity. Neuropsychopharmacology.
2020;45:1150–8.
24. Andari E, Hurlemann R, Young LJ. A precision medicine approach to oxytocin
trials. Current topics in behavioral neurosciences. 2018;35:559–90.
25. Bakermans-Kranenburg MJ, van I, Jzendoorn MH. Snifﬁng around oxytocin:
review and meta-analyses of trials in healthy and clinical groups with implications
for pharmacotherapy. Transl Psychiatry. 2013;3:e258.

Neuropsychopharmacology (2021) 46:1958 – 1968

Early-life oxytocin attenuates the social deﬁcits induced by. . .
LH Morais et al.

1967
26. Parker KJ, Oztan O, Libove RA, Sumiyoshi RD, Jackson LP, Karhson DS, et al.
Intranasal oxytocin treatment for social deﬁcits and biomarkers of response in
children with autism. Proc Natl Acad Sci USA. 2017;114:8119–24.
27. Alaerts K, Bernaerts S, Prinsen J, Dillen C, Steyaert J, Wenderoth N. Oxytocin
induces long-lasting adaptations within amygdala circuitry in autism: a
treatment-mechanism study with randomized placebo-controlled design. Neuropsychopharmacology. 2020;45:1141–9.
28. Alaerts K, Bernaerts S, Vanaudenaerde B, Daniels N, Wenderoth N. AmygdalaHippocampal Connectivity Is Associated With Endogenous Levels of Oxytocin
and Can Be Altered by Exogenously Administered Oxytocin in Adults With Autism. Biol Psychiatry Cogn Neurosci Neuroimaging. 2019;4:655–63.
29. Kruppa JA, Gossen A, Oberwelland Weiß E, Kohls G, Großheinrich N, Cholemkery
H, et al. Neural modulation of social reinforcement learning by intranasal oxytocin in male adults with high-functioning autism spectrum disorder: a randomized trial. Neuropsychopharmacology. 2019;44:749–56.
30. Clodi M, Vila G, Geyeregger R, Riedl M, Stulnig TM, Struck J, et al. Oxytocin
alleviates the neuroendocrine and cytokine response to bacterial endotoxin in
healthy men. Am J Physiol Endocrinol Metab. 2008;295:E686–91.
31. Savino W, Mendes-da-Cruz DA, Lepletier A, Dardenne M. Hormonal
control of T-cell development in health and disease. Nat Rev Endocrinol.
2016;12:77–89.
32. Kingsbury MA, Bilbo SD. The inﬂammatory event of birth: How oxytocin signaling
may guide the development of the brain and gastrointestinal system. Front
Neuroendocrinol. 2019;55:100794.
33. Boksa P, Zhang Y, Nouel D. Maternal oxytocin administration before birth inﬂuences the effects of birth anoxia on the neonatal rat brain. Neurochem Res.
2015;40:1631–43.
34. Ben-Ari Y. Is birth a critical period in the pathogenesis of autism spectrum disorders? Nat Rev Neurosci. 2015;16:498–505.
35. Tyzio R, Nardou R, Ferrari DC, Tsintsadze T, Shahrokhi A, Eftekhari S, et al.
Oxytocin-mediated GABA inhibition during delivery attenuates autism pathogenesis in rodent offspring. Science. 2014;343:675–9.
36. Tyzio R, Cossart R, Khalilov I, Minlebaev M, Hübner CA, Represa A, et al. Maternal
oxytocin triggers a transient inhibitory switch in GABA signaling in the fetal brain
during delivery. Science. 2006;314:1788–92.
37. Mazzuca M, Minlebaev M, Shakirzyanova A, Tyzio R, Taccola G, Janackova S, et al.
Newborn Analgesia Mediated by Oxytocin during Delivery. Front Cell Neurosci.
2011;5.
38. Nair PK, Li T, Bhattacharjee R, Ye X, Folkesson HG. Oxytocin-induced labor augments IL-1beta-stimulated lung ﬂuid absorption in fetal guinea pig lungs. Am J
Physiol Lung Cell Mol Physiol. 2005;289:L1029–38.
39. Hammock EAD, Levitt P. Oxytocin receptor ligand binding in embryonic tissue
and postnatal brain development of the C57BL/6J mouse. Front Behav Neurosci.
2013;7:195.
40. Bales KL, Perkeybile AM. Developmental experiences and the oxytocin receptor
system. Horm Behav. 2012;61:313–9.
41. Owada K, Okada T, Munesue T, Kuroda M, Fujioka T, Uno Y, et al. Quantitative
facial expression analysis revealed the efﬁcacy and time course of oxytocin in
autism. Brain. 2019;142:2127–36.
42. Higashida H, Munesue T, Kosaka H, Yamasue H, Yokoyama S, Kikuchi M. Social
Interaction Improved by Oxytocin in the Subclass of Autism with Comorbid
Intellectual Disabilities. Diseases. 2019;7.
43. Torres G, Mourad M, Leheste JR. Perspectives of Pitocin administration on
behavioral outcomes in the pediatric population: recent insights and future
implications. Heliyon. 2020;6:e04047.
44. Kaul B, Vallejo MC, Ramanathan S, Mandell G, Phelps AL, Daftary AR. Induction of
labor with oxytocin increases cesarean section rate as compared with oxytocin
for augmentation of spontaneous labor in nulliparous parturients controlled for
lumbar epidural analgesia. J Clin Anesth. 2004;16:411–4.
45. Meziane H, Schaller F, Bauer S, Villard C, Matarazzo V, Riet F, et al. An Early
Postnatal Oxytocin Treatment Prevents Social and Learning Deﬁcits in Adult Mice
Deﬁcient for Magel2, a Gene Involved in Prader-Willi Syndrome and Autism. Biol
Psychiatry. 2015;78:85–94.
46. Schaller F, Watrin F, Sturny R, Massacrier A, Szepetowski P, Muscatelli F. A single
postnatal injection of oxytocin rescues the lethal feeding behaviour in mouse
newborns deﬁcient for the imprinted Magel2 gene. Hum Mol Genet.
2010;19:4895–905.
47. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 2001;25:402–8.
48. Macrì S, Biamonte F, Romano E, Marino R, Keller F, Laviola G. Perseverative
responding and neuroanatomical alterations in adult heterozygous reeler mice
are mitigated by neonatal estrogen administration. Psychoneuroendocrinology.
2010;35:1374–87.
49. Desbonnet L, Clarke G, Shanahan F, Dinan TG, Cryan JF. Microbiota is essential for
social development in the mouse. Mol Psychiatry. 2014;19:146–8.

Neuropsychopharmacology (2021) 46:1958 – 1968

50. Sweeney FF, O’Leary OF, Cryan JF. Activation but not blockade of GABAB
receptors during early-life alters anxiety in adulthood in BALB/c mice. Neuropharmacology. 2014;81:303–10.
51. O’Leary OF, Felice D, Galimberti S, Savignac HM, Bravo JA, Crowley T, et al. GABAB
(1) receptor subunit isoforms differentially regulate stress resilience. Proc Natl
Acad Sci USA. 2014;111:15232–7.
52. Golubeva AV, Joyce SA, Moloney G, Burokas A, Sherwin E, Arboleya S, et al.
Microbiota-related Changes in Bile Acid & Tryptophan Metabolism are Associated
with Gastrointestinal Dysfunction in a Mouse Model of Autism. EBioMedicine.
2017;24:166–78.
53. Neumann ID, Torner L, Toschi N, Veenema AH. Oxytocin actions within the
supraoptic and paraventricular nuclei: differential effects on peripheral and
intranuclear vasopressin release. Am J Physiol Regul Integr Comp Physiol.
2006;291:R29–36.
54. Herman JP, Tasker JG. Paraventricular hypothalamic mechanisms of chronic
stress adaptation. Front Endocrinol (Lausanne). 2016;7:137.
55. Latas M, Vučinić Latas D, Spasić, Stojaković M. Anxiety disorders and medical
illness comorbidity and treatment implications. Curr Opin Psychiatry.
2019;32:429–34.
56. Wang P, Yang H-P, Tian S, Wang L, Wang SC, Zhang F, et al. Oxytocin-secreting
system: A major part of the neuroendocrine center regulating immunologic
activity. J Neuroimmunol. 2015;289:152–61.
57. Erdman SE. Microbes and healthful longevity. Aging (Albany, NY). 2016;8:839–40.
58. Kuwabara Y, Takeda S, Mizuno M, Sakamoto S. Oxytocin levels in maternal and
fetal plasma, amniotic ﬂuid, and neonatal plasma and urine. Arch Gynecol Obstet.
1987;241:13–23.
59. Marlin BJ, Mitre M, D’amour JA, Chao MV, Froemke RC. Oxytocin enables maternal
behaviour by balancing cortical inhibition. Nature. 2015;520:499–504.
60. Nagasawa M, Okabe S, Mogi K, Kikusui T. Oxytocin and mutual communication in
mother-infant bonding. Front Hum Neurosci. 2012;6:31.
61. Hammock EAD. Developmental perspectives on oxytocin and vasopressin. Neuropsychopharmacology. 2015;40:24–42.
62. Peñagarikano O, Lázaro MT, Lu X-H, Gordon A, Dong H, Lam HA, et al. Exogenous
and evoked oxytocin restores social behavior in the Cntnap2 mouse model of
autism. Sci Transl Med. 2015;7:271ra8.
63. Crawley JN. Exploratory behavior models of anxiety in mice. Neurosci Biobehav
Rev. 1985;9:37–44.
64. Silverman JL, Yang M, Lord C, Crawley JN. Behavioural phenotyping assays for
mouse models of autism. Nat Rev Neurosci. 2010;11:490–502.
65. Popik P, Vetulani J, van Ree JM. Low doses of oxytocin facilitate social recognition
in rats. Psychopharmacology. 1992;106:71–74.
66. Veenema AH, Bredewold R, De Vries GJ. Vasopressin regulates social recognition
in juvenile and adult rats of both sexes, but in sex- and age-speciﬁc ways. Horm
Behav. 2012;61:50–56.
67. de Vries GJ, Veenema AH, Brown CH. Vasopressin and oxytocin: keys to understanding the neural control of physiology and behaviour. J Neuroendocrinol.
2012;24:527.
68. Kramer KM, Cushing BS, Carter CS. Developmental effects of oxytocin
on stress response: single versus repeated exposure. Physiol Behav.
2003;79:775–82.
69. Zachariassen LF, Krych L, Rasmussen SH, Nielsen DS, Kot W, Holm TL, et al.
Cesarean Section Induces Microbiota-Regulated Immune Disturbances in C57BL/
6 Mice. J Immunol. 2019;202:142–50.
70. Varian BJ, Poutahidis T, DiBenedictis BT, Levkovich T, Ibrahim Y, Didyk E,
et al. Microbial lysate upregulates host oxytocin. Brain Behav Immun.
2017;61:36–49.
71. Poutahidis T, Kearney SM, Levkovich T, Qi P, Varian BJ, Lakritz JR, et al. Microbial
symbionts accelerate wound healing via the neuropeptide hormone oxytocin.
PLoS One. 2013;8:e78898.
72. Elands J, Resink A, De Kloet ER. Neurohypophyseal hormone receptors in the rat
thymus, spleen, and lymphocytes. Endocrinology. 1990;126:2703–10.
73. Cho CE, Norman M. Cesarean section and development of the immune system in
the offspring. Am J Obstet Gynecol. 2013;208:249–54.
74. Hansen CHF, Andersen LSF, Krych L, Metzdorff SB, Hasselby JP, Skov S, et al. Mode
of delivery shapes gut colonization pattern and modulates regulatory immunity
in mice. J Immunol. 2014;193:1213–22.
75. Moya-Pérez A, Luczynski P, Renes IB, Wang S, Borre Y, Anthony Ryan C, et al.
Intervention strategies for cesarean section-induced alterations in the
microbiota-gut-brain axis. Nutr Rev. 2017;75:225–40.
76. Sgritta M, Dooling SW, Bufﬁngton SA, Momin EN, Francis MB, Britton RA, et al.
Mechanisms Underlying Microbial-Mediated Changes in Social Behavior in Mouse
Models of Autism Spectrum Disorder. Neuron. 2019;101:246–.e6.
77. Bufﬁngton SA, Di Prisco GV, Auchtung TA, Ajami NJ, Petrosino JF, Costa-Mattioli
M. Microbial Reconstitution Reverses Maternal Diet-Induced Social and Synaptic
Deﬁcits in Offspring. Cell. 2016;165:1762–75.

Early-life oxytocin attenuates the social deﬁcits induced by. . .
LH Morais et al.

1968
78. Bufﬁngton SA, Dooling SW, Sgritta M, Noecker C, Murillo OD, Felice DF, et al.
Dissecting the contribution of host genetics and the microbiome in complex
behaviors. Cell. 2021;184:1740–.e16.
79. Welch MG, Margolis KG, Li Z, Gershon MD. Oxytocin regulates gastrointestinal
motility, inﬂammation, macromolecular permeability, and mucosal maintenance
in mice. Am J Physiol Gastrointest Liver Physiol. 2014;307:G848–62.
80. Takeda S, Kuwabara Y, Mizuno M. Concentrations and origin of oxytocin in breast
milk. Endocrinol Jpn. 1986;33:821–6.
81. Hobbs AJ, Mannion CA, McDonald SW, Brockway M, Tough SC. The impact of
caesarean section on breastfeeding initiation, duration and difﬁculties in the ﬁrst
four months postpartum. BMC Pregnancy Childbirth. 2016;16:90.
82. Tamborski S, Mintz EM, Caldwell HK Sex differences in the embryonic
development of the central oxytocin system in mice. J Neuroendocrinol.
2016;28.
83. Veenema AH, Bredewold R, De Vries GJ. Sex-speciﬁc modulation of juvenile social
play by vasopressin. Psychoneuroendocrinology. 2013;38:2554–61.
84. Villescas R, Bell RW, Wright L, Kufner M. Effect of handling on maternal behavior
following return of pups to the nest. Dev Psychobiol. 1977;10:323–9.

85. Dominguez Bello MG. Effects of C-section on the human microbiota. Am J Hum
Biol. 2018:e23196.

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

© The Author(s) 2021

Neuropsychopharmacology (2021) 46:1958 – 1968

