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1 | ROLES OF OXYTOCIN

Oxytocin is mostly synthesized within the hypothalamus and
acts mainly on the oxytocin receptor that is expressed in the
nervous system and peripheral organs. Oxytocin exerts not only
reproduction-related functions such as delivery of children and

| Yuki Takayanagi

Abstract

Early-life experience influences social and emotional behaviour in adulthood.
Affiliative tactile stimuli in early life facilitate the development of social and emo-
tional behaviour, whereas early-life adverse stimuli have been shown to increase the
risk of various diseases in later life. On the other hand, oxytocin has been shown to
have organizational actions during early-life stages. However, the detailed mecha-
nisms of the effects of early-life experience and oxytocin remain unclear. Here, we
review the effects of affiliative tactile stimuli during the neonatal period and neona-
tal oxytocin treatment on the activity of the oxytocin-oxytocin receptor system and
social or emotional behaviour in adulthood. Both affiliative tactile stimuli and early-
life adverse stimuli in the neonatal period acutely activate the oxytocin-oxytocin
receptor system in the brain but modulate social behaviour and anxiety-related be-
haviour apparently in an opposite direction in adulthood. Accumulating evidence
suggests that affiliative tactile stimuli and exogenous application of oxytocin in early-
life stages induce higher activity of the oxytocin-oxytocin receptor system in adult-
hood, although the effects are dependent on experimental procedures, sex, dosages
and brain regions examined. On the other hand, early-life stressful stimuli appear to
induce reduced activity of the oxytocin-oxytocin receptor system, possibly leading
to adverse actions in adulthood. It is possible that activation of a specific oxytocin
system can induce beneficial actions against early-life maltreatments and thus could
be used for the treatment of developmental psychiatric disorders.
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milk ejection during the lactation period, but also various ac-
tions including control of stress-related responses, emotional re-
sponses and social behaviour.” The oxytocin receptor gene has
single-nucleotide polymorphisms (SNPs) and SNPs of the oxytocin
receptor gene have been shown to be associated with difference
in pair bonding,8 empathy and stress responsiveness,’ generous
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behaviour,'® prosocial temperament,! face recognition,'? and au-
tism spectrum disorder.*®

Oxytocin acts within the brain to induce various acute adap-
tive responses to environmental challenges. Oxytocin exerts neu-
rotrophic actions in some cases. Oxytocin also has organizational
effects via acting at certain developmental stages to modulate
the developmental trajectory. These oxytocin actions are exerted
mainly by activation of the oxytocin receptor located on neurons,
astroglia'* and microglia'® in the nervous system and on cells in pe-
ripheral organs.

Various acute actions of oxytocin have been reported. Oxytocin
facilitates the acquisition of social recognition“’ and increases a va-
riety of social behaviours such as parental behaviours (pup retrieval,
maternal aggression), mating-related behaviours, filial huddling, affil-
iative behaviour, emotional discrimination!’ and consolation-related
behaviour toward distressed partners.’® These actions have been
shown to be meditated by enhancement of rewarding effects of so-
cial interaction? and by enhancement of attention to social signals.19
Oxytocin also acutely attenuates stress-related or anxiety-related
responses in autonomic, neuroendocrine or behavioural systems
by acting on various brain regions, whereas oxytocin appears to
facilitate stress responses in socially aversive situations.? In addi-
tion, oxytocin has analgesic actions possibly via acting on the spinal
cord.?t%2 Oxytocin has been reported to reduce depression-related
or anxiety-related behaviour after chronic stress. Oxytocin has
negative energy homeostatic actions (decreased satiety, increased

energy consumption and hyperthermia)?%2324

partly by inducing
meal termination and by activating the sympathetic nervous system.
Oxytocin also induces reduction of drug addiction?>2° by modulating
the activity of the reward system. Oxytocin also has neuroprotective
effects via anti-inflammation actions or switching GABA function
from excitation to inhibition.?”?? Oxytocin also has been shown to
play a role in learning and memory including reversal learning.%® All
of these oxytocin actions of increasing social behaviours, modulating
stress-related responses, inducing negative metabolic states and ex-
erting neuroprotection, have been suggested to contribute to active
coping towards various environmental challenges.20

In addition to acute actions, oxytocin has been shown to be in-
volved in neurogenesis and neurotropic actions.*! Oxytocin admin-
istration stimulates neurogenesis in the hippocampus in adult male
rats®? and conditional ablation of the oxytocin receptor in the hippo-
campus impairs neurogenesis in mice.>®

Oxytocin has also been suggested to function during the de-
velopmental period.2**® There is accumulating evidence indicating
that oxytocin acts in discrete and specific developmental periods
to modulate the developmental trajectory of certain neural circuits
to control behavioural and neuroendocrine stress responses. These
organizational actions of oxytocin during the developmental period
may be mediated by acute actions and by neurogenetic actions. On
the other hand, both early-life experience and stimulation of the
oxytocin system during early life have been suggested to induce
long-term effects on the oxytocin system and behaviour. However,

apparently inconsistent data concerning the effects of early-life

experience and oxytocin on the oxytocin system have been re-
ported. Detailed underlying mechanisms of early-life experience and
oxytocin remain unclear. In the present review, we first discuss the
development of the oxytocin-oxytocin receptor system and then
effects of tactile stimuli, affiliative parental care, early-life adverse
stimuli and early-life oxytocin on behaviours and the oxytocin sys-
tem in adulthood. In the final section, future directions of research
concerning organizational actions of oxytocin are discussed.

2 | THE OXYTOCIN SYSTEM AND EARLY-
LIFE EXPERIENCE

2.1 | Development of oxytocin neurons and the
oxytocin receptor

The oxytocin-oxytocin receptor system appears to be established at
a relatively late stage of development compared to the development
of the vasopressin system.36 Oxytocin mRNA is found at embryonic
day 16.5 and the mature form of oxytocin peptide is detected only
after birth in mice.®” The number of neurons expressing oxytocin
immunoreactivity increases during the pre-weaning period in both
mice®® and prairie voles.3® On the other hand, oxytocin receptor
mRNA is detected earlier than oxytocin and is expressed at embry-

3739 and rats.*® Oxytocin receptor binding

37,41

onic day 11-12.5 in mice
is found at embryonic day 16.5 in mice and rats* and increases
during the course of development. In some brain regions, expres-
sion of the oxytocin receptor is not stable but transient during the

42,43

postnatal period. These areas include the cingulate cortex, cau-

date putamen, anterior thalamic nuclei, ventral tegmental area,*®
septum and auditory cortex.** Sexually dimorphic expression of the
oxytocin receptor has been demonstrated in the ventral premammil-
lary nucleus in male mice and in the medial preoptic area in female
mice.*® Itis interesting that oxytocin binding in the ventrolateral part
of the ventromedial hypothalamus increases after puberty.*?*° The
ventromedial hypothalamus has been shown to play roles in aggres-

46,47 48 all

sive behaviours, sexual behaviour and social defeat posture,
of which develop after puberty.

Because the oxytocin-oxytocin receptor system develops from
the perinatal period until adulthood, experiences especially in early
life may influence the development of the oxytocin system to mod-
ulate neuroendocrine, autonomic and behavioural responses to en-
vironmental challenges in adulthood. In the next section, the effects
of tactile stimuli during early-life stages on behaviours and the oxy-

tocin system are discussed.

2.2 | Effects of affiliative stimuli including tactile
stimulation (touch) in early life

Tactile stimulation plays an important role in non-verbal emo-
tional communication.*”°° Gentle stroking at a slow speed induces

a pleasant sensation and social reward via activation of C-tactile
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fibres.®! Social grooming or allo-grooming is induced toward dis-
tressed conspecifics®? to buffer stress responses (social buffer-
ing)®® and to produce analgesia in the recipients. Social grooming
has been suggested to contribute to the formation of social groups.
Primates spend a considerable amount of time grooming other
individuals to establish and maintain relationships among social
members.>*

During the developmental period, tactile stimulation also plays
an indispensable role. Nurturing touch during parental care has been
proposed to facilitate the development of emotional and social be-
haviours and cognitive functions®® and to establish an attachment
relationship of bonding between infants and their guardians.*’
Deprivation of touch and social interactions in early childhood leads
to irreversible deficits in emotional, social and cognitive behaviours,
whereas tactile stimuli with a brush for isolated pups reduce ma-
ternal separation-induced distress in rats®® and mandarin voles.®’
Gentle tactile stimuli during the developmental period establish an

58,59

affiliative relationship, possibly as a result of the activation of

hypothalamic oxytocin neurons.%-%?

Warm sensations in addition to mechanosensation form
an important part of tactile stimulation during parental care.
Maintenance of body temperature is important for survival during
the developmental period when body size is small. Huddling be-
haviour effectively reduces heat loss. Rodents show thermal-
seeking huddling. It is interesting that oxytocin, which is increased
in pups by contact with the mother or parental care,®® facili-
tates the development of thermal-seeking huddling behaviour.®*
Oxytocin-deficient pups select cooler places compared to wild-
type pups in a thermocline performance test.®® Furthermore,
oxytocin increases thermogenesis via activation of brown adipose
tissue.®%%” Preference for a warmer place, thermogenesis and pos-
sibly increased tolerance of the presence of other individuals by
oxytocin may contribute to survival of animals and to the develop-
ment of social affiliation in early life.

Not only affiliative gentle mechanosensory stimuli®®%%? but
also affiliative eye contact®® acutely activate hypothalamic oxyto-
cin neurons and facilitate oxytocin release.®’ Parental care including
skin-to-skin contact with the mother modulates the amount of hy-
pothalamic or serum oxytocin in rat pups.”® Rat pups that received
frequent licking from their mothers have been reported to show an
increased plasma concentration of oxytocin at postnatal day 13,
which is consistent with the view that maternal licking activates the
oxytocin system in pups.

As described above, the oxytocin system is acutely activated
by affiliative parental care. Parental affiliative stimuli during early
life have also been shown to induce long-lasting influence on the
oxytocin system. Early-life manipulations such as handling, ma-
ternal separation, nursery environments and paternal deprivation
influence the amount of parental care that pups receive. In the
next section, the long-lasting influence of parental care and its ex-
perimental manipulations of handling, maternal separation, cage
environment changes and paternal deprivation on the oxytocin

system is discussed.
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2.3 | Effects of parental care on the
oxytocin system

2.3.1 | Effects of parental care or affiliative stimuli
on the oxytocin system

Parental care affects expression of the oxytocin receptor in the
brain in various animals.?%”? Handling during the first week of life
in male and female prairie voles facilitates maternal care and in-
creases oxytocin receptor binding in the nucleus accumbens of the
offspring’? (Table 1), whereas low levels of maternal care are as-
sociated with increased oxytocin receptor DNA methylation and
thus with decreased expression of the oxytocin receptor.72 Positive
correlations between parental care received and expression of the
oxytocin receptor have also been reported in monogamous prairie
voles and rats. Increased parental care has been shown to induce
hypomethylation of the oxytocin receptor gene in prairie voles.”®
Female offspring rats reared by mothers who have a high frequency
of pup licking/grooming have been reported to show a high level
of oxytocin receptor binding and to exhibit a high level of licking/
grooming behaviour toward their own pups,’* although no signifi-
cant difference in the amount of oxytocin receptor nRNA was found
in offspring mice of dams that showed high corticosterone and low
maternal care.”” Increased expression of the oxytocin receptor has
been suggested to be mediated, at least in part, via induction of oes-
trogen sensitivity to express the oxytocin receptor in rats.”®
Affiliative stimuli received during post-weaning period also
induce long-lasting stimulating actions on the oxytocin system.
Repeated application of gentle stroking stimuli, which induce affil-
iative behaviour in both female and male rats toward the experi-
menter, provokes enhanced activity of oxytocin neurons in response

to stroking stimuli.>®>7

2.3.2 | Effects of maternal separation on the
oxytocin system

Maternal deprivation has been shown in rhesus macaques to in-
crease anxiety in response to isolation, and the sensitivity of ma-
ternal separation to induce augmented anxiety depends on a SNP
of the oxytocin receptor gene,”” suggesting the involvement of the
oxytocin receptor in the control of maternal deprivation-induced
emotional behaviour in primates.

Several studies have shown that postnatal maternal separation
reduces oxytocin mRNA, oxytocin content or the number of oxy-
tocin neurons in the hypothalamus and decreases the expression of
the oxytocin receptor in some brain regions, although differences
depending on the species, sex, experimental procedures and brain
regions examined have been reported (Table 2).

Postnatal maternal separation for a short duration (e.g.,
1-15 min day™) has been shown to reduce the hypothalamic oxy-
tocin content in suckling rats’® and to reduce the number of hypo-

thalamic oxytocin neurons in adult rats.””8° Reduction of oxytocin
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TABLE 1 Effects of parental care and tactitle stimuli on the oxytocin system in adulthood.

Treatments Species, sex

Early handling (PND 1)-induced parental care
Natural parental care

Early handling (PND 1)

Early handling (PND 1, PND 1-7)

High level of maternal licking/grooming

Rearing by dams that showed high corticosterone Male mouse
and low maternal care

High level of maternal licking/grooming Female rats

Post-weaning tactile stimuli Male rats

Post-weaning tactile stimuli Female rats

Male and female prairie voles

Male and female prairie voles

Male and female prairie voles

Male and female rats

Changes in the OXT system Reference

OXTR gene methylation | OXTR binding (72)
in the Nac T

Association of high maternal care and
low paternal care with increased
OXTR binding in NAc

OXTR DNA methylation in NAcJ(PND (73)
24)
OXT immunoreactivity in the SON but (186)

not in the PVN (male) T

OXTR binding in the NAc and BNST
(female) |,

OXTR binding in the BNST (male) |

OXTR receptor binding in the central (74)
AMY, BNST (female but not male) T

OXTR mRNA in the frontal cortex, Hip, (75)
HYP —
Anxiety-related behaviour, social
behaviour, emotional contagion |
Aggression T

Oestrogen-induced OXTR in the MPA, (76)
LS T

Activity of OXT neurons in the PVN T (58)

Activity of OXT neurons in the PVN T (59)

Abbreviations: AMY, amygdala; BNST, bed nucleus of the stria terminalis; Hip, hippocampus; LS, lateral septum; MPA, medial preoptic area; NAc,
nucleus accumbens; OXT, oxytocin; OXTR, oxytocin receptor; PND, postnatal day; PVN, hypothalamic paraventricular nucleus; SON, supraoptic

nucleus.

content has also been reported in the amygdala of adult male
rats.8! Maternal separation for a longer duration (e.g., 3 h day™)
has also been reported to induce a long-lasting decrease in oxy-
tocin mRNA or oxytocin content in the hypothalamus and/or in

82,83 ratsg4'85

other brain regions in mice, and Degus® (but see
also Tsuda et al.?’). Maternal separation has also been shown to
reduce oxytocin receptor binding in the lateral septum and the
caudate putamen, whereas maternal separation increases oxyto-
cin receptor binding in the ventromedial hypothalamus in rats in
adulthood %887

Interaction between maternal separation and postweaning
stresses on expression of the oxytocin receptor has also been sug-
gested. Maternal separation induces no changes in oxytocin recep-
tor mRNA in the hippocampus, while a combination of maternal
separation and forced swimming in young adulthood increases oxy-
tocin receptor mRNA in the hippocampus of adult male mice.”® The
effects of maternal separation on oxytocin receptor expression may

be dependent on brain regions and ages when stress is applied.

2.3.3 | Effects of limited bedding/nesting materials
on the oxytocin system

Living conditions during the pre-weaning period have been re-
ported to affect the oxytocin system in a sexually dimorphic fash-

ion (Table 3). Male rats under limited bedding and nesting material

conditions have been reported to show reduced oxytocin mRNA”!
and decreased numbers of oxytocin neurons in the hypothalamic
paraventricular nucleus and also exhibit reduced oxytocin receptor-
immunoreactive cells in the central amygdala,(’2 although inconsist-
ent data have been reported in female rats (Table 3).

2.3.4 | Effects of paternal deprivation on the
oxytocin system

Patterns of parental care, such as biparental care, maternal care only
(paternal deprivation) or alloparental care in monogamous animals,
have also been shown to affect social behaviours and the oxytocin
system in adulthood. In monogamous mandarin voles and prairie
voles, both fathers and mothers show parental care toward their
children. Paternal absence has been shown to reduce partner pref-
erence formation of the offspring in adulthood,”® suggesting that
the effect of maternal care alone on social behaviour of offspring
is different from the effect of biparental care. Paternal deprivation
has been shown to reduce oxytocin receptor mRNA and protein or
to decrease oxytocin receptor binding in certain brain regions in

prairie voles’®4 95,96

and mandarin voles, although contradictory ef-
fects of paternal deprivation on oxytocin neurons have also been re-
ported (Table 4). Consistent with the view that the oxytocin system
is involved in effects of paternal deprivation, paternal deprivation-

indued reduction in partner preferences has been shown to be
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TABLE 2 Effects of maternal separation on the oxytocin system.
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Maternal separation
15 min day™}, PND 2-9
1 min day™?, PDN 1-10

15 min day™, PND 1-21
6 hday™?, PND 1-21
3hday?, PDN 1-14

1 hday™, PND 1-35,

1h day’l, PND 1-35, plus social isolation

Species, sex
Male rats

Male, female rats

Male rats

Male rats

Male, female mice

Male, female degus

3 hday ! PND 2-14 Male rats
3 hday?, PDN 1-14 Male mice
4 h day’l, PDN 3-21 Male mice
3 hday?, PND 1-14 Male rats
4 hday™®, PND 1-20 Male rats
3h day’l, PND 1-21, plus social isolation, Male mice

forced swimming (15 min) in young
adults (PND 62-63)

3h day’l, PND 1-13 Mandarin voles

Changes in the OXT system Reference

Hypothalamic OXT mRNA (PND 9) | (78)

OXT neurons in the parvoPVN | (79), (80)

OXT neurons in the magnoPVN and SON —

OXT content in the AMY (3-week-old and adult) and the (81)
Hyp (3-week-old but not adult) |

OXT content in the AMY (3-week-old but not adult) and (81)
the Hyp (3-week-old but not adult rats) |

OXT immunoreactivity in the PVN (lactating females but (82)
not males) |,

OXT contents in the Hyp (social isolation) | (86)

OXT contents in the Hip and PFC |

OXT mRNA and OXT neurons in the magnoPVN |, (84)

OXT neurons in the parvoPVN —

Restoration by post-weaning co-habituation with control

OXT neurons in the PVN T (87)

OXT neurons in the magnoPVN | (83)

OXTR (immunoreactivity) in basolateral AMY |,

Rich environments (PDN22-120) increase OXT neurons in
the parvoPVN and OXTR in the basolateral AMY and
prelimbic PFC.

OXTR binding in the Ins (juvenile [5 weeks], adolescent (88)
[8 weeks]), LS (adult [16 weeks]), CP (adult) |,

OXTR binding in the MPA (adolescent) and VMH (adult) 7

OXTR (immunoreactivity) in the medial PFC |, (85)

OXTR mRNA in the Hip after 3-h preweaning stress and (90)
social isolation (PND 100 but not in PND 64) T

OXT neurons in the PVN and SON (PND 21) | (187)

Abbreviations: AMY, amygdala; CP, caudate putamen; Hip, hippocampus; Hyp, hypothalamus; Ins, insular cortex; LS, lateral septum; magnoPVN,
magnocellular region of the hypothalamic paraventricular nucleus; MPA, medial preoptic area; OXT, oxytocin; OXTR, oxytocin receptor; parvoPVN,
parvocelluar region of the hypothalamic paraventricular nucleus; PFC, prefrontal cortex; PND, postnatal day; PVN, hypothalamic paraventricular

nucleus; SON, supraoptic nucleus; VMH, ventromedial hypothalamus.

pronounced in prairie voles with a SNP that results in a lower density
of the oxytocin receptor in the striatum.”’

As summarized above, parental care has been shown to pro-
duce long-lasting changes in the oxytocin system. Generally, oxy-
tocin neuronal activity is activated after affiliative parental care
and oxytocin receptor expression is increased in correlation with
the amount of paternal care, although differential influences de-
pendent on brain regions, experimental manipulation and sex have
been reported.

Oxytocin neurons have been shown to be activated not only by
affiliative stimuli, but also by stressful stimuli in adulthood. During
the developmental period, stressful stimuli as well as parental care
acutely influence activity of oxytocin neurons. Stressful stimuli
in early life have also been shown to induce long-lasting changes

in the oxytocin system,?7®

as is the case for the long-lasting
changes induced by parental care as described above. In the next
section, the effects of adverse manipulations in early life (prenatal,
postnatal and post-weaning periods) on the oxytocin system are

discussed.

2.4 | Effects of sensory deprivation and stressful
stimuli in early life on the oxytocin system

99

In animals in adulthood, various stressful stimuli,”” regardless of

whether given in a social context such as a social defeat paradigm*®
or in a non-social context such as a conditional fear paradigm,?°1°°
have been shown to acutely activate hypothalamic oxytocin neurons
and facilitate oxytocin release. It has also been shown in humans
that psychological stress increases plasma oxytocin concentra-
tions.’®! By contrast to the acute effects of stressful stimuli, chronic
stressful stimuli might produce different actions. In female manda-
rin voles, chronic social defeat stress has been reported to induce
anxiety-related and depression-related behaviour associated with
a reduction of oxytocin fibres and oxytocin receptor mRNA in the
nucleus accumbens. Administration of oxytocin into the nucleus ac-
cumbens has been shown to reverse the anxiogenic and depressive
actions of chronic defeat stress.'%2

During the developmental period, stressful stimuli influence

oxytocin neurons in the hypothalamus. Social isolation stress
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TABLE 3 Effects of limited bedding/nesting materials on the
oxytocin system.

Changes in the OXT

Duration Species, sex system Reference

PND 2-14 OXT neurons in the (92)
PVN |

OXTR cells in the
central AMY
but not in the
basolateral AMY,
PVN or dorsal

CA3 ]

OXT neurons in the (92)
PVNT
OXTR neurons in
the central AMY
and basolateral
AMY but not
in the PVN or
dorsal CA3 T
Reduction of social
preference

OXT mRNA in the (91)
magnoPVN
and SON (late
adolescent) |

OXTR mRNA in (91)
the parvoPVN
and SON (early
adolescent) |

Male rats

Female rats

PND 7-12 Male rats

Female rats

Abbreviations: AMY, amygdala; CA3, hippocampal region CA3;
magnoPVN, magnocellular region of the hypothalamic paraventricular
nucleus; OXT, oxytocin; OXTR, oxytocin receptor; parvoPVN,
parvocelluar region of the hypothalamic paraventricular nucleus;
PND, postnatal day; PVN, hypothalamic paraventricular nucleus; SON,
supraoptic nucleus.

during the lactating period has been reported to modulate oxyto-
cin immunoreactivity in the hypothalamus of monogamous man-
darin voles.}®3

The oxytocin system has been shown to be influenced for a long
time after early-life stressful stimuli including prenatal exposure to
alcohol (Table 5). Prenatal stress has been shown to decrease the
number of oxytocin neurons in the magnocellular paraventricular
nucleus in the adult offspring of dam rats.}%%

Postnatal sensory deprivation has also been shown to decrease
activity of oxytocin neurons in the hypothalamus. Sensory depri-
vation by whisker deprivation and dark rearing have been reported
to decrease oxytocin mRNA in the hypothalamus and to reduce
excitatory synaptic transmission in the sensory cortex in mice.1%®
Oxytocin administration has been shown to rescue this impair-
ment, suggesting an important role of oxytocin in early experience-
dependent cortical development.'®®

Post-weaning social isolation has also been shown to reduce
activity of oxytocin neurons in the hypothalamus of female rats in
response to exposure to novel conspecifics, to impair social pref-

erencel® and to reduce oxytocin receptor mRNA in the amygdala

in mice.!®” Oxytocin receptor binding has also been shown to be
reduced in the nucleus accumbens in rats, although hypothalamic
oxytocin mRNA has also been reported be increased in rats'°®
(Table 5).

As discussed above, numerous animal experiments have shown
that various stressful treatments during early-life stages have long-
lasting inhibitory actions on the oxytocin system. In the next section,
the effects of adverse environments in early life on the oxytocin sys-
tem in humans are discussed.

2.5 | Effects of adverse environments in early-life
stages on the oxytocin system in humans

In humans, prenatal or postnatal stressful stimuli have been shown
to be associated with altered functions of brain regions includ-
ing the superior frontal gyrus for cognitive processing, amygdala
for emotional processing, precuneus for memory processing and
putamen for reward-related learning processing.109 Early-life ad-
versities have been reported to be associated with vulnerability
to a variety of diseases in adulthood including depression,**° post-
traumatic stress disorder, anxiety disorders, substance use dis-

11114 chronic pain'® and irritable

orders, cardiovascular disease,
bowel syndrome.116 Associations of SNPs of the oxytocin receptor
gene with psychiatric disorders dependent on early-life experience

)117-124 and with susceptibility to struc-

(parental care and abuse
tural brain changes after childhood emotional neglect?® have
been demonstrated. Women with an oxytocin receptor gene SNP
of high expression of the oxytocin receptor have been reported
to be more susceptible to childhood maltreatment-related impair-
ments in maternal behaviours.*?®

Childhood maltreatment has been shown to increase DNA
methylation and to modulate the expression of various genes*?’
including the oxytocin receptor gene. DNA methylation of the
oxytocin receptor gene has been shown to be linked to social
behaviour, emotional behaviour and psychiatric diseases.128:12?
A meta-analytical study in humans has shown that adverse envi-
ronments during early life tend to induce lower activity of oxyto-
cin neurons and lower expression of the oxytocin receptor as a
result of a higher level of oxytocin receptor gene methylation.**°
Children or adolescents who have experienced maltreatment have
been reported to show greater methylation of the oxytocin recep-
tor gene in saliva samples, and a negative association between vol-
ume of the left orbitofrontal cortex and methylation was found.*3!
In adult women, an inverse association between severity of child-
hood abuse received and oxytocin concentrations in cerebrospinal

fluid has been shown,3?

although a positive correlation between
urine oxytocin and less severe maltreatment during childhood was
also reported.’®® On the other hand, several studies have found
no direct association between childhood abuse and methylation
of the oxytocin receptor gene.’***35 Maltreatment has also been
shown to be associated with oxytocin receptor gene methyla-

tion indirectly via social instability.*** Childhood abuse has been
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TABLE 4 Effects of paternal deprivation on the oxytocin system in monogamous voles.

Species, sex Changes in the OXT system Reference
Male and female mandarin voles OXT neurons in the PVN and SON (PND 14) |, (103)
Male and female prairie vole OXT mRNA in the PVN (female but not male)T (93)
OXTR binding in the BNST, LS, MPA, central AMY, basolateral AMY —
Male prairie voles OXTR binding in the central AMY but not in the BNST, CP, Ins, LS, MPA, NAc, (94)
PFC, VMH, or SH (paternal deprivation vs. biparental care) |,
OXTR binding in the CP, NAc, central AMY (paternal deprivation with alloparental
substitution vs. biparental care) |,
Female prairie voles OXTR binding (paternal deprivation vs. biparental care) = (94)
OXTR binding in the LS, MPA, NAc (paternal deprivation with alloparental
substitution vs. biparental care) |,
Male and female mandarin voles OXTR mRNA in the medial AMY and NAc | (95)
Male and female mandarin voles PVN OXT neurons projecting to the medial PFC (female)| (96)
OXTR in the medial PFC (male and female) |,
Male and female mandarin voles OXT neurons in the PVN and SON (PND 21) | (187)
Male and female prairie voles OXTR binding in the Ins in females (T/T SNP) |, (97)

OXTR binding in the CP in females (C/T SNP) 1
OXTR binding in the NAc, CP and Ins in males =

Abbreviations: AMY, amygdala; BNST, bed nucleus of the stria terminalis; CP, caudate putamen; Ins, insular cortex; LS, lateral septum; MPA, medial
preoptic area; NAc, nucleus accumbens; OXT, oxytocin; OXTR, oxytocin receptor; PFC, prefrontal cortex; PND, postnatal day; PVN, hypothalamic
paraventricular nucleus; SH, septohippocampal nucleus; SON, supraoptic nucleus; T/T (C/T) SNP, T/T (C/T) variant of oxytocin receptor gene intron
single nucleotide polymorphism NT213739; VMH, ventromedial hypothalamus.

reported to induce anxiety and depression in a manner dependent
on DNA methylation of the oxytocin receptor gene.'® It has also
been shown that oxytocin receptor gene methylation was trans-
mitted from mothers to their newborns and that the intergener-
ational transmission of methylation levels was not observed in
mothers who experienced maltreatment during childhood.*3¢ The
findings suggest that experience of maltreatment disrupts possi-
bly adaptive intergenerational epigenetic transmission.

Early-life experience has also been shown to modulate effects
of oxytocin administration possibly by inducing changes in the oxy-
tocin system in adulthood. The effects of oxytocin administration
appear to be different depending on early-life stress in humans.
Intranasal oxytocin application reduced premenstrual emotional
symptoms in a control group of females, whereas oxytocin admin-
istration augmented the emotional symptoms in women who had
experienced early-life abuse.’® Oxytocin has been found to in-
duce anxiolytic actions during stressful conditions in the presence
of a friend only in females who have experienced a high level of
childhood adversity.138 Considering the notion that oxytocin has
anxiolytic actions in neutral ambiguous conditions, whereas it
induces anxiogenic actions in subjectively adverse conditions by
increasing the salience of social stimuli, early-life maltreatments
shift neutral levels of emotional states to change actions of oxy-
tocin in adulthood.

As discussed in the above two sections, both animal and human
studies have shown that stressful stimuli in early life acutely ac-
tivate the oxytocin system and induce long-lasting suppressive
actions on the oxytocin system. In the next section, the role of
oxytocin and effects of oxytocin administration in early life is

discussed.

2.6 | Long-term effects of early-life oxytocin
stimulation

Oxytocin in early life has been shown to attenuate early-life stress-
induced or genetically induced impairments of social behaviour or
energy metabolisms, although detailed mechanisms of the organiza-

tional actions of oxytocin remain to be clarified.

2.6.1 | Prenatal oxytocin stimulation

The prenatal oxytocin system has been suggested to affect behav-
iour in adulthood. Male oxytocin-deficient mice born to oxytocin-
knockout dams and fostered to wild-type dams show augmented
aggressive behaviour, whereas oxytocin knockout male mice born
to heterozygous dams and fostered to wild-type dams do not show
heightened aggressive behaviour.??'® On the other hand, male
oxytocin receptor-deficient mice that have never been stimulated
by oxytocin during their life show augmented aggressive behaviour.
These findings suggest that oxytocin during the prenatal or perinatal
period reduces aggressive behaviour in adulthood. Consistent with
this view, prenatal administration of an oxytocin antagonist has been

shown to facilitate later aggressive behaviour in male mice.!*°

2.6.2 | Perinatal oxytocin stimulation

Perinatal oxytocin has also been suggested to affect behaviour
in adulthood. At the time of delivery, a large amount of oxy-

tocin is released in mothers and might act in both mothers and
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TABLE 5 Effects of pre-weaning stress and post-weaning social isolation on the oxytocin system.

Stressful stimuli

Prenatal alcohol (ethanol liquid diet GD 5-20),
nicotine (3-6 mg kg™ day™, GD 4-PND 1)

Prenatal alcohol (ethanol liquid diet GD 5-20),
nicotine (3-6 mg kg™* day™, GD 4 to PND 10)

Prenatal alcohol (4.5 g kg™ ig GD 1-22 (dams), 3 g kg™*
ig PND 2-10)

Liquid ethanol diet, GD 1-21 Male rats

Prenatal stress (30 min day™* restraint of dams during
the last 7 days)

Postnatal sensory deprivation from birth (whisker
deprivation, dark rearing)

Post-weaning social isolation (PND 24 until 12 or
13 weeks)

Post-weaning social isolation from postnatal 6 weeks Male mice

for 5 weeks

Post-weaning social isolation (PND 21-74)

Chronic social defeat for 14 days (PND 70)

Male and female rats

Male and female rats

Male and female mice

Male and female rats

Male and female rats

Female mandarin voles

ONAKA anp TAKAYANAGI
Species, sex Changes in the OXT system Reference
Male and female rats OXT in the VTA (adolescent male) T, (188)
(Adult male) |
OXT in the MPA, AMY, Hip =
Male and female rats OXT mRNA in the PVN and SON — (189)
OXTR binding in the NAc and
CA3(male)

OXTR binding in the VMH =

OXTR binding in the AMY (male) = ({ (190)
vs. non-treatment control)
OXTR binding in the AMY(female) |

OXTR binding in the mPFC and central (191)
AMY 1 (early adolescent), LS and (91)
NAc (late adolescent) 1

OXT mRNA in the magnoPVN,
parvoPVN and SON (late
adolescent, male) |

OXT mRNA in the SON (late
adolescent, female) |

OXT neurons in the magnoPVN but not  (104)
in the parvoPVN or SON (male but
not female) |,

OXT mRNA in the Hyp, OXT in the (105)
sensory cortex |,

Rich environments increased OXT
mRNA in the Hyp and OXT in the
cortex

OXT neuron activity in the PVN and (106)
SON to novel conspecifics (female
not male) |

OXT neurons in the PVN and SON
(male and female) =

OXT mRNA in the PVN = (107)
OXTR mRNA in the central AMY |,
OXT mRNA in the PVN T (108)

OXT mRNA in the SON =

OXTR binding in the anterior NAc |

OXTR binding in the BNST (females) |

OXTR binding in the LS, central AMY,
VMH =

OXT fibres, OXTR immunoreactivity, (102)
OXTR mRNA in the NAc but not in
CAland CA3 |

Abbreviations: AMY, amygdala; BNST, bed nucleus of the stria terminalis; CA1, hippocampal region CA1; CA3, hippocampal region CA3; GD,
gestational day; Hip, hippocampus; Hyp, hypothalamus; ig, intragastrical administration; LS, lateral septum; magnoPVN, magnocellular region of the
hypothalamic paraventricular nucleus; MPA, medial preoptic area; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; OXT, oxytocin; OXTR,
oxytocin receptor; parvoPVN, parvocelluar region of the hypothalamic paraventricular nucleus; PND, postnatal day; PVN, paraventricular nucleus;
SON, supraoptic nucleus; VMH, ventrolateral hypothalamus; VTA, ventral tegmental area.

newborns.'*! A part of the oxytocin released in mothers may be
delivered into newborns because the placenta can partly trans-
port oxytocin.142 Perinatal oxytocin has been proposed to pro-
tect the newborn brain by inducing a hyperpolarizing response
to GABA.?7?%*

Plasma oxytocin concentrations are lower in caesarean-
section neonates and mothers than in vaginally born babies and

mothers.!*® The effects of neonatal oxytocin administration to

caesarean-section delivered pups have been reported in animals.
In mice, caesarean section has been shown to reduce preference to
maternal bedding during the preweaning period and to impair social
recognition in adulthood. Postnatal daily administration of oxyto-
cin (0.2 or 2 pg, s.c. administration, postnatal days 1-5) has been
reported to increase plasma oxytocin in mice in adulthood, and a
high dose of postnatal oxytocin administration rescued caesarean-

section induced impairment in preweaning maternal bedding
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preference and a lower dose of postnatal oxytocin administration
resulted in recovery of impaired social recognition in adulthood.***
Caesarean-section delivery has also been shown to be associated
with a heightened risk for developing obesity.!*>4% Postnatal oxy-
tocin administration (1 mg kg™, postnatals day 10-14) has been re-
ported to increase' or decrease*® body weight in rats. Further
studies are necessary to clarify the role of early-life oxytocin in me-
tabolism in adulthood.'’

Oxytocin has been widely used for stimulation of births.
Prenatal oxytocin administration to mothers has been shown to
affect various brain functions in adulthood. In prairie voles, pups
who received exogenous oxytocin via administration to their
mothers were reported to show increased plasma oxytocin and
increased activation of oxytocin neurons, suggesting that mater-
nally administered oxytocin crosses the placenta into the pup and
activates hypothalamic oxytocin neurons of the pup. Adult male
offspring of oxytocin-administered dams have been reported to
show increased expression of the oxytocin receptor in the cen-
tral amygdala and insular cortex, to exhibit increased alloparental
caregiving toward pups and to display close social contact with
other adults.!®® The effects of neonatally administered oxyto-
cin on alloparental behaviour and partner preference behaviour
in adulthood have also been reported be different dependent on
oxytocin dosages in female prairie voles.’®! Neonatal oxytocin
at some dosages has been reported to facilitate alloparental be-
haviour and partner preference in adulthood, whereas neonatal
oxytocin at a higher dosage has been shown to impair these social
behaviours.

For stimulation of labour in humans, low doses of oxytocin are
applied over a long period. In humans, a population-based study
showed that perinatal exogenous administration of oxytocin has no
association with childhood emotional disorders,'>2 and the relation-
ship between oxytocin administration and postpartum depression
also remains unclear.>® However, a case-control study showed an
association between a higher dose or longer duration of oxytocin
administration and the odds of developing autism spectrum disor-
der,*>* and a positive relationship between oxytocin administration
and a higher risk of postpartum depression has been reported.!>

Further investigations are necessary.

2.6.3 | Postnatal oxytocin stimulation

Milk contains oxytocin.*>® Orally administered oxytocin has been
shown to be absorbed into the peripheral circulation, especially in
neonates.’®” The oxytocin receptor exits in peripheral organs includ-
ing the intestinal system.?®® A small amount of oxytocin may pen-
etrate the blood-brain barrier into the brain. The effects of oxytocin
in milk remain to be clarified.

On the other hand, postnatal oxytocin application at large dos-
ages has been reported to rescue social behaviour, pain-related be-
haviour and memory in adulthood, which are impaired by genetic

manipulations or behavioural treatments.

o eroncocinoors RNT A

Postnatal daily administration of oxytocin (2 pg day™? in the
first 2 days or postnatal week) has been shown to increase pre- or

159 and

post-synaptic transcript levels of neurexins and neuroligins
to prevent deficits in social behaviour and learning abilities in adult
Magel2-deficient mice, a mice model of Prader-Willi syndrome and
autism spectrum disorder.*®® Intranasal oxytocin administration
(200 pg kg™ during postnatal days 7-21 has also been shown to re-
store the number of hypothalamic oxytocin neurons and to reverse
social deficits in contactin-associated protein-like 2 (CNTNAP2)-
deficient mice, another model of autism spectrum disorder. ¢!
Postnatal oxytocin administration (3 ug day™ in the first week) has
also been reported to result in recovery of a decrease in oxytocin
neurons and deficits in social behaviour in rats that had been prena-
tally treated with valpronic acid.*®?

Neonatal maternal separation (3 h per day during postnatal days
2-12) in rats has been shown to induce hypersensitivity in response
to nociceptive stimuli and to impair oxytocin receptor-dependent
stress-induced analgesia and oxytocin receptor-dependent anti-
hyperalgesia.163 Because maternal separation does not change
oxytocin receptor mRNA in the spinal cord, it is likely that maternal
separation acts at supraspinal levels such as on hypothalamic oxyto-
cin neurons to impair oxytocin-induced analgesia. Interestingly, the
effect of neonatal maternal separation on increased nociceptive re-
sponse is attenuated by neonatal oxytocin application.*¢®

Neonatal isolation (3 h day™* during postnatal days 1-14) reduces
partner preference in adult female prairie voles, and female voles
that show high oxytocin receptor binding in the nucleus accumbens
have resilience to neonatal isolation-induced impairments. These
social isolation-induced impairments in attachment behaviour are
mitigated by neonatal treatment with melanotan-1lI administration,
which facilitates oxytocin release.’®* Oxytocin administration in
male prairie voles has also been shown to increase partner prefer-
ence and to decrease anxiety-related behaviour, whereas the ad-
ministration of an oxytocin receptor antagonist decreases parental
behaviour in adulthood.'®®

Chronic stress in early life caused by maternal separation
(3 h day™ from postnatal days 1-21) induces reduction in spatial
memory and disturbance of long-term potentiation in the hippocam-
pus, and this reduction has been shown to be attenuated by repeti-

tive application of oxytocin in rats.}¢¢

2.6.4 | Long-term effects of oxytocin stimulation
on the brain

Early-life experience influences the oxytocin system and oxytocin
simulation in early life induces long-lasting effects on not only the
oxytocin system, but also other brain circuits to affect emotional
or social behaviours in adulthood. However, the underlying mecha-
nisms of oxytocin actions remain largely unknown.

Oxytocin receptor activation upregulates the activity of
potassium-chloride co-transporter2 (KCC2) to switch GABA func-

tion from depolarization to hyperpolarization in an early and narrow



ONAKA anp TAKAYANAGI

100of 1
BARRVRTREA . s curosriocinocs

developmental time window of life.?? Neonatal oxytocin has also
been shown to modulate vasopressin V1a receptor binding in the
bed nucleus of the stria terminalis, cingulate cortex, mediodorsal
thalamus, medial preoptic area and lateral septum in prairie voles
in adulthood.’®” Early-life oxytocin administration also influences
alpha2 receptor agonist binding in rats of adulthood.'® Expression of
the oestrogen alpha receptor has also been reported to be changed
by neonatal oxytocin administration in a manner dependent on sex,
brain regions and oxytocin dosages in prairie voles.!®” Neonatal
oxytocin administration also influences serotoninergic innervation
in the anterior hypothalamus, cortical amygdala and ventromedial
hypothalamus in male prairie voles.7° Expression of brain-derived
neurotrophic factor in the hippocampus of rats has also been shown
to be modulated by oxytocin dependent on sex and age.}”* The ef-
fects of oxytocin on glutamatergic system in the hippocampus.*>’
and in the prefrontal cortex!’? have also been shown. Neurogenetic
actions by oxytocin may also be involved in the long-lasting actions

of early-life oxytocin.

3 | FUTURE DIRECTIONS OF RESEARCH
AND CONCLUSIONS

Early-life experience changes the activity of oxytocin neurons and
possibly oxytocin receptor-expressing neurons at the time of ex-
perience, resulting in plastic changes in the expression of oxytocin
and/or the oxytocin receptor in adulthood, although the magnitude
and direction of changes appear to be dependent on early expe-
rience, genetic differences, brain regions and sex. Generally, af-
filiative experience activates the oxytocin system in early life and
induces enhanced activity of oxytocin neurons and increased ex-
pression of the oxytocin receptor in adulthood. On the other hand,
early adverse experience activates the oxytocin system in early life
but induces reduced activity of oxytocin neurons and the oxytocin
receptor in adulthood. The mechanisms underlying the opposite
long-lasting effects of affiliative and adverse experiences remain
to be clarified. Oxytocin administration at moderate dosages in

early life induces activation of the oxytocin system in adulthood,

Affiliative tactile stimuli

4

Oxytocin
neuron

Oxytocin
administration

Oxytocin receptor

Oxytocin
neuron

Oxytocin
receptor

Infanthood

Adulthood

Adverse stimuli
. Inflammation
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FIGURE 1 Effects of early-life stress on the oxytocin-oxytocin receptor system. Affiliative tactile stimuli and oxytocin administration
activate the oxytocin system in infanthood and induce high levels of activity in some brain regions to facilitate social behaviour and induce
anti-anxiety actions in adulthood. Early-life adverse stimuli activate the oxytocin system acutely in infanthood but tend to induce lower
levels of activity in some brain regions in adulthood. CRH, corticotropin-releasing hormone
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suggesting that the oxytocin system in early life has a positive
feedback system to induce long-lasting activation of the oxytocin
system in adulthood. On the other hand, administration of a large
amount of oxytocin in early life sometimes induces opposite actions
in adulthood. The magnitude of activations of oxytocin neurons by
affiliative stimuli is relatively small and the activation is transient,
whereas stressful stimuli can drastically activate oxytocin neurons.
Stressful stimuli stimulate not only the oxytocin system, but also
other systems including the hypothalamic-pituitary-adrenocortical
axis, sympatho-adrenomedullary system, opioid system, allopreg-
nanolone system and inflammatory responses. It is possible that
overactivation of oxytocin neurons and/or other stress-related sys-
tems activated during stressful stimuli in early-life stages induces
long-lasting inhibitory actions on the oxytocin system in adulthood
(Figure 1).

The effects of early-life stimuli and oxytocin administration have
been shown to be dependent on sex and brain regions examined.
Female pups appear to be more sensitive than male pups to the neo-

natal manipulation of oxytocin,'”®

although sex disparities should
be interpreted cautiously.r’# The finding that early-life experience
modulates the brain differentially depending on sex and brain region
are not surprising. Expression of the oxytocin receptor in some brain
areas is sexually dimorphic,* and oestrogens or testosterone mod-
ulate the expression of oxytocin and the oxytocin receptor.2 The
oxytocin-oxytocin receptor system has differential roles depending
on the brain region with respect to the control of behaviour and au-
tonomic systems.??° It is important to clarify region-specific roles of
the oxytocin system using modern genetic tools that can manipulate
activity of the oxytocin system in region- and/or function-specific
manners.* Oxytocin is released from not only axon terminals, but
also non-synaptic axonal varicosities,'”” cell bodies and dendrites'’®
with different temporal patterns. Visualization of locally released
oxytocin in specific brain regions with high time resolution using

177179 is also useful for clarification of local

new oxytocin sensors
oxytocin functions.

Inconsistent and sometimes contradictory data concerning the
effects of early-life experience and oxytocin administration have
been reported. In an epigenetic landscape model, balls, which rep-
resent the brain, stand at a similar initiating point and roll downhill
through bifurcating valleys, resulting in the balls reaching very dif-
ferent endpoints. Thus, small differences in experimental proce-
dures for early-life experience among different laboratories might
have caused a large variation in the data for adulthood.

It is also likely that discrepancies are caused, at least in part, by
the complex nature of early-life experience. For example, maternal
separation has several components including sensory deprivation
from mothers (loss of touch, warmth, olfactory signals, visual sig-
nals of the mother and littermates) and also exposure to novel en-
vironments during separation, possible nutritional deprivation and
temperature loss. Maternal separation modulates the parental care
of mothers afterwards. Some of these components may be variable
depending on laboratories. Simpler stimulation of a mono-sensory

system and pathway-specific activity manipulation using molecular

ISR 11 -

techniques may be useful as an early-life stimulus for clarifying the
effects of early-life experience.

Oxytocin administered not only during the neonatal period, but
also during the adolescent period has been shown to have long-
lasting prosocial, anti-anxiety and anti-aggression actions.!80-182
During the adolescent period, the release of sexual hormones is dras-
tically increased and social behaviours among peers are developed.
The roles of the endogenous oxytocin system, the activity of which
is modulated by sexual hormones and which also facilitates social
behaviour, during the adolescent period remain to be clarified.!83

Oxytocin has been considered for treatment of autism spectrum
disorder'® and post-traumatic stress disorder.*®® From translational
points of view, it is important to clarify the long-term actions of oxy-
tocin during early life and to find ways for activation of functionally
specific oxytocin pathways to induce beneficial actions of the oxy-
tocin system. It is possible that selective activation of a specific oxy-
tocin system would rescue the adverse actions of early-life stressful
experience and thus could be used for the treatment of developmen-

tal psychiatric disorders.

ACKNOWLEDGEMENTS

This work was financially supported by the Japan Society for the
Promotion of Science, Grants-in Aid for Scientific Research from the
Ministry of Education, Culture, Sports, Science, and Technology of
Japan (20H03419 to TO, 20K07278 to YT), and by a grant for Fusion
Oriented Research for disruptive Science and Technology from
Japan Science and Technology Agency (JPMJFR2067to YT).

CONFLICT OF INTERESTS
The authors declare that they have no conflicts of interest.

AUTHOR CONTRIBUTIONS
Tatsushi  Onaka:
Writing - original draft; Writing - review & editing. Yuki Takayanagi:

Conceptualization;  Funding  acquisition;

Conceptualization; Funding acquisition; Writing - review & editing.

ORCID

Tatsushi Onaka https://orcid.org/0000-0001-5666-9035

REFERENCES

1. Gimpl G, Fahrenholz F. The oxytocin receptor system: structure,
function, and regulation. Physiol Rev. 2001;81:629-683.

2. Jurek B, Neumann ID. The oxytocin receptor: From intracellular
signaling to behavior. Physiol Rev. 2018;98:1805-1908.

3. Carter CS, Kenkel WM, MacLean EL, et al. Is oxytocin "nature's
medicine"? Pharmacol Rev. 2020;72:829-861.

4. Grinevich V, Neumann ID. Brain oxytocin: how puzzle stones
from animal studies translate into psychiatry. Mol Psychiatry.
2021;26:265-279.

5. Froemke RC, Young LJ. Oxytocin, neural plasticity, and social be-
havior. Annu Rev Neurosci. 2021;44:359-381.

6. Kerem L, Lawson EA. The effects of oxytocin on appetite reg-
ulation, food intake and metabolism in humans. Int J Mol Sci.
2021;22(14):7737.

7. Grinevich V, Ludwig M. The multiple faces of the oxytocin and va-
sopressin systems in the brain. J Neuroendocrinol. 2021;00:e13004.


https://orcid.org/0000-0001-5666-9035
https://orcid.org/0000-0001-5666-9035

12 of 1
i ry O

8.

10.

11.

12.
13.
14.
15.
16.
17.
18.

19.
20.

21.

22.

23.

24,

25.
26.

27.

28.

ONAKA anp TAKAYANAGI

Walum H, Young LJ. The neural mechanisms and circuitry of the
pair bond. Nat Rev Neurosci. 2018;19:643-654.

Rodrigues SM, Saslow LR, Garcia N, John OP, Keltner D. Oxytocin
receptor genetic variation relates to empathy and stress reactivity
in humans. Proc Natl Acad Sci USA. 2009;106:21437-21441.

Israel S, Lerer E, Shalev |, et al. The oxytocin receptor (OXTR) con-
tributes to prosocial fund allocations in the dictator game and the
social value orientations task. PLoS One. 2009;4:e5535.

Tost H, Kolachana B, Hakimi S, et al. A common allele in the oxy-
tocin receptor gene (OXTR) impacts prosocial temperament and
human hypothalamic-limbic structure and function. Proc Natl Acad
Sci USA. 2010;107:13936-13941.

Westberg L, Henningsson S, Zettergren A, et al. Variation in the
Oxytocin Receptor Gene Is Associated with Face Recognition and
its Neural Correlates. Front Behav Neurosci. 2016;10:178.
Yamasue H. Function and structure in social brain regions can link
oxytocin-receptor genes with autistic social behavior. Brain Dev.
2013;35:111-118.

Wahis J, Baudon A, Althammer F, et al. Astrocytes mediate the
effect of oxytocin in the central amygdala on neuronal activity and
affective states in rodents. Nat Neurosci. 2021;24:529-541.

Loth MK, Donaldson ZR. Oxytocin, Dopamine, and Opioid
Interactions Underlying Pair Bonding: Highlighting a Potential
Role for Microglia. Endocrinology. 2021;162.

Raam T, McAvoy KM, Besnard A, Veenema AH, Sahay A.
Hippocampal oxytocin receptors are necessary for discrimination
of social stimuli. Nat Commun. 2017;8:2001.

Ferretti V, Maltese F, Contarini G, et al. Oxytocin signaling in
the central amygdala modulates emotion discrimination in mice.
Current Biology : CB. 2019;29(1938-53):e6.

Burkett JP, Andari E, Johnson ZV, Curry DC, de Waal FB, Young
LJ. Oxytocin-dependent consolation behavior in rodents. Science.
2016;351:375-378.

Shamay-Tsoory SG, Abu-Akel A. The Social Salience Hypothesis of
Oxytocin. Biol Psychiat. 2016;79:194-202.

Onaka T, Takayanagi Y. Role of oxytocin in the control of stress and
food intake. J Neuroendocrinol. 2019;31:€12700.

Nishimura H, Kawasaki M, Suzuki H, et al. Neuropathic pain up-
regulates hypothalamo-neurohypophysial and hypothalamo-
spinal oxytocinergic pathways in oxytocin-monomeric
red fluorescent protein 1 transgenic rat. Neuroscience.
2019;406:50-61.

Eliava M, Melchior M, Knobloch-Bollmann HS, et al. A new pop-
ulation of parvocellular oxytocin neurons controlling magnocel-
lular neuron activity and inflammatory pain processing. Neuron.
2016;89:1291-1304.

Lawson EA, Olszewski PK, Weller A, Blevins JE. The role of oxyto-
cin in regulation of appetitive behaviour, body weight and glucose
homeostasis. J Neuroendocrinol. 2019;32(4):e12805.

Leng G, Sabatier N. Oxytocin - The sweet hormone? Trends in
Endocrinology and Metabolism: TEM. 2017;28:365-376.

Baracz SJ, Everett NA, Cornish JL. The impact of early life stress on
the central oxytocin system and susceptibility for drug addiction:
Applicability of oxytocin as a pharmacotherapy. Neurosci Biobehav
Rev. 2020;110:114-132.

Bardo MT, Hammerslag LR, Malone SG. Effect of early
life social adversity on drug abuse vulnerability: Focus on
corticotropin-releasing factor and oxytocin. Neuropharmacology.
2021;191:108567.

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.
Tyzio R, Cossart R, Khalilov |, et al. Maternal oxytocin triggers a
transient inhibitory switch in GABA signaling in the fetal brain
during delivery. Science. 2006;314:1788-1792.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Leonzino M, Busnelli M, Antonucci F, Verderio C, Mazzanti
M, Chini B. The timing of the excitatory-to-inhibitory GABA
switch is regulated by the oxytocin receptor via KCC2. Cell Rep.
2016;15:96-103.

Roberts BZ, Young JW, He YV, Cope ZA, Shilling PD, Feifel D.
Oxytocin improves probabilistic reversal learning but not ef-
fortful motivation in Brown Norway rats. Neuropharmacology.
2019;150:15-26.

Lestanova Z, Bacova Z, Kiss A, Havranek T, Strbak V, Bakos J.
Oxytocin increases neurite length and expression of cytoskel-
etal proteins associated with neuronal growth. J Mol Neurosci.
2016;59:184-192.

Leuner B, Caponiti JM, Gould E. Oxytocin stimulates adult neuro-
genesis even under conditions of stress and elevated glucocorti-
coids. Hippocampus. 2012;22:861-868.

Lin YT, Chen CC, Huang CC, Nishimori K, Hsu KS. Oxytocin stim-
ulates hippocampal neurogenesis via oxytocin receptor expressed
in CA3 pyramidal neurons. Nat Commun. 2017;8:537.

Hammock EA. Developmental perspectives on oxytocin and va-
sopressin. Neuropsychopharmacology : Official Publication of the
American College of Neuropsychopharmacology. 2015;40:24-42.
Muscatelli F, Desarménien MG, Matarazzo V, Grinevich V.
Oxytocin Signaling in the Early Life of Mammals: Link to
Neurodevelopmental Disorders Associated with ASD. Current
Topics in Behavioral Neurosciences. 2018;35:239-268.

Grinevich V, Desarmenien MG, Chini B, Tauber M, Muscatelli
F. Ontogenesis of oxytocin pathways in the mammalian brain:
late maturation and psychosocial disorders. Front Neuroanat.
2014;8:164.

Tamborski S, Mintz EM, Caldwell HK. Sex Differences in the
Embryonic Development of the Central Oxytocin System in Mice.
J Neuroendocrinol. 2016;28.

Yamamoto Y, Cushing BS, Kramer KM, Epperson PD, Hoffman GE,
Carter CS. Neonatal manipulations of oxytocin alter expression
of oxytocin and vasopressin immunoreactive cells in the paraven-
tricular nucleus of the hypothalamus in a gender-specific manner.
Neuroscience. 2004;125:947-955.

Takayanagi Y, Yoshida M, Bielsky IF, et al. Pervasive social deficits,
but normal parturition, in oxytocin receptor-deficient mice. Proc
Natl Acad Sci USA. 2005;102:16096-16101.

Yoshimura R, Kimura T, Watanabe D, Kiyama H. Differential ex-
pression of oxytocin receptor mRNA in the developing rat brain.
Neurosci Res. 1996;24:291-304.

Madrigal MP, Jurado S. Specification of oxytocinergic and
vasopressinergic circuits in the developing mouse brain.
Communications Biology. 2021;4:586.

Tribollet E, Charpak S, Schmidt A, Dubois-Dauphin M, Dreifuss
JJ. Appearance and transient expression of oxytocin re-
ceptors in fetal, infant, and peripubertal rat brain studied
by autoradiography and electrophysiology. The Journal of
Neuroscience : the Official Journal of the Society for Neuroscience.
1989;9:1764-1773.

Shapiro LE, Insel TR. Ontogeny of oxytocin receptors in rat fore-
brain: a quantitative study. Synapse. 1989;4:259-266.

Mitre M, Minder J, Morina EX, Chao MV, Froemke RC. Oxytocin
Modulation of Neural Circuits. Current Topics in Behavioral
Neurosciences. 2018;35:31-53.

Newmaster KT, Nolan ZT, Chon U, et al. Quantitative cellular-
resolution map of the oxytocin receptor in postnatally developing
mouse brains. Nat Commun. 2020;11:1885.

Khodai T, Luckman SM. VMH neurons under the magnifying glass.
Endocrinology. 2021.

Falkner AL, Wei D, Song A, et al. Hierarchical Representations
of Aggression in a Hypothalamic-Midbrain Circuit. Neuron.
2020;106(637-48):e6.



ONAKA ano TAKAYANAGI

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Nasanbuyan N, Yoshida M, Takayanagi Y, et al. Oxytocin-Oxytocin
Receptor Systems Facilitate Social Defeat Posture in Male Mice.
Endocrinology. 2018;159:763-775.

Hertenstein MJ, Verkamp JM, Kerestes AM, Holmes RM. The
communicative functions of touch in humans, nonhuman primates,
and rats: a review and synthesis of the empirical research. Genet
Soc Gen Psychol Monogr. 2006;132:5-94.

Cascio CJ, Moore D, McGlone F. Social touch and human develop-
ment. Dev Cogn Neurosci. 2019;35:5-11.

Loken LS, Wessberg J, Morrison I, McGlone F, Olausson H. Coding
of pleasant touch by unmyelinated afferents in humans. Nat
Neurosci. 2009;12:547-548.

Matsumoto M, Yoshida M, Jayathilake BW, et al. Indispensable
role of the oxytocin receptor for allogrooming toward so-
cially distressed cage mates in female mice. J Neuroendocrinol.
2021;33:€12980.

Kiyokawa Y, Hennessy MB. Comparative studies of social buff-
ering: A consideration of approaches, terminology, and pitfalls.
Neurosci Biobehav Rev. 2018;86:131-141.

Dunbar RI. The social role of touch in humans and primates: be-
havioural function and neurobiological mechanisms. Neurosci
Biobehav Rev. 2010;34:260-268.

Feldman R, Rosenthal Z, Eidelman Al. Maternal-preterm skin-
to-skin contact enhances child physiologic organization and
cognitive control across the first 10 years of life. Biol Psychiat.
2014,75:56-64.

Gonzalez A, Lovic V, Ward GR, Wainwright PE, Fleming AS.
Intergenerational effects of complete maternal deprivation and
replacement stimulation on maternal behavior and emotionality in
female rats. Dev Psychobiol. 2001;38:11-32.

Wei B, Tai F, Liu X, et al. Neonatal tactile stimulation allevi-
ates the negative effects of neonatal isolation on novel ob-
ject recognition, sociability and neuroendocrine levels in male
adult mandarin voles (Microtus mandarinus). Physiol Behav.
2013;112-113:14-22.

Okabe S, Takayanagi Y, Yoshida M, Onaka T. Gentle stroking stim-
uli induce affiliative responsiveness to humans in male rats. Sci
Rep. 2020;10:9135.

Okabe S, Takayanagi Y, Yoshida M, Onaka T. Post-weaning strok-
ing stimuli induce affiliative behavior toward humans and influ-
ence brain activity in female rats. Sci Rep. 2021;11:3805.

Okabe S, Yoshida M, Takayanagi Y, Onaka T. Activation of hypo-
thalamic oxytocin neurons following tactile stimuliin rats. Neurosci
Lett. 2015;600:22-27.

Walker SC, Trotter PD, Swaney WT, Marshall A, McGlone FP. C-
tactile afferents: Cutaneous mediators of oxytocin release during
affiliative tactile interactions? Neuropeptides. 2017;64:27-38.
Tang Y, Benusiglio D, Lefevre A, et al. Social touch promotes in-
terfemale communication via activation of parvocellular oxytocin
neurons. Nat Neurosci. 2020.

Toepfer P, Heim C, Entringer S, Binder E, Wadhwa P, Buss C.
Oxytocin pathways in the intergenerational transmission of ma-
ternal early life stress. Neurosci Biobehav Rev. 2017;73:293-308.
Kojima S, Alberts JR. Oxytocin mediates the acquisition of filial,
odor-guided huddling for maternally-associated odor in prewean-
ling rats. Horm Behav. 2011;60:549-558.

Harshaw C, Leffel JK, Alberts JR. Oxytocin and the warm outer
glow: Thermoregulatory deficits cause huddling abnormali-
ties in oxytocin-deficient mouse pups. Horm Behav. 2018;98:
145-158.

Takayanagi Y, Kasahara Y, Onaka T, Takahashi N, Kawada T,
Nishimori K. Oxytocin receptor-deficient mice developed late-
onset obesity. NeuroReport. 2008;19:951-955.

Kasahara Y, Sato K, Takayanagi Y, et al. Oxytocin receptor in the
hypothalamus is sufficient to rescue normal thermoregulatory

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

ISR 1 -

function in male oxytocin receptor knockout mice. Endocrinology.
2013;154:4305-4315.

Nagasawa M, Mitsui S, En S, et al. Social evolution. Oxytocin-gaze
positive loop and the coevolution of human-dog bonds. Science.
2015;348:333-336.

Feldman R. The adaptive human parental brain: implications for
children's social development. Trends Neurosci. 2015;38:387-399.
Kojima S, Stewart RA, Demas GE, Alberts JR. Maternal contact dif-
ferentially modulates central and peripheral oxytocin in rat pups
during a brief regime of mother-pup interaction that induces a filial
huddling preference. J Neuroendocrinol. 2012;24:831-840.
Henriques TP, Szawka RE, Diehl LA, et al. Stress in neonatal rats
with different maternal care backgrounds: monoaminergic and
hormonal responses. Neurochem Res. 2014;39:2351-2359.
Perkeybile AM, Carter CS, Wroblewski KL, et al. Early nurture epi-
genetically tunes the oxytocin receptor. Psychoneuroendocrinology.
2019;99:128-136.

Danoff JS, Wroblewski KL, Graves AJ, et al. Genetic, epigenetic,
and environmental factors controlling oxytocin receptor gene ex-
pression. Clin Epigenetics. 2021;13:23.

Francis DD, Young LJ, Meaney MJ, Insel TR. Naturally occurring
differences in maternal care are associated with the expression of
oxytocin and vasopressin (V1a) receptors: gender differences. J
Neuroendocrinol. 2002;14:349-353.

Laviola G, Leonardo A, Ceci FM, Fiore M. Callous unemotional
trait-like mice and their stressed dams. Psychoneuroendocrinology.
2021;131:105296.

Champagne F, Diorio J, Sharma S, Meaney MJ. Naturally occur-
ring variations in maternal behavior in the rat are associated with
differences in estrogen-inducible central oxytocin receptors. Proc
Natl Acad Sci USA. 2001;98:12736-12741.

Baker M, Lindell SG, Driscoll CA, et al. Early rearing history influ-
ences oxytocin receptor epigenetic regulation in rhesus macaques.
Proc Natl Acad Sci USA. 2017;114:11769-11774.

Vogel Ciernia A, Laufer Bl, Dunaway KW, et al. Experience-
dependent neuroplasticity of the developing hypothalamus: inte-
grative epigenomic approaches. Epigenetics. 2018;13:318-330.
Todeschin AS, Winkelmann-Duarte EC, Jacob MH, et al. Effects
of neonatal handling on social memory, social interaction, and
number of oxytocin and vasopressin neurons in rats. Horm Behav.
2009;56:93-100.

Winkelmann-Duarte EC, Todeschin AS, Fernandes MC, et al.
Plastic changes induced by neonatal handling in the hypothalamus
of female rats. Brain Res. 2007;1170:20-30.

Oreland S, Gustafsson-Ericson L, Nylander |. Short- and long-term
consequences of different early environmental conditions on cen-
tral immunoreactive oxytocin and arginine vasopressin levels in
male rats. Neuropeptides. 2010;44:391-398.

Veenema AH, Bredewold R, Neumann ID. Opposite effects of
maternal separation on intermale and maternal aggression in
C57BL/6 mice: link to hypothalamic vasopressin and oxytocin im-
munoreactivity. Psychoneuroendocrinology. 2007;32:437-450.

Wei F, Li W, Ma B, et al. Experiences affect social behav-
iors via altering neuronal morphology and oxytocin system.
Psychoneuroendocrinology. 2021;129:105247.

Babygirija R, Yoshimoto S, Gribovskaja-Rupp |, Bulbul M, Ludwig
K, Takahashi T. Social interaction attenuates stress responses
following chronic stress in maternally separated rats. Brain Res.
2012;1469:54-62.

Wei J, Ma L, Ju P, Yang B, Wang YX, Chen J. Involvement of
Oxytocin Receptor/Erk/MAPK Signaling in the mPFC in Early
Life Stress-Induced Autistic-Like Behaviors. Front Cell Dev Biol.
2020;8:564485.

Rivera DS, Lindsay CB, Oliva CA, Bozinovic F, Inestrosa NC. "Live
together, die alone": The effect of re-socialization on behavioural



14 of 1
i ry O

87.

88.

89.

90.
91.
92.
93.
94.
95.

96.

97.
98.
99.

100.

101.
102.

103.

ONAKA anp TAKAYANAGI

performance and social-affective brain-related proteins after a long-
term chronicsocialisolation stress. Neurobiol Stress. 2021;14:100289.
Tsuda MC, Yamaguchi N, Ogawa S. Early life stress disrupts peri-
pubertal development of aggression in male mice. NeuroReport.
2011;22:259-263.

Lukas M, Bredewold R, Neumann ID, Veenema AH. Maternal sepa-
ration interferes with developmental changes in brain vasopressin
and oxytocin receptor binding in male rats. Neuropharmacology.
2010;58:78-87.

Veenema AH. Toward understanding how early-life social experi-
ences alter oxytocin- and vasopressin-regulated social behaviors.
Horm Behav. 2012;61:304-312.

Lesse A, Rether K, Groger N, Braun K, Bock J. Chronic postnatal
stress induces depressive-like behavior in male mice and programs
second-hit stress-induced gene expression patterns of OxtR and
AvpR1ain Adulthood. Mol Neurobiol. 2017;54:4813-4819.
Holman PJ, Raineki C, Chao A, et al. Altered social recognition
memory and hypothalamic neuropeptide expression in adolescent
male and female rats following prenatal alcohol exposure and/or
early-life adversity. Psychoneuroendocrinology. 2021;126:105146.
Lapp HE, Bartlett AA, Zup SL, Hunter RG, Moore CL. Early experi-
ence alters developmental trajectory of central oxytocin systems
involved in hypothalamic-pituitary-adrenal axis regulation in Long-
Evans rats. Horm Behav. 2020;126:104822.

Ahern T, Young L. The impact of early life family structure on adult
social attachment, alloparental behavior, and the neuropeptide
systems regulating affiliative behaviors in the monogamous prairie
vole (Microtus ochrogaster). Front Behav Neurosci. 2009;3.

Rogers FD, Freeman SM, Anderson M, Palumbo MC, Bales KL.
Compositional variation in early-life parenting structures alters
oxytocin and vasopressin 1a receptor development in prairie voles
(Microtus ochrogaster). J Neuroendocrinol. 2021;33:e13001.

Cao Y, Wu R, Tai F, et al. Neonatal paternal deprivation impairs so-
cial recognition and alters levels of oxytocin and estrogen receptor
alpha mRNA expression in the MeA and NAcc, and serum oxytocin
in mandarin voles. Horm Behav. 2014;65:57-65.

He Z, Young L, Ma XM, et al. Increased anxiety and decreased
sociability induced by paternal deprivation involve the PVN-PrL
OTergic pathway. eLife. 2019;8.

Ahern TH, Olsen S, Tudino R, Beery AK. Natural variation in the
oxytocin receptor gene and rearing interact to influence repro-
ductive and nonreproductive social behavior and receptor binding.
Psychoneuroendocrinology. 2021;128:105209.

Kompier NF, Keysers C, Gazzola V, Lucassen PJ, Krugers HJ. Early
life adversity and adult social behavior: focus on arginine vaso-
pressin and oxytocin as potential mediators. Front Behav Neurosci.
2019;13:143.

Landgraf R, Neumann ID. Vasopressin and oxytocin release
within the brain: a dynamic concept of multiple and variable
modes of neuropeptide communication. Front Neuroendocrinol.
2004;25:150-176.

Onaka T, Yagi K. Differential effects of naloxone on neuroendo-
crine responses to fear-related emotional stress. Exp Brain Res.
1990;81:53-58.

Pierrehumbert B, Torrisi R, Laufer D, Halfon O, Ansermet F, Beck
PM. Oxytocin response to an experimental psychosocial challenge
in adults exposed to traumatic experiences during childhood or
adolescence. Neuroscience. 2010;166:168-177.

Hou W, He Z, Yang Y, et al. The involvement of oxytocin in the
effects of chronic social defeat stress on emotional behaviours
in adult female mandarin voles. Eur J Neuorsci. 2020;52:
2853-2872.

Wang L, Zhang W, Wu R, et al. Neuroendocrine responses to so-
cial isolation and paternal deprivation at different postnatal ages
in Mandarin voles. Dev Psychobiol. 2014;56:1214-1228.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

de Souza MA, Centenaro LA, Menegotto PR, et al. Prenatal stress
produces social behavior deficits and alters the number of oxy-
tocin and vasopressin neurons in adult rats. Neurochem Res.
2013;38:1479-1489.

Zheng JJ, Li SJ, Zhang XD, et al. Oxytocin mediates early
experience-dependent cross-modal plasticity in the sensory cor-
tices. Nat Neurosci. 2014;17:391-399.

Tanaka K, Osako Y, Takahashi K, Hidaka C, Tomita K, Yuri K.
Effects of post-weaning social isolation on social behaviors
and oxytocinergic activity in male and female rats. Heliyon.
2019;5:e01646.

Han RT, Kim YB, Park EH, et al. Long-term isolation elicits depres-
sion and anxiety-related behaviors by reducing oxytocin-induced
GABAergic transmission in central amygdala. Front Mole Neurosci.
2018;11:246.

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

Kraaijenvanger EJ, Pollok TM, Monninger M, et al. Impact of early
life adversities on human brain functioning: A coordinate-based
meta-analysis. Neurosci Biobehav Rev. 2020;113:62-76.

Silva RC, Maffioletti E, Gennarelli M, Baune BT, Minelli A.
Biological correlates of early life stressful events in major depres-
sive disorder. Psychoneuroendocrinology. 2021;125:105103.
Nusslock R, Miller GE. Early-Life Adversity and Physical and
Emotional Health Across the Lifespan: A Neuroimmune Network
Hypothesis. Biol Psychiat. 2016;80:23-32.

Neigh GN, Gillespie CF, Nemeroff CB. The neurobiological toll of
child abuse and neglect. Trauma Violence Abuse. 2009;10:389-410.
Sinha R. Chronic stress, drug use, and vulnerability to addiction.
Ann N Y Acad Sci. 2008;1141:105-130.

Thurston RC, Chang Y, Derby CA, et al. Abuse and subclinical car-
diovascular disease among midlife women: the study of women's
health across the nation. Stroke. 2014;45:2246-2251.

Davis DA, Luecken LJ, Zautra AJ. Are reports of childhood abuse
related to the experience of chronic pain in adulthood? A meta-
analytic review of the literature. Clin J Pain. 2005;21:398-405.
Salmon P, Skaife K, Rhodes J. Abuse, dissociation, and somatiza-
tion in irritable bowel syndrome: towards an explanatory model. J
Behav Med. 2003;26:1-18.

Cataldo I, Azhari A, Lepri B, Esposito G. Oxytocin receptors (OXTR)
and early parental care: An interaction that modulates psychiatric
disorders. Res Dev Disabil. 2018;82:27-38.

Hostinar CE, Cicchetti D, Rogosch FA. Oxytocin receptor gene poly-
morphism, perceived social support, and psychological symptoms
in maltreated adolescents. Dev Psychopathol. 2014;26:465-477.
Loth E, Poline JB, Thyreau B, et al. Oxytocin receptor genotype
modulates ventral striatal activity to social cues and response to
stressful life events. Biol Psychiat. 2014,76:367-376.
Schneider-Hassloff H, Straube B, Jansen A, et al. Oxytocin recep-
tor polymorphism and childhood social experiences shape adult
personality, brain structure and neural correlates of mentalizing.
Neurolmage. 2016;134:671-684.

Thompson RJ, Parker KJ, Hallmayer JF, Waugh CE, Gotlib IH.
Oxytocin receptor gene polymorphism (rs2254298) interacts with
familial risk for psychopathology to predict symptoms of depres-
sion and anxiety in adolescent girls. Psychoneuroendocrinology.
2011;36:144-147.

Zhang J, Yang C, Leng J, Liu J, Gong P, Esposito G. OXTR mod-
erates adverse childhood experiences on depressive symptoms
among incarcerated males. J Psychiatr Res. 2021;140:221-227.
Zhang M, Liu N, Chen H, Zhang N. Oxytocin receptor gene, child-
hood maltreatment and borderline personality disorder features
among male inmates in China. BMC Psychiatry. 2020;20:332.



ONAKA ano TAKAYANAGI

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Dannlowski U, Kugel H, Grotegerd D, et al. Disadvantage of
Social Sensitivity: Interaction of Oxytocin Receptor Genotype
and Child Maltreatment on Brain Structure. Biol Psychiat.
2016;80:398-405.

Womersley JS, Hemmings SMJ, Ziegler C, et al. Childhood emo-
tional neglect and oxytocin receptor variants: Association with
limbic brain volumes. World J Biol Psychiatry. 2020;21:513-528.
Toepfer P, O'Donnell KJ, Entringer S, et al. Arole of oxytocin recep-
tor gene brain tissue expression quantitative trait locus rs237895
in the intergenerational transmission of the effects of mater-
nal childhood maltreatment. J Am Acad Child Adolesc Psychiatry.
2019;58:1207-1216.

Parade SH, Huffhines L, Daniels TE, Stroud LR, Nugent NR, Tyrka
AR. A systematic review of childhood maltreatment and DNA
methylation: candidate gene and epigenome-wide approaches.
Transl Psychiat. 2021;11:134.

Kraaijenvanger EJ, He Y, Spencer H, Smith AK, Bos PA, Boks MPM.
Epigenetic variability in the human oxytocin receptor (OXTR)
gene: A possible pathway from early life experiences to psychopa-
thologies. Neurosci Biobehav Rev. 2019;96:127-142.

Moerkerke M, Bonte M-L, Daniels N, et al. Oxytocin receptor
gene (OXTR) DNA methylation is associated with autism and
related social traits - A systematic review. Res Autism Spect Dis.
2021;85:101785. doi:10.1016/j.rasd.2021.101785

Ellis BJ, Horn AJ, Carter CS, van lJzendoorn MH, Bakermans-
Kranenburg MJ. Developmental programming of oxytocin through
variation in early-life stress: Four meta-analyses and a theoretical
reinterpretation. Clin Psychol Rev. 2021;86:101985.

Fujisawa TX, Nishitani S, Takiguchi S, Shimada K, Smith AK,
Tomoda A. Oxytocin receptor DNA methylation and alterations of
brain volumes in maltreated children. Neuropsychopharmacology.
2019;44:2045-2053.

Heim C, Young LJ, Newport DJ, Mletzko T, Miller AH, Nemeroff
CB. Lower CSF oxytocin concentrations in women with a history
of childhood abuse. Mol Psychiatry. 2009;14:954-958.

Mizuki R, Fujiwara T. Association of oxytocin level and less severe
forms of childhood maltreatment history among healthy Japanese
adults involved with child care. Front Behav Neurosci. 2015;9:138.
Brown GL, Kogan SM, Cho J. Pathways linking childhood
trauma to rural, unmarried, African American father involve-
ment through oxytocin receptor gene methylation. Dev Psychol.
2020;56:1496-1508.

Smearman EL, Almli LM, Conneely KN, et al. Oxytocin Receptor
Genetic and Epigenetic Variations: Association With Child Abuse
and Adult Psychiatric Symptoms. Child Dev. 2016;87:122-134.
Ramo-Fernandez L, Gumpp AM, Boeck C, et al. Associations be-
tween childhood maltreatment and DNA methylation of the oxy-
tocin receptor gene in immune cells of mother-newborn dyads.
Transl Psychiat. 2021;11:449.

Walsh EC, Eisenlohr-Moul TA, Pedersen CA, Rubinow DR,
Girdler SS, Dichter GS. Early Life Abuse Moderates the Effects
of Intranasal Oxytocin on Symptoms of Premenstrual Dysphoric
Disorder: Preliminary Evidence From a Placebo-Controlled Trial.
Front Psychiatry. 2018;9:547.

Riem MME, Kunst LE, Bekker MHJ, Fallon M, Kupper N. Intranasal
oxytocin enhances stress-protective effects of social support in
women with negative childhood experiences during a virtual Trier
Social Stress Test. Psychoneuroendocrinology. 2020;111: 104482.
Winslow JT, Hearn EF, Ferguson J, Young LJ, Matzuk MM, Insel
TR. Infant vocalization, adult aggression, and fear behavior of an
oxytocin null mutant mouse. Horm Behav. 2000;37:145-155.
Aulino EA, Caldwell HK. Pharmacological manipulation of oxyto-
cin receptor signaling during mouse embryonic development re-
sults in sex-specific behavioral effects in adulthood. Horm Behav.
2021;135:105026.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

ISR 1 -

Monks DT, Palanisamy A. Oxytocin: at birth and beyond. A sys-
tematic review of the long-term effects of peripartum oxytocin.
Anaesthesia. 2021.

Malek A, Blann E, Mattison DR. Human placental transport of oxy-
tocin. The Journal of Maternal-Fetal Medicine. 1996;5:245-255.
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.

Morais LH, Golubeva AV, Casey S, Scott KA, Ramos Costa AP,
Moloney GM, Dinan TG, Cryan JF. Early-life oxytocin attenu-
ates the social deficits induced by caesarean-section delivery in
the mouse. Neuropsychopharmacology : official publication of the
American College of Neuropsychopharmacology. 2021.

Keag OE, Norman JE, Stock SJ. Long-term risks and benefits as-
sociated with cesarean delivery for mother, baby, and subsequent
pregnancies: Systematic review and meta-analysis. PLoS Med.
2018;15:e1002494.

Kenkel W. Birth signalling hormones and the developmen-
tal consequences of caesarean delivery. J Neuroendocrinol.
2021;33:€12912.

Uvnas-Moberg K, Alster P, Petersson M, Sohlstrém A, Bjérkstrand
E. Postnatal oxytocin injections cause sustained weight gain and
increased nociceptive thresholds in male and female rats. Pediatr
Res. 1998;43:344-348.

Petersson M, Uvnas-Moberg K. Postnatal oxytocin treatment of
spontaneously hypertensive male rats decreases blood pressure
and body weight in adulthood. Neurosci Lett. 2008;440:166-169.
Takayanagi Y, Onaka T. Roles of oxytocin in the control of en-
ergy metabolism and stress. Folia Endocrinologica Japonica.
2016;92:713.

Kenkel WM, Perkeybile AM, Yee JR, et al. Behavioral and epigene-
tic consequences of oxytocin treatment at birth. Science Advances.
2019;5:eaav2244.

Bales KL, van Westerhuyzen JA, Lewis-Reese AD, Grotte ND,
Lanter JA, Carter CS. Oxytocin has dose-dependent developmen-
tal effects on pair-bonding and alloparental care in female prairie
voles. Horm Behav. 2007;52:274-279.

Lonfeldt NN, Strandberg-Larsen K, Verhulst FC, Plessen KJ,
Lebowitz ER. Birth with Synthetic Oxytocin and Risk of Childhood
Emotional Disorders: A Danish Population-based Study. J Affect
Disord. 2020;274:112-117.

Thul TA, Corwin EJ, Carlson NS, Brennan PA, Young LJ.
Oxytocin and postpartum depression: A systematic review.
Psychoneuroendocrinology. 2020;120:104793.

Soltys SM, Scherbel JR, Kurian JR, et al. An association of intrapar-
tum synthetic oxytocin dosing and the odds of developing autism.
Autism. 2020;24:1400-1410.

Kroll-Desrosiers AR, Nephew BC, Babb JA, Guilarte-Walker
Y, Moore Simas TA, Deligiannidis KM. Association of peripar-
tum synthetic oxytocin administration and depressive and anx-
iety disorders within the first postpartum year. Depress Anxiety.
2017;34:137-146.

Takeda S, Kuwabara Y, Mizuno M. Concentrations and Origin of
Oxytocinin Breast Milk. Endocrinologia Japonica. 1986;33:821-826.
Higashida H, Furuhara K, Yamauchi AM, et al. Intestinal transep-
ithelial permeability of oxytocin into the blood is dependent on
the receptor for advanced glycation end products in mice. Sci Rep.
2017;7:7883.

Monstein HJ, Grahn N, Truedsson M, Ohlsson B. Oxytocin and
oxytocin-receptor mRNA expression in the human gastroin-
testinal tract: a polymerase chain reaction study. Regul Pept.
2004;119:39-44.

Reichova A, Schaller F, Bukatova S, Bacova Z, Muscatelli F, Bakos J.
The impact of oxytocin on neurite outgrowth and synaptic proteins
in Magel2-deficient mice. Develop Neurobiol. 2021;81:366-388.


https://doi.org/10.1016/j.rasd.2021.101785

16 of 1
ol ry QT

160.

161.

162.
163.

164.
165.

166.

167.

168.

169.
170.
171.
172.
173.
174.
175.

176.

177.

ONAKA anp TAKAYANAGI

Meziane H, Schaller F, Bauer S, et al. An early postnatal oxytocin
treatment prevents social and learning deficits in adult mice de-
ficient for magel2, a gene involved in prader-willi syndrome and
autism. Biol Psychiat. 2015;78:85-94.

Pefagarikano O, Lazaro MT, Lu XH, et al. Exogenous and evoked
oxytocin restores social behavior in the Cntnap2 mouse model of
autism. Sci Transl Med. 2015;7:271ra8.

Dai YC, Zhang HF, Schon M, et al. Neonatal Oxytocin Treatment
Ameliorates Autistic-Like Behaviors and Oxytocin Deficiency in
Valproic Acid-Induced Rat Model of Autism. Front Cell Neurosci.
2018;12:355.

Melchior M, Juif PE, Gazzo G, et al. Pharmacological rescue
of nociceptive hypersensitivity and oxytocin analgesia im-
pairment in a rat model of neonatal maternal separation. Pain.
2018;159:2630-2640.

Barrett CE, Arambula SE, Young LJ. The oxytocin system promotes
resilience to the effects of neonatal isolation on adult social at-
tachment in female prairie voles. Transl Psychiat. 2015;5:e606.
Bales KL, Carter CS. Developmental exposure to oxytocin facil-
itates partner preferences in male prairie voles (Microtus ochro-
gaster). Behav Neurosci. 2003;117:854-859.

Joushi S, Esmaeilpour K, Masoumi-Ardakani Y, Esmaeili-Mahani
S, Sheibani V. Intranasal oxytocin administration facilitates the
induction of long-term potentiation and promotes cognitive per-
formance of maternally separated rats. Psychoneuroendocrinology.
2021;123:105044.

Bales KL, Plotsky PM, Young LJ, et al. Neonatal oxytocin manipula-
tions have long-lasting, sexually dimorphic effects on vasopressin
receptors. Neuroscience. 2007;144:38-45.

Diaz-Cabiale Z, Olausson H, Sohlstrém A, et al. Long-term modu-
lation by postnatal oxytocin of the alpha 2-adrenoceptor agonist
binding sites in central autonomic regions and the role of prenatal
stress. J Neuroendocrinol. 2004;16:183-190.

Kramer KM, Yoshida S, Papademetriou E, Cushing BS. The organi-
zational effects of oxytocin on the central expression of estrogen
receptor alpha and oxytocin in adulthood. BMC Neurosci. 2007;8:71.
Eaton JL, Roache L, Nguyen KN, et al. Organizational effects of
oxytocin on serotonin innervation. Dev Psychobiol. 2012;54:92-97.
Bakos J, Lestanova Z, Strbak V, Havranek T, Bacova Z. Neonatal
manipulation of oxytocin prevents lipopolysaccharide-induced de-
crease in gene expression of growth factors in two developmental
stages of the female rat. Neuropeptides. 2014,48:281-286.

Benner S, Aoki Y, Watanabe T, et al. Neurochemical evidence for
differential effects of acute and repeated oxytocin administration.
Mol Psychiatry. 2021;26:710-720.

Mogi K, Ooyama R, Nagasawa M, Kikusui T. Effects of neonatal
oxytocin manipulation on development of social behaviors in mice.
Physiol Behav. 2014;133:68-75.

Bath KG. Synthesizing Views to Understand Sex Differences
in Response to Early Life Adversity. Trends Neurosci.
2020;43:300-310.

Oti T, Satoh K, Uta D, et al. Oxytocin Influences Male Sexual
Activity via Non-synaptic Axonal Release in the Spinal Cord. Curr
Biol. 2021;31(103-14):e5.

Ludwig M, Leng G. Dendritic peptide release and peptide-
dependent behaviours. Nat Rev Neurosci. 2006;7:126-136.
Inutsuka A, Ino D, Onaka T. Detection of neuropeptides in vivo and
open questions for current and upcoming fluorescent sensors for
neuropeptides. Peptides. 2020;136:170456.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Mignocchi N, Krissel S, Jung K, Lee D, Kwon H-B. Development
of a genetically-encoded oxytocin sensor. bioRxiv preprint.
doi:10.1101/2020.07.14.202598

Wu Z, Feng J, Jing M, et al. G protein-assisted optimization of
GPCR-activation based (GRAB) sensors. Neural Imaging and
Sensing. 2019;108650N. doi:10.1117/12.2514631

Bowen MT, Carson DS, Spiro A, Arnold JC, McGregor IS.
Adolescent oxytocin exposure causes persistent reductions in
anxiety and alcohol consumption and enhances sociability in rats.
PLoS One. 2011;6:€27237.

Kozhemyakina RV, Shikhevich SG, Konoshenko MY, Gulevich
RG. Adolescent oxytocin treatment affects resident be-
havior in aggressive but not tame adult rats. Physiol Behav.
2020;224:113046.

Thornton JL, Everett NA, Webb P, Turner AJ, Cornish JL, Baracz
SJ. Adolescent oxytocin administration reduces depression-like
behaviour induced by early life stress in adult male and female rats.
Prog Neuropsychopharmacol Biol Psychiatry. 2021;110:110279.
Sannino S, Chini B, Grinevich V. Lifespan oxytocin signaling:
Maturation, flexibility, and stability in newborn, adolescent, and
aged brain. Develop Neurobiol. 2017;77:158-168.

Yamasue H, Okada T, Munesue T, et al. Effect of intranasal oxy-
tocin on the core social symptoms of autism spectrum disorder:
a randomized clinical trial. Mol Psychiatry. 2020;25(8):1849-1858.
doi:10.1038/s41380-018-0097-2

Di Lorenzo G, Longo L, Jannini TB, Niolu C, Rossi R, Siracusano A.
Oxytocin in the prevention and the treatment of post-traumatic
stress disorder: a systematic review of randomized controlled tri-
als. J Psychopathol. 2020;26:107-118.

Bales KL, Boone E, Epperson P, Hoffman G, Carter CS. Are be-
havioral effects of early experience mediated by oxytocin? Front
Psychiatry. 2011;2:24.

Feng T, An S, Kinden R, Zhang X, Jia R, Tai F. Alteration in oxy-
tocin levels induced by early social environment affects maternal
behavior and estrogen receptor alpha in mandarin voles (Microtus
mandarinus). Behav Brain Res. 2019;365:36-47.

McMurray MS, Williams SK, Jarrett TM, et al. Gestational etha-
nol and nicotine exposure: effects on maternal behavior, oxyto-
cin, and offspring ethanol intake in the rat. Neurotoxicol Teratol.
2008;30:475-486.

Williams SK, Cox ET, McMurray MS, et al. Simultaneous prenatal
ethanol and nicotine exposure affect ethanol consumption, etha-
nol preference and oxytocin receptor binding in adolescent and
adult rats. Neurotoxicol Teratol. 2009;31:291-302.

Kelly SJ, Leggett DC, Cronise K. Sexually dimorphic effects of al-
cohol exposure during development on the processing of social
cues. Alcohol Alcohol. 2009;44:555-560.

Holman PJ, Ellis L, Morgan E, Weinberg J. Prenatal alcohol expo-
sure disrupts male adolescent social behavior and oxytocin recep-
tor binding in rodents. Horm Behav. 2018;105:115-127.

How to cite this article: Onaka T, Takayanagi Y. The oxytocin

system and early-life experience-dependent plastic changes. J
Neuroendocrinol. 2021;33:€13049. https://doi.org/10.1111/
jne.13049



https://doi.org/10.1101/2020.07.14.202598
https://doi.org/10.1117/12.2514631
https://doi.org/10.1038/s41380-018-0097-2
https://doi.org/10.1111/jne.13049
https://doi.org/10.1111/jne.13049

