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Introduction

Various epidemiological studies have shown that stress (1), obesity

(2) and social isolation (3) increase mortality. These three factors

are not independent and interact with each other. Stressful condi-

tions have been shown to be associated with weight gain or weight

loss (4). On the other hand, obesity modifies stress responses (5).

Food intake has been shown to have anxiolytic actions. Leptin

administration reduces noradrenaline release within the hypothala-

mus and, as a result, impairs adrenocorticotrophic hormone (ACTH)

responses to stressful stimuli (6). Social isolation has been shown

to be associated with obesity (7) and the metabolic syndrome (8).

Interactions between social behaviours and stress also appear to

exist. Various animal models of autism spectrum disorders (9),

including cell adhesion molecule 1-deficient mice (10), show abnor-

mal anxiety-related behaviours. Neural mechanisms underlying

these interactions largely remain to be clarified. It is assumed that

neural pathways commonly used in the control of stress responses,

energy mechanisms and social behaviours may play an important

role in the interactions. Oxytocin neurones are possible candidates.

Oxytocin neurones are activated by stressful stimuli, food intake

and social attachment.

Oxytocin is primarily synthesised in the paraventricular or supra-

optic nucleus of the hypothalamus and released from the neurohy-

pophysis into the general circulation, and it plays essential roles in

parturition and lactation. In addition, parvocellular oxytocin neuro-

nes project to various brain areas, including the nucleus of the soli-

tary tract, dorsal motor nucleus of the vagus, the area postrema,

ventromedial hypothalamus, medial preoptic areas, ventral tegmen-

tal area, nucleus accumbens and bed nucleus of the stria terminalis.

Oxytocin is released not only from axon terminals in these brain

areas, but also from dendrites or cell bodies, resulting in both local

and remote actions after diffusion to various brain regions where

the oxytocin receptor is expressed. Oxytocin has been implicated in

the control of stress responses, analgesia, energy metabolism and

social behaviours, including the recognition of conspecifics,

mother–infant attachment, sexual behaviour, pair-bonding and

inter-male social behaviour. The present review focuses on the roles

of oxytocin in the control of stress, energy metabolism and social

recognition.
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Oxytocin neurones are activated by stressful stimuli, food intake and social attachment. Activa-

tion of oxytocin neurones in response to stressful stimuli or food intake is mediated, at least in

part, by noradrenaline ⁄ prolactin-releasing peptide (PrRP) neurones in the nucleus tractus solitar-

ius, whereas oxytocin neurones are activated after social stimuli via medial amygdala neurones.

Activation of oxytocin neurones induces the release of oxytocin not only from their axon termi-

nals, but also from their dendrites. Oxytocin acts locally where released or diffuses and acts on

remote oxytocin receptors widely distributed within the brain, resulting in anxiolytic, anorexic

and pro-social actions. The action sites of oxytocin appear to be multiple. Oxytocin shows anxio-

lytic actions, at least in part, via serotoninergic neurones in the median raphe nucleus, has

anorexic actions via pro-opiomelanocortin neurones in the nucleus tractus solitarius and facili-

tates social recognition via the medial amygdala. Stress, obesity and social isolation are major

risk factors for mortality in humans. Thus, the oxytocin–oxytocin receptor system is a therapeu-

tic target for the promotion of human health.
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Activation of oxytocin neurones after stressful stimuli,
food intake and social stimuli

Activation after stress-, fear- or anxiety-related stimuli

Animal studies have shown that a variety of stressful stimuli,

including conditioned fear stimuli, electric footshocks, restraint

stress and immune challenge with systemic interleukin-1b (a cyto-

kine that mimics infection), activate oxytocin neurones in the hypo-

thalamus and increase plasma oxytocin concentrations (11).

In humans, acute psychologically stressful stimuli, such as

uncontrollable noise in women (12), a public speaking task and

mental arithmetic performed in front of an audience (13), have

been shown to increase plasma oxytocin concentrations. An

increase in plasma oxytocin concentrations in response to an inter-

personal harm-related task is positively associated with the partici-

pant’s self-reported lack of forgiveness and post-conflict anxiety

(14). People with relational distress (15), romantic attachment anxi-

ety (16) or subclinical depression (17) show higher plasma oxytocin

concentrations. Among individuals with social anxiety disorder,

higher circulating oxytocin levels are associated with greater social

dissatisfaction and increased severity of the disorder (18). Individu-

als with depression show an increased number of oxytocin neuro-

nes, a larger amount of oxytocin mRNA (19,20) or a higher plasma

oxytocin concentration (21).

However, contradictory data have been reported in humans con-

cerning plasma oxytocin concentrations in anxiety- or depression-

related conditions. Patients suffering from major depression have

been reported to show reduced plasma oxytocin concentrations

(22,23). Oxytocin concentrations in cerebrospinal fluid (CSF) are low

in women with a history of childhood abuse (24). Low CSF oxytocin

concentrations have also been shown to reflect high intent in sui-

cide attempters (25). These contradictory data might be the result

of heterogeneity in subjects or diseases. It is also possible that the

decrease in oxytocin in plasma or CSF could be the cause rather

than the result of anxiety- or depression-related conditions.

Effects of stressful stimuli on oxytocin neurones also appear to

depend on subject groups, species, stimuli used or experimental

conditions. An acute social challenge (26) or a speech stress task

(27,28) does not significantly change plasma oxytocin concentra-

tions in humans. Exercise of prolonged endurance (29) but not that

of short duration and high intensity (30,31) increases plasma oxyto-

cin concentrations in humans. On the other hand, exercise of short

duration and high intensity increases plasma oxytocin concentra-

tions in horses (32). In rats, exercise has been reported to have no

effects on plasma oxytocin concentrations (33), although it has

been reported to increase oxytocin mRNA in the hypothalamic

paraventricular nucleus (PVN) (34). Previous experiences have also

been shown to affect oxytocin responses to stressful stimuli. The

effect of restraint stress on oxytocin mRNA is greater in rats

housed in pairs than in singly-housed rats (35).

Oxytocin release within the brain has also been shown to be

increased after stressful stimuli. Oxytocin release in the hypotha-

lamic PVN, amygdala or septal areas is facilitated by social defeat,

aggressive behaviour and forced swimming (36).

Neural pathways for activation of oxytocin neurones after
fear-related stimuli

Oxytocin neurones in the hypothalamus receive dense afferent pro-

jections from catecholaminergic neurones in the medulla oblongata.

A variety of stressful stimuli, including fear-related stimuli, activate

catecholaminergic neurones in the medulla oblongata. Selective

depletion of noradrenergic innervation in the brain or an i.c.v. injec-

tion of adrenergic receptor antagonists blocks neuroendocrine

responses to conditioned fear stimuli (11). Furthermore, ablation of

catecholaminergic projections to the hypothalamic supraoptic

nucleus by microinjections of an adrenergic neurone-specific neuro-

toxin impairs the activation of putative oxytocin neurones in the

supraoptic nuclei in response to conditioned fear stimuli (37)

(Fig. 1). All of these findings suggest the involvement of catechol-

aminergic afferents in the activation of oxytocin neurones after

fear-related stimuli (Fig. 2).

Approximately one-third of the catecholaminergic neurones in

the medulla oblongata contain prolactin-releasing peptide (PrRP).

PrRP-positive neurones in the medulla oblongata have been shown

to be exclusively catecholaminergic. It is notable that the majority

of the catecholaminergic neurones activated after immobilisation

(38) or conditioned fear stimuli (39) co-express PrRP, suggesting

that stressful stimuli activate, in a relatively selective manner, cate-

cholaminergic neurones expressing PrRP. Blockade of the functions

of endogenous PrRP by administration of neutralising antibodies

for PrRP (39) impairs the facilitation of oxytocin release into the

blood stream in response to conditioned fear stimuli. All of these

findings suggest that not only noradrenaline, but also PrRP

plays an important role in the activation of oxytocin neurones and

the enhanced release of oxytocin in response to fear-related

stimuli.

The involvement of PrRP ⁄ noradrenaline in the control of oxytocin

release depends on the stressful stimuli used. Activation of oxytocin

neurones in response to morphine withdrawal (40) or exposure to a

novel environment (11) is not blocked by the destruction of norad-

renergic neurones or adrenergic receptor antagonists, suggesting

that morphine withdrawal- or novelty stress-induced oxytocin

response is not primarily mediated by noradrenaline.

On the other hand, the medial amygdala has been shown to be

involved in neuroendocrine responses to stressful stimuli (41–43).

Stressful stimuli activate medial amygdala neurones. Destruction of

the medial amygdala impairs neuroendocrine responses to stressful

stimuli. The precise relationship of the medial amygdala and brain

stem catecholaminergic neurones (41) in the control of oxytocin

release after stressful stimuli remains to be determined.

Activation after food intake

Oxytocin neurones in the hypothalamus are also activated after food

intake. Food intake induces gastric distension, the release of a

peripheral satiety signal, cholecystokinin octapeptide (CCK) and pos-

sibly an increase in plasma osmolality, and these factors are known

to increase plasma oxytocin concentrations in rats (44,45). On the

other hand, food restriction for 2 weeks reduces oxytocin mRNA in
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Fig. 1. Effects of a local injection of a selective neurotoxin for noradrenergic fibres on staining for dopamine b-hydroxylase and expression of Fos-like protein

in the supraoptic nucleus after noxious stimuli, conditioned fear stimuli or administration of cholecystokinin (CCK), a peripheral satiety factor. Images of coro-

nal sections from rats injected with 5-ADMP, a selective neurotoxin for noradrenergic fibres, into the supraoptic nucleus. Staining for dopamine b-hydroxylase

in the supraoptic nucleus was weaker after the neurotoxin injection than after the vehicle (VEH) injection. The number of cells expressing Fos-like protein was

smaller after 5-ADMP injection than after the vehicle injection. OX: optic chiasm. Data from Zhu and Onaka (37) and Onaka et al. (37,55).
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Fig. 2. Possible oxytocin pathways concerning stress, energy metabolism and social behaviour. Stressful stimuli and food intake activate hypothalamic oxyto-

cin neurones via activation of noradrenaline ⁄ prolactin-releasing peptide (PrRP) neurones in the nucleus tractus solitarius, whereas social stimuli activate oxyto-

cin neurones via the medial amygdala. Oxytocin induces anxiolytic, anorexic or pro-social actions via, at least in part, serotoninergic neurones in the median

raphe nucleus, pro-opiomelanocortin neurones in the nucleus tractus solitarius, and the medial amygdala, respectively. Oxytocin–dopamine interaction may be

involved in the rewarding aspects of social preference and food intake. Serotonin may also be involved in pro-social and anorexic actions. CCK, cholecystokinin;

NTS, nucleus tractus solitarius; X, vagus nerve.
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hypothalamic dorsal parvocellular paraventricular neurones but not

in supraoptic or magnocellular paraventricular neurones of rats (46).

In humans, the intake of a fatty meal or CCK administration has

been shown to facilitate oxytocin release (47), although CCK admin-

istration in monkeys has been reported not to increase plasma oxy-

tocin concentrations (48).

Neural pathways for activation of oxytocin neurones after
food intake

Oxytocin neurones may receive information on the metabolic status

of the body. The promoter region of the oxytocin gene contains a

conserved putative transcription factor binding site for retinoid-

related orphan receptor a (49), which is known to be activated by

the metabolic regulator, peroxisome proliferator-activated receptor

coactivator-1a (PGC-1a, also known as PPAR-C1a) (50,51). The

expression of oxytocin is activated by PGC-1a in the zebrafish

hypothalamus (52). On the other hand, microinjections of leucine, a

physiological signal of hypothalamic amino acid availability, into

the mediobasal hypothalamus activate hypothalamic paraventricular

oxytocin neurones, possibly via activation of hypothalamic pro-

opiomelanocortin (POMC) neurones in rats (53). All of these find-

ings are consistent with the idea that oxytocin neurones can be

modulated by metabolic status of the body.

It is also likely that PrRP ⁄ catecholamine afferents to the hypo-

thalamus play an important role in activation of oxytocin neurones

after food intake. The peripheral administration of CCK activates

catecholaminergic neurones in the medulla oblongata (54) project-

ing to the hypothalamic supraoptic nucleus (55) and facilitates the

release of noradrenaline within the supraoptic nucleus (56,57).

CCK-induced activation of oxytocin neurones is blocked by an

adrenergic receptor antagonist (58). CCK-induced Fos expression

within the supraoptic nucleus is impaired by the destruction of cat-

echolaminergic innervation to the nucleus (55) (Fig. 1). Food intake

(59) or CCK administration (60) activates PrRP-expressing neurones

in the medulla oblongata. It is thus possible that not only nor-

adrenaline, but also PrRP have facilitative roles in oxytocin release

after food intake (Fig. 2). Because both stressful stimuli and food

intake are suggested to activate oxytocin neurones via PrRP ⁄ cate-

cholamine afferents, the PrRP-oxytocin system is a candidate site

of intersection between stress and food intake. Further work is nec-

essary for the clarification of the detailed roles of noradrenaline

and PrRP in the control of oxytocin release after food intake.

Activation after social stimuli

Oxytocin neurones in the hypothalamus have been suggested to be

activated after social interactions (61), including parent–infant

bonding (62), pair-bonding and inter-male interactions.

Oxytocin concentrations in cerebrospinal fluid (63) or plasma (64)

are positively correlated with social behaviour in monkeys. Social

interactions are also associated with the oxytocin system in

humans. Plasma oxytocin concentrations have been shown to be

associated with parental behaviours in humans (65). Plasma oxyto-

cin concentrations increase after performing a task requiring inti-

mate trust (i.e. secret sharing by writing an important secret of

their life with each other) in humans (66). Interactions with pet

dogs also facilitates oxytocin release from the posterior pituitary in

the dog owners (67).

At present, the neural pathways for activation of oxytocin neuro-

nes in response to social interactions are largely unknown. For

many mammals, including rodents, olfactory information plays an

essential role in the control of social behaviour. Olfactory informa-

tion begins at the main and accessory olfactory systems, and is

relayed to the medial amygdala, bed nucleus of the stria terminalis,

anterior olfactory nucleus, cortical amygdala and piriform cortex.

Inter-male social interactions activate neurones in these areas,

especially those in the medial amygdala and oxytocin neurones in

the hypothalamus (68). Activation of oxytocin neurones after inter-

male social interactions is impaired by medial amygdala lesions

(68), suggesting an involvement of the medial amygdala in the con-

trol of oxytocin release in response to social interaction (Fig. 2).

On the other hand, disturbances in central oxytocin functions

have been detected in patients with dopamine-dependent behavio-

ural disorders (69), and thus dopaminergic transmission might be

important for activation of oxytocin neurones after social interac-

tion.

Roles of oxytocin released after stress, food intake and
social stimuli

Anti-stress and anxiolytic actions of oxytocin

Stressful stimuli disturb homeostasis of the body physically and

psychologically. In response to stressful stimuli, various responses

take place in the body and the roles of the stress responses can be

categorised into at least two categories: one is suppressive and

keeps other stress responses from overshooting, whereas the

other is stimulatory and facilitates other stress responses. Oxytocin

released in response to stressful stimuli might represent the

former.

Chronic or acute administration of oxytocin has been shown to

have anxiolytic actions and attenuate the hypothalamic-pituitary

adrenal axis in rats and mice (70–72). For example, oxytocin admin-

istration increases the time spent in the centre area of an open

field test in mice, suggesting that oxytocin has anxiolytic actions

(73). Oxytocin administration also reduces depression-like behaviour,

such as immobility duration in a forced swimming test in rats (74)

or voles (75); but see also Ebner et al. (76). Blood pressure is

reduced after oxytocin administration (77). On the other hand, the

administration of an oxytocin receptor antagonist increases anxi-

ety-related behaviour in pregnant or lactating rats, impairs anxio-

lytic effects of mating in rats, and facilitates stress-induced

activation of the hypothalamic-pituitary adrenal axis. (72). Oxyto-

cin-deficient female mice show higher levels of anxiety-related

behaviour (78). All of these findings are consistent with the idea

that endogenous oxytocin has anxiolytic actions in both males and

females when oxytocin neurones are activated.

Studies with humans have also shown anti-anxiety actions of

oxytocin. The nasal application of oxytocin reduces cortisol release
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in response to stressful stimuli such as a public speaking task and

mental arithmetic performed in front of an audience or couple con-

flict (26,79,80).

Roles in adaptation to chronic stress

Animal studies have also shown that oxytocin plays an essential

role in adaptation to chronic repeated stress. Acute restraint stress

delays gastric empty and accelerates colonic transit. This acute

stress-induced gastrointestinal dysmotility is no longer observed

after chronic repeated exposures to stressful stimuli. This restored

motility after chronic stress is reversed by an intracerebroventricu-

lar injection of an oxytocin receptor antagonist (81,82) or by oxyto-

cin deficiency (83).

Single-nucleotide polymorphism (SNP) of the oxytocin
receptor gene, stress and emotionality

SNP of the oxytocin receptor gene, which is localised to chromo-

some 3 of the human genome, has been associated with stress

reactivity and social processing. Individuals with one (A ⁄ G) or two

adenosine alleles (A ⁄ A) within intron 3 (rs53576) of the oxytocin

receptor gene show lower empathy, higher stress reactivity, larger

startle response (84), lower optimism and self-esteem (85), negative

affect (86), smaller hypothalamus volume, lower task-related amyg-

dala activation, increased coupling of the hypothalamus and amyg-

dala, and reward dependence (87) relative to the G ⁄ G homozygotes.

Carriers of the homozygous T ⁄ T variant of the SNP rs2268498 on

the oxytocin receptor gene in combination with the homozygous

long ⁄ long variant of the serotonin transporter polymorphism show

low scores of negative emotionality (88). Individuals with the het-

erozygous A ⁄ G rs2254298 polymorphism and a high level of early

adversity show the highest levels of symptoms of depression and

anxiety (89). The rs2254298A allele of oxytocin receptor (OXTR) is

significantly associated with a larger bilateral amygdala volume (90).

Targets for anti-stress or anxiolytic actions

Sites of anxiolytic actions of oxytocin remain to be determined,

although several sites have been proposed, including the median

raphe nuclei, central amygdala, hypothalamic PVN, lateral septum

and dorsal hippocampus.

Approximately half of the serotoninergic neurones in the pontine

raphe nucleus express oxytocin receptors, and local oxytocin admin-

istration facilitates serotonin release (73). Anxiolytic actions of oxy-

tocin are impaired by a serotonin 2A ⁄ 2C receptor antagonist,

suggesting that oxytocin reduces anxiety via facilitating serotonin

release (Fig. 2).

The amygdala is also a candidate for the anxiolytic action sites

of oxytocin. Oxytocin has been shown to decrease freezing behav-

iour in response to conditioned fear stimuli by inhibiting central

amygdala neurones projecting to the periaqueductal gray, which is

implicated in freezing behaviour (91), via activation of GABAergic

neurones (92). Consistent with this finding, bilateral administration

of an oxytocin receptor antagonist into the central amygdala has

been shown to increase anxiety-related behaviour in late pregnant

rats (71). In this area, oxytocin appears to affect behaviour specifi-

cally because oxytocin administration into the amygdala does not

affect the cardiovascular responses to conditioned fear stimuli (92).

Consistent with the idea that oxytocin shows anxiolytic action via

inhibition of amygdala function, oxytocin administration reduces

the activation of the amygdala in humans (93–98). On the other

hand, the administration of an oxytocin receptor antagonist into

the central amygdala was reported to reduce immobility duration in

a forced swimming test (76). These findings suggest the differential

roles of oxytocin in the central amygdala with respect to the con-

trol of fear-related freezing behaviour and depression-related

immobility behaviour, in that oxytocin inhibits fear-related freezing

behaviour but facilitates depression-related immobility behaviour.

Apparently contradictory data concerning the action of oxytocin on

freezing behaviour in response to conditioned fear stimuli have also

been reported. Intracerebroventricular administration of an oxytocin

receptor antagonist has been shown to reduce freezing behaviour

but not neuroendocrine responses to conditioned fear (99). Post-

weaning and forebrain-specific deficiency of oxytocin receptors

induces reduced freezing behaviour (100). These findings suggest

the facilitative roles of oxytocin in freezing behaviour during condi-

tioned fear, although the sites of oxytocin action with respect to

facilitating freezing behaviour remain unknown. All of these find-

ings are consistent with the idea that oxytocin in the central amyg-

dala inhibits fear-related freezing behaviour but facilitates it in

other unknown forebrain regions.

Oxytocin administration lowers the activity of corticotrophin-

releasing factor (CRF) neurones within the hypothalamic PVN and

attenuates neuroendocrine stress responses, including the responses

of the hypothalamic-pituitary adrenal axis (70,71). CRF is the major

anxiogenic neuropeptide. It is thus possible that oxytocin induces

anxiolytic actions via a reduction of CRF functions. Micro-infusion

of oxytocin into the hypothalamic PVN has been shown to reduce

anxiety-related behaviour in male rats (101), suggesting that the

hypothalamic PVN is a site of anxiolytic action of oxytocin. How-

ever, contradictory data have also been reported. Local administra-

tion of an oxytocin receptor antagonist into the hypothalamic PVN

has been shown to attenuate ACTH responses to stressful stimuli in

male rats, suggesting that oxytocin in the hypothalamic PVN has

facilitative actions on CRF neurones (71). It is notable that oxytocin

in the hypothalamus has a facilitative action on the release of nor-

adrenaline (99), which is known to play an important role in the

control of neuroendocrine stress responses. Further studies are nec-

essary to clarify roles of oxytocin in the hypothalamic PVN.

Local administration of an oxytocin receptor antagonist into the

mediolateral septum has also been shown to facilitate ACTH

responses to stressful stimuli (71) but to have no significant effects

on behaviours in a social defeat procedure (102), suggesting the

inhibitory involvement of septal oxytocin receptors selectively in

ACTH release. Chronic administration of oxytocin into the dorsal

hippocampus has been shown to reduce freezing behaviour and

corticosterone release in response to stress (103), suggesting that

the dorsal hippocampus is also a candidate for the anxiolytic action

sites of oxytocin.
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Metabolic actions of oxytocin

Roles in food intake

Intracerebroventricular administration of oxytocin (104–106) or the

peripheral administration of oxytocin at higher doses (104,106, 107)

suppresses food intake in rodents, and the anorexic effects of oxy-

tocin are reversible by oxytocin receptor antagonists, suggesting

that oxytocin has anorexic actions via the activation of oxytocin

receptors. Consistent with the data, patients with Prader–Willi syn-

drome, a condition characterised by deficits in oxytocin neurones,

show hyperphagia and obesity (108). However, because the periph-

eral infusion of oxytocin in healthy subjects has been reported to

reduce satiety (109), further work is necessary aiming to clarify the

anorexic actions of oxytocin in humans.

Oxytocin receptor antagonist increases the total amount of food

intake (53,110,111) or meal size (53,110) in rodents. Oxytocin recep-

tor-deficient mice show an increased meal size (112). All of these

findings suggest that endogenous oxytocin plays an essential role

in satiety. Consistent with this idea, the anorexic effect of CCK, a

peripheral satiety factor, is impaired by an oxytocin receptor antag-

onist (105), although the satiety effect of CCK is not attenuated in

oxytocin-deficient mice (113). Furthermore, lesions of oxytocin-

receptive cells in the nucleus tractus solitarius caused by a saporin

toxin attenuate the satiety response to CCK (111). In general, these

findings suggest that CCK-induced satiety is mediated, at least in

part, by oxytocin. Both PrRP-deficient animals (59) and oxytocin

receptor-deficient animals (112) show an increased meal size but

no change in meal frequency, resulting in late-onset obesity

(59,114). CCK-induced anorexia is impaired in PrRP-deficient mice

(59). It is thus possible that the PrRP pathway from the medulla to

oxytocin neurones mediates the anorexic action of CCK (115). Inter-

estingly in streptozotocin-induced diabetic rats (a model of type 1

diabetes) and Zucker diabetic fatty rats (a model of type 2 diabe-

tes), PrRP mRNA is reduced (116). Reduction in the PrRP-oxytocin

pathway induces obesity as a result of hyperphagia and ⁄ or reduced

energy consumption and increases stress vulnerability. Both obesity

and increased stress vulnerability are risk factors for diabetes. It is

thus tempting to consider that diabetes and a reduction in the

PrRP-oxytocin pathway form a vicious cycle. Further work is neces-

sary to clarify this hypothesis.

Oxytocin has also been implicated in experimentally-induced

anorexia (e.g. by leptin treatment). Leptin receptors are abundant in

the supraoptic nucleus and PVN in the hypothalamus (117). Oxyto-

cin mRNA levels are reduced by fasting and restored by leptin (118).

Leptin has been shown to activate parvocellular oxytocin neurones

in the hypothalamic PVN, which project to the nucleus tractus soli-

tarius (110). Activation of parvocellular oxytocin neurones by leptin

contributes to leptin-induced reduction in meal size. On the other

hand, leptin has been shown to reduce noradrenaline release within

the hypothalamic PVN (6,119), impair CCK-induced Fos expression

in the supraoptic nucleus (120) and reduce CCK-induced plasma

oxytocin increase (121), suggesting that leptin has inhibitory effects

on magnocellular oxytocin neurones. However, leptin moderately

increases, in a transient manner, the electrical activity of rat mag-

nocellular oxytocin neurones under anaesthesia (122). The roles of

magnocellular oxytocin neurones after leptin remain to be clarified.

Oxytocin also plays a role in anorexia induced by other means.

For example, the hypophagic effects of water restriction are

impaired in oxytocin-deficient mice (123). In addition, leucine

administration also activates hypothalamic parovocellular oxytocin

neurones, and leucine-induced anorexia or a reduction in meal size

is prevented by an oxytocin receptor antagonist (53). Administration

of oleoylethanolamide (OEA), an endogenous high-affinity agonist

of the nuclear receptor peroxisome proliferator-activated receptor-

a, activates magnocellular oxytocin neurones in the paraventricular

or supraoptic nucleus, and OEA-induced anorexia is blocked by an

oxytocin receptor antagonist in rats (124). All of these findings sug-

gest that oxytocin mediates anorexia induced by leptin, dehydration,

leucine and OEA.

Oxytocin has also been suggested to be involved in hyperphagia

during pregnancy. Activation of oxytocin neurones by food intake,

orexigens (neuropeptide Y, ghrelin) or appetite suppressants (CCK)

(125) is attenuated in late pregnant rats, which is assumed to cause

the reduced activity of oxytocin neurones and lead to general

hyperphagia and elevated salt appetite in rats (126,127).

Roles in food preference

The roles of endogenous oxytocin in food intake have been shown to

depend on dietary macronutrients (carbohydrates, lipids and proteins)

(128). A sucrose-enriched diet induces the activation of oxytocin neu-

rones and increases oxytocin mRNA compared to the effects of a

high-fat diet (129). The administration of an oxytocin receptor antag-

onist increases the intake of sucrose but not that of standard chow,

high-fat diet or total calories in mice (129). Oxytocin-deficient mice

show an increased preference for carbohydrates such as sucrose,

starch and polycose (130). All of these findings suggest that oxytocin

plays an important role in the control of carbohydrate intake. How-

ever, oxytocin receptor-deficient mice do not show increased sucrose

intake (131) and the apparently discrepant data for oxytocin-deficient

and oxytocin receptor-deficient animals remain to be explained. Oxy-

tocin administration facilitates dopamine release (132), which is

associated with reward, and thus the oxytocin-dopamine pathway

might be involved in the rewarding aspects of food intake.

Roles in energy consumption

Oxytocin is also involved in energy consumption. Oxytocin adminis-

tration induces hyperthermia (73), and oxytocin receptor-deficient

animals showed a reduced response in energy consumption after

cage switch stress (133). Reduced energy consumption might con-

tribute to the late-onset obesity observed in oxytocin-deficient

(134) or oxytocin receptor-deficient (114) mice.

Sources and targets for anorexic actions

Sources of oxytocin responsible for anorexic actions and action sites

remain to be determined. Various anorexic treatments, including

leptin and CCK, activate hypothalamic parvocellular paraventricular
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oxytocin neurones, which project to the nucleus tractus solitarius.

Destruction of oxytocin-receptive neurones in the nucleus tractus

solitarius attenuates the efficacy of CCK to reduce food intake and

blocks the action of an oxytocin receptor antagonist to stimulate

food intake (111). Oxytocin administration activates glucagon-like

peptide-1- or POMC-positive neurones in the nucleus tractus soli-

tarius, and oxytocin-induced anorexia is impaired by antagonists for

the glucagon-like peptide-1 receptor (135) or MC3 ⁄ 4R (136), sug-

gesting that glucagon-like peptide-1 or POMC neurones in the

nucleus tractus solitarius are the sites of oxytocin action (Fig. 2).

Oxytocin administration facilitates serotonin release (73), which has

a strong anorexic action. It is possible that serotonin may play a

role in anorexic effects of oxytocin. On the other hand, magnocellu-

lar oxytocin neurones are also activated by food intake or anorexic

stimuli, including hyperosmolality and OEA. The roles of activated

magnocellular oxytocin neurones remain to be clarified.

Pro-social actions of oxytocin

Various animal studies have shown that oxytocin increases social

interactions, partner preference and parental behaviour (137–141).

In humans, oxytocin has been shown to have pro-social actions,

including an increase in trust, generosity, judgments of facial trust-

worthiness, face recognition, parochial altruism and the ability to

read emotions from the face (142,143).

Evidence for associations between oxytocin receptor SNP and

social behaviours or autism spectrum disorders has been presented.

For example, OXTR rs53576A has been shown to be associated with

deficits in social behaviour (144) such as a mother’s sensitivity to

her children’s behaviour (145) and the effectiveness of social sup-

port (146). OXTR rs7632287A has been shown to be associated with

impaired pair-bonding in women (147), and rs2254298A is associ-

ated with autism (148).

Targets for pro-social actions

Several action sites have been proposed for oxytocin in the facilita-

tion of pro-social behaviours. An oxytocin-dopamine interaction has

been suggested to underlie partner preference and parental behaviour

in prairie voles (139). Infusion of an oxytocin receptor antagonist into

the nucleus accumbens impairs pair-bond formation (149), whereas

overexpression of the oxytocin receptor in the nucleus accumbens

accelerates pair-bond formation (139, 150). Maternal behaviours are

impaired by the infusion of an oxytocin receptor antagonist into the

ventral tegmental area (132, 150) or medial preoptic area (150). On

the other hand, there are several candidates for the action sites for

social recognition, including the medial amygdala, ventral hippocam-

pus, olfactory bulb, septum and medial preoptic area. Among these

candidates, substantial data suggest the involvement of the medial

amygdala in social recognition. Administration of an oxytocin recep-

tor antagonist or antisense DNA into the medial amygdala impairs

activation of the medial amygdala in response to social stimuli (151)

and blocks social recognition (152,153). Administration of oxytocin

into the septum (154) or medial preoptic area (155) facilitates social

recognition, although these effects have been reported not to be

blocked by an oxytocin receptor antagonist. Administration of oxyto-

cin into the olfactory bulb facilitates social recognition and this

action is blocked by an oxytocin receptor antagonist in male rats

(156). Administration of anti-oxytocin serum into the ventral hippo-

campus also impairs social recognition (157). The sources of oxytocin

involved in social behaviour remain to be clarified.

Conclusions

Parvocellular oxytocin neurones innervate various brain regions,

release oxytocin from their axonal terminals and act on oxytocin

receptors located where released. On the other hand, magnocellular

oxytocin neurones in the hypothalamus release oxytocin not only

from their axon terminals in the neurohypophysis, but also from their

dendrites in a large amount (158). Dendritically-released oxytocin dif-

fuses and acts on widely distributed remote receptors to modulate

various behaviours (159). A variety of stressful stimuli, food intake

and social attachment have been shown to activate not only parvo-

cellular, but also magnocellular oxytocin neurones. Further studies

are needed to elucidate the sources of oxytocin responsible for the

control of various behaviours, physiological roles of dendritically-

released oxytocin, mechanisms of dendritic release, diffusion and

degradation, and action sites of oxytocin. Oxytocin has anxiolytic,

anorexic and pro-social actions, especially when oxytocin neurones

are activated. On the other hand, in starved or socially-isolated condi-

tions when the activity of oxytocin neurones is assumed to be sup-

pressed, stress responses are enhanced and hyperphagia is observed,

although the roles of oxytocin remain to be clarified. In addition to

oxytocin neurones, various points of intersection that can tie stress ⁄
anxiety, energy metabolism and social behaviour together can be

considered, including dopaminergic and serotoninergic transmission.

Stress, obesity and social isolation are major risk factors for human

mortality. Thus, the oxytocin-oxytocin receptor and oxytocin-related

systems including PrRP, dopaminergic and serotoninergic neurones

are important therapeutic targets with respect to promoting human health.
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