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Summary

There is growing interest directed toward understanding positive emotions, and ma-
ternal and romantic love are among the most desired and positive social experiences
encountered. It is only now that we are beginning to understand not only their neuro-
biological and neurochemical regulation but also their beneficial health consequences.
For example, around parturition, profound adaptations of the maternal brain take
place with significant behavioural consequences that ensure the healthy development
of the child, or the offspring, including nutrition, protection and maternal emotional
care. There is an activation of several neuroendocrine systems, including oxytocin and
prolactin, that play important roles as classical hormones in the regulation of parturi-
tion, lactogenesis and milk ejection, respectively. Importantly, as signalling molecules
of the brain, they were shown to be important promoters of maternal behaviour.
Moreover, oxytocin released within the rat brain is correlated with the protection of
the offspring, i.e., with the display of maternal aggression. Thus, oxytocin and pro-
lactin are important for meeting the physiological demands of the offspring, but also
to satisfy their emotional demands, including protection and close affiliation with
the mother. In turn, the maternal brain profits from these adaptations: oxytocin and
prolactin exert anxiolytic effects at various brain sites and have been shown to re-
duce stress responsiveness at neuronal, neuroendocrine and behavioural levels. As
a consequence, increased calmness, reduced anxiety levels and blunted hypothalamo-
pituitary-adrenal axis and sympathetic responses to numerous stressors have been
described in pregnancy and/or lactation, both in human and animal studies. These
complex brain adaptations are clearly beneficial for the mother. However, they are vul-
nerable to stressful life experiences and maladaptations, e.g., lack of adaptive activation
of the brain oxytocin and prolactin systems may result in postpartum mood disorders
with negative consequences for both maternal health and child development.

Is there a comparable physiological and behavioural situation in males? There
is scientific and anecdotal evidence for sedation and calmness after sexual activity.
Oxytocin is released within the hypothalamus during mating, where it is crucially
involved in the regulation of male sexual behaviour. Evidence will be provided that
activation of brain oxytocin, as seen during sexual activity, also mediates beneficial
effects in males.
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Introduction

For many decades, neurobiologists have focussed on uncovering the neurochemical
brain circuitries underlying emotions, in particular of anxiety, fear and aggression.
However, there has also been growing interest in understanding positive emotions.
In this context, maternal and romantic love are among the most desired and positive
experiences encountered in our lives, and we are beginning to understand not only
their neurobiological and neurochemical regulation, but also their beneficial health
consequences. In this chapter, I will focus on brain neuropeptide systems, in particular
on brain oxytocin (OXT) and prolactin (PRL), which are activated, for example, in
the maternal brain peripartum and which may mediate the positive effects on various
health parameters, including reduced stress vulnerability. Additionally, I will provide
initial evidence that, in males, sexual activity and mating represent comparable physio-
logical stimuli activating these neuropeptide circuitries that, in turn, exert long-lasting
beneficial effects.

Complex Adaptations of the Maternal Brain Peripartum

Remarkable physiological and behavioural changes have been extensively described
in the mammalian maternal brain in the peripartum period. These profound adapta-
tions start during pregnancy as complex and direct consequences of mainly hormonal
signals arising from the fetus. They continue around birth and in lactation as a re-
sult of close social interactions between mother and offspring, for example during
suckling, maternal care and protection. Pup-derived stimuli, for example during the
suckling stimulus, in turn, are essential for these neuroendocrine and complex emo-
tional adaptations to continue in the mother until weaning. Several of these maternal
physiological adaptations are a primary prerequisite for offspring survival and devel-
opment, i.e. the provision of sufficient nutrients both in utero and during lactation,
and of a stable hormonal and biochemical environment during pregnancy, and a safe
birth.

Tellingly however, profound alterations in systems that are not directly linked to
reproductive functions, but that may play a supportive role, have also been described.
For example, pregnancy- and lactation-associated alterations have been repeatedly
demonstrated in several species with respect to maternal stress-coping style. There
is a severely attenuated responsiveness of the hypothalamo-pituitary-adrenal (HPA)
axis to a broad variety of stressors, with the consequence of lower stress-induced
plasma concentrations of glucocorticoids, i.e., cortisol in humans and corticosterone
in rodents (de Weerth and Buitelaar 2005; Kammerer et al. 2002; Lightman et al. 2001;
Neumann et al. 1998c; Russell et al. 1999; Stattery and Neumann 2007; Stern et al. 1973).
Such alterations seem to be essential for the healthy development of the offspring to
prevent excessive circulating stress hormone levels, which have been shown to have
adverse effects on prenatal development (Weinstock 2001; Welberg and Seckl 2001).
Moreover, there is a growing body of evidence suggesting that mechanisms underlying
the attenuated stress responses are also important for the mental health of the mother.
In this context, several neurobiological mechanisms have been discussed, including
the activation of the brain OXT and PRL systems (Fig. 1).



Brain Oxytocin Mediates Beneficial Consequences of Close Social Interactions 83

Fig. 1. Stimuli that trigger the release of oxytocin (OXT) within the brain, e.g., within the
hypothalamic paraventricular nucleus, include suckling and parturition in females and emotional
stress, social interactions and mating also in males. On the right side, consequences of oxytocin
actions within the brain in a behavioural context are listed

Activation of Brain OXT and PRL Systems Around Birth

In the context of peripartum adaptations of stress systems, two brain neuropeptides
are likely to play a prominent role: OXT and PRL. Whereas the existence of a brain
OXT system is well established, there is emerging evidence for a brain PRL system
with PRL synthesis in hypothalamic neurons, specifically within the hypothalamic
paraventricular nucleus (PVN), and an abundant presence of PRL receptors throughout
the brain. As neurohormones, both OXT and PRL are directly related to reproductive
functions and become activated before birth, i.e., there is increased hormone storage in
the neurohypophysis and in the lactotrophe cell of the adenohypophysis, respectively.
When released into the blood stream, they are importantly involved in the delivery
process (OXT), lactogenesis (PRL) and milk ejection (OXT).

Importantly, there is also activation of the OXT and PRL systems within the brain
in the peripartum period, as witnessed by an increased OXT and PRL gene expression
and synthesis within distinct brain regions and an increased expression and binding of
their respective receptors. Moreover, OXT is released within the hypothalamic PVN and
supraoptic nucleus (SON) and the olfactory bulb during parturition (Kendrick et al.
1988a; Neumann et al. 1993b) and also within the hippocampus and the medio-lateral
septum in response to the suckling stimulus (Moos et al. 1984; Neumann et al. 1993b;
Neumann and Landgraf 1989; Fig. 1). Recently, using the rather old-fashioned, but
more sensitive, push-pull perfusion technique, we have shown that close social contact
with the pups and the suckling stimulus also triggers neuronal release of PRL within
the PVN (Torner et al. 2004).

Functions of Locally Released OXT and PRL in the Maternal Brain

Several functions of brain OXT have been suggested in a physiological or behavioural
context (summarized in Fig. 1). For example, it has been postulated that locally released
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OXT within the hypothalamus is involved in the auto-regulation of OXT neuronal
activity during the phase of pulsatile release patterns into blood, as seen during the
milk ejection reflex or during birth (Kombian et al. 1997; Moos et al. 1984; Neumann
et al. 1994, 1996). Moreover, brain OXT seems to play a major role in the neuronal
plasticity observed within the hypothalamic SON in the peripartum period (Theodosis
2002). Importantly, various changes in social behaviour have also been attributed to the
action of brain OXT in the context of reproductive behaviour. For example, the onset
and fine-tuned maintenance of maternal behaviour has been directly linked to the
action of OXT (Lonstein and Morrell 2006; Numan and Insel 2003; Pedersen and Boccia
2003; Pedersen and Prange 1979). Moreover, there is compelling evidence of changes in
social cognitive functions, including offspring recognition, which have been related to
the action of locally released OXT (Dluzen et al. 2000; Kendrick et al. 1988b, 1987, 1997;
see below). Therefore, these multiple effects of local OXT provide an excellent example
of the synergistic action of a neuropeptide in dependence on the site of release.

Although far less is known about the functions of brain PRL, there is good evidence
of a significant involvement of PRL in the regulation of maternal behaviour (Bridges
et al. 1984, 1990; Torner et al. 2002). Thus, as seen for OXT, there are also synergis-
tic actions of PRL secreted from lactotroph cells into the bloodstream to promote
lactogenesis and of PRL released within distinct brain regions to regulate a respective
behavioural profile of the mother. In general, maternal behaviour is regulated in a com-
plex manner, with many neuronal circuits and neurotransmitter systems involved (for
review see Lonstein and Morrell 2006; Numan and Insel 2003), and centrally released
OXT and PRL seem to be key players in these neuronal systems. Interestingly, breast-
feeding women interact more positively with their babies, directing more touching
and smiling toward their infants, than do bottle-feeding mothers (Dunn and Richards
1977; for review, see Carter et al. 2001). Therefore, it is likely that the suckling-induced,
site-specific release of OXT and PRL contributes to this behavioural effect. As the
quality of maternal care is a key component for the healthy emotional development of
the offspring, as seen in rodents, primates and also in humans, the central actions of
maternal OXT and PRL have far-reaching implications for the future health of the baby
and its social competence, as well as the competence of future generations (Francis
et al. 1999; Liu et al. 2000).

Brain OXT and Maternal Aggression

Protection of the offspring and enhanced aggressive behaviour toward potential con-
specific encounters are features of the complex pattern of maternal behaviour in
mammals (Erskine et al. 1978; for review, see Numan and Insel 2003), and there is
strong evidence demonstrating a contribution of brain OXT in the display of ma-
ternal aggression (Consiglio and Lucion 1996; Elliott et al. 2001; Lubin et al. 2003).
Recently, we demonstrated increased OXT release within the central amygdala and
within the hypothalamic PVN in rat dams showing a high level of maternal aggres-
sion towards a virgin intruder. In both of these regions of the limbic system, local
OXT release was found to be directly correlated with the intensity of aggressive be-
haviour (Bosch et al. 2005). Furthermore, if local OXT actions were blocked by local
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administration of the selective receptor antagonist, highly aggressive rats showed a re-
duced number of attacks. In contrast, when synthetic OXT was slowly infused into
the PVN of low aggressive dams, they displayed more attacks and lateral threats to-
ward the intruder. These results clearly show that, in the peripartum period, brain
OXT mediates, at least in part, the behavioural response to potentially threatening
social stimuli, like a conspecific rat placed into the dam’s home cage. Thus, locally
released OXT promotes the display of relevant aggressive behaviours necessary for
the protection of the offspring. Intra-individual differences in the activation of the
brain OXT system seem to determine the differences seen in these complex social
behaviours.

In contrast to these findings providing robust evidence for OXT as an important
regulator of maternal aggression, very little is known about OXT actions on male
aggression (but see Winslow et al. 2000). However, OXT is importantly involved in
various aspects of social behaviour in males as well (Crawley et al. 2007; Domes et al.
2007; Kirsch et al. 2005; Kosfeld et al. 2005; Winslow et al. 2000).

Beneficial Consequences of Being a Mother

The above-described adaptations of the maternal brain, including activation of the
brain OXT and PRL system, are clearly directed towards and beneficial for the offspring,
or for the baby, to ensure their survival and healthy development. According to our
hypothesis, these adaptations should also be beneficial for the mother, and brain OXT
and PRL are importantly involved. For example, lactating dams were reported to show
a reduced level of anxiety and emotional stress response (Neumann et al. 2001; Walker
et al. 1995; Windle et al. 1997a). The anxiolytic effect of lactation can even be seen in rat
dams with a high innate level of anxiety-related behaviour; therefore, being a mother
seems to be beneficial for these animals with respect to state anxiety (Neumann 2001).
Similarly, in humans, nursing mothers are more likely to describe positive mood states,
reduced anxiety levels and increased calmness (Heinrichs et al. 2001; for review, see
Carter and Altemus 1997; Carter et al. 2001). It would be interesting to speculate to
what extent these emotional adaptations and positive mood effects are prerequisites
for mothers to manage the highly demanding multi-tasking of their lives while keeping
a balanced and healthy mood.

The peripartum alterations in emotionality, which are dependent upon social stim-
uli from the offspring, are likely to be related to the changes seen in the neuronal and
hormonal responsiveness of the HPA axis. A blunted response to a broad variety of
psychological and physical stressors has been found in rats and mice at the end of
pregnancy and in lactation (Brunton and Russell 2003; Douglas et al. 2003; Johnstone
et al. 2000; Lightman et al. 2001; Neumann 2001; Neumann et al. 1998c; Shanks et al.
1999; Stern et al. 1973; Walker et al. 1995; Windle et al. 1997b). This blunted response
is reflected by an attenuated rise in plasma corticotrophin (ACTH) and corticosterone
following stressor exposure, despite the elevated plasma glucocorticoid levels found at
this time under basal conditions (Neumann et al. 1998a; Russell et al. 2001). Similarly,
in pregnant and lactating women, lower cortisol responses to various stressors (Amico
et al. 1994; de Weerth and Buitelaar 2005), including treadmill exercise (Altemus et al.
1995), cold stress (Kammerer et al. 2002) and psychological stress (Heinrichs et al.
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2001), have been described, indicating similar adaptive mechanisms in the human
maternal brain.

Although there is experimental evidence that hypo-responsiveness of the HPA axis
in pregnancy prevents excessive levels of circulating glucocorticoids and, thus, negative
effects on the fetus in utero (Weinstock 2001; Welberg and Seckl 2001), the positive
effects of these adaptations for the offspring are less clear in lactation. In contrast, there
are indications for beneficial effects for the mother, which becomes evident if we discuss
in more detail the neurobiological mechanisms involved in stress hypo-responsiveness
peripartum.

Mechanisms of Blunted Stress Responses Peripartum

Several brain mechanisms contribute to the blunted emotional and neuroendocrine
response seen peripartum, as studied in rodent models. These include, for example,
a lower level of stress-induced neuronal activation within several forebrain and limbic
brain regions (da Costa et al. 2001), which might reflect the process of perception of
a given stressor. Moreover, there is a loss of excitatory inputs to the hypothalamic PVN,
the main regulatory centre of the HPA axis, in pregnancy and during lactation. For
example, the noradrenergic excitatory tone of the PVN is reduced, and there is a lower
expression of noradrenergic alpha1A-adrenoceptors in the parvo- and magnocellular
PVN (Douglas et al. 2005; Toufexis et al. 1998). Also, the excitatory input of the HPA
axis exerted by endogenous opioids is reduced at the end of pregnancy (Douglas
et al. 1998; Kammerer et al. 2002; Kofman 2002) and is further reversed into a highly
significant inhibition during parturition (Wigger et al. 1999). Further, endogenous
opioid inhibition of the OXT system disappears at the time of birth and is not seen in
virgins (Douglas et al. 1995), which may contribute to differences in regulating stress
adaptations peripartum (Wigger and Neumann 2002).

As a consequence of (or in parallel to) these changes, the expression of corticotropin
releasing factor (CRF) within the PVN is reduced both in pregnancy (da Costa et al.
2001; Douglas and Russell 1994; Johnstone et al. 2000) and in lactation (Lightman
et al. 2001; Walker et al. 2001). Similarly, reduced CRF expression has been described
in the central nucleus of the amygdala, a region important for regulating HPA axis
activity and emotionality (Davis and Whalen 2001). Moreover, the pituitary sensitivity
to CRF is diminished due to reduced CRF receptor binding at pituitary corticotrophs
(Neumann et al. 1998b). A potential intracellular mechanism underlying the attenuated
CRF system is via the immediate-early gene nur77 (NGFI-B), which controls CRF gene
expression under conditions of stress (Kirschbaum et al. 1999), but hypothalamic
NGFI-B expression is lower in pregnancy (Douglas et al. 2003). A generally lowered
activity of the CRF system may contribute to the attenuated ACTH and corticosterone
responses observed during pregnancy and in lactation. Moreover, a low brain CRF
system activity is likely to be related to the reduced anxiety of the dam (Hard and
Hansen 1985; Neumann 2003; Toufexis et al. 1998; Windle et al. 1997b) and to the
promotion of social behaviours, including maternal behaviour (Pedersen et al. 1991)
and maternal aggression (Gammie et al. 2004). CRF has been shown to inhibit both
maternal behaviour and aggression. For example, rhesus monkeys that abuse their
infants were shown to have higher plasma levels of CRF (Maestripieri et al. 2005).
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OXT and PRL Mediate the Beneficial Effects for the Mother

There is substantial evidence that peripartum activation of the brain OXT and PRL
systems mediates the beneficial effects of these stress adaptations for the mother
in concert with the factors described above. In general, an anxiolytic effect of OXT
administered peripherally (McCarthy and Altemus 1997) or centrally (Bale et al. 2001;
Ring et al. 2006) has been established. Also, chronic infusion of OXT in virgin rats
results in an attenuation of the emotional, neuroendocrine and neuronal responses
to an acute stressor (Windle et al. 1997a, 2004). Mice lacking the OXT gene show an
increased emotional responsiveness (Amico et al. 2004). Central infusion of a selective
OXT receptor antagonist before testing on the elevated plus-maze revealed an anxiolytic
effect of endogenous brain OXT in both pregnant and lactating rats (Neumann et al.
2000a), an effect that could be localized within the central amygdala (Neumann 2002).
These findings indicate that up-regulation of the activity of the brain OXT system at the
end of pregnancy and throughout lactation mediates the lower level of emotionality,
including reduced anxiety.

Brain PRL is another important anxiolytic regulator of the brain that, as described
above, is up-regulated in the maternal brain. Both female and, to a lesser extent, male
rats show a reduced anxiety-related behaviour on the elevated plus-maze following icv
PRL treatment (Torner et al. 2001). Also, down-regulation of brain PRL receptors by use
of antisense oligodesoxynucleotides directed against the short form of PRL receptors
(see Torner and Neumann 2002 for review of the physiology of PRL receptors) in the
brain of lactating rats resulted in elevated emotionality, indicating the involvement of
brain PRL receptors in the anxiolytic effect (Torner et al. 2001).

In addition to the attenuation of emotional stress responses, both OXT and PRL
show common actions in the reduction of hormonal and neuronal stress responses.
Thus, chronic intracerebral infusion of OXT (Windle et al. 1997a, 2004) or PRL (Donner
et al. 2007) reduced the stress-induced increase in neuronal activity in several brain
regions, as revealed using c-fos as a marker, hypothalamic CRF mRNA expression, and
hormonal stress responses in virgin rats. Inhibition of brain PRL receptor expression
(see above) enhanced HPA axis stress responses in lactating dams.

Indirect evidence suggests that these results can be translated into humans. In
lactating mothers, breast-feeding shortly before exposure to a psychological stressor
reduced the emotional response and salivary cortisol levels compared with bottle-
feeding lactating mothers. As mentioned above, both OXT and PRL are released in
several brain regions, including the hypothalamic PVN, in response to the suckling
stimulus (Moos et al. 1984; Neumann et al. 1993a; Torner et al. 2004). Therefore, it
is likely that such locally released neuropeptides exert inhibitory effects on HPA axis
reactivity and state anxiety, possibly via direct or indirect actions on CRF neurons.
In conclusion, the high activity of the brain OXT and PRL systems contributes to the
blunted stress vulnerability of the mother.

If these physiological adaptations are partially prevented, we believe that mood
disorders like postpartum blues or depression are more likely to occur. The dramatic
reproduction-related fluctuation in sexual steroid concentration around birth is likely
to contribute to an increased vulnerability to mood disturbances and psychopatholo-
gies in susceptible individuals, depending on their genetic predisposition and stressful
life events. Therefore, attenuation of complex stress circuitries by a high activation of
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brain OXT and PRL represents a necessary mechanism to protect the maternal brain.
Interestingly, postpartum depression is associated (or goes hand in hand) with im-
paired maternal bonding and sometimes even rejection of the child and with impaired
stress management, parameters that are mediated by OXT and PRL.

OXT Effects on Stress Coping in the Male Brain

In comparison to females, relatively little is known about brain OXT actions in males.
However, in male rats and mice, comparable effects of OXT on HPA axis responsiveness
(Neumann et al. 2000b) and anxiety (Blume et al. 2008; Ring et al. 2006) have been
described (Fig. 1). For example, blocking central OXT receptors by infusion of an OXT
receptor antagonist increased basal HPA axis activity and responses to swim stress,
indicating an inhibitory influence of endogenous OXT also in males (Neumann et al.
2000b). As in females (Bosch et al. 2005; Wigger and Neumann 1998), OXT is released
within several regions of the male brain, including the amygdala and the hypothalamic
PVN, in response to social stimuli (Ebner et al. 2000; Wotjak et al. 1996) and various
non-social stressors (Ebner et al. 2005; Hattori et al. 1992; Wotjak et al. 2001; for
review, see Landgraf and Neumann 2004). In addition, locally released OXT regulates
the behavioural and neuroendocrine stress response in the male rat (Ebner et al.
2005; Engelmann et al. 2004; Neumann et al. 2006). Furthermore, within the central
amygdala, OXT released during stressor exposure promotes a passive stress-coping
strategy (Ebner et al. 2005), and effects of OXT on local neuronal activity patterns
were also described in males (Huber et al. 2005). Moreover, central manipulation of the
OXT system by application of an antagonist or agonist revealed that OXT modulates
wakefulness and sleep patterns: under basal, undisturbed conditions, OXT promotes
sleep whereas at higher doses OXT delays sleep onset, indicating an acute arousal effect
(Lancel et al. 2003). Taken together, these results provide substantial evidence that, also
in male rats, brain OXT is significantly involved in the regulation of behavioural and
hormonal stress responses.

In humans, intranasal OXT, which has been shown to cross the blood-brain barrier
(Born et al. 2002), reduced neuronal responses within the amygdala to threatening,
non-social cues and to fearful social stimulation, as revealed by magnetic resonance
imaging studies (Kirsch et al. 2005). Thus, OXT seems to be an important modulator of
processing social stimuli also in humans, which is further substantiated by the finding
of a suppressed anxiety to psychosocial stress (Heinrichs et al. 2003) and of a substantial
increase in social trust (Kosfeld et al. 2005) in subjects treated with intranasal OXT.

Positive Effects of Social Interactions in the Male:
Involvement of OXT?

Given such effects of OXT in males and since they do not undergo birth or lactation
as do females, is there a clearly defined physiological stimulation that triggers a high
level of activity of the endogenous brain OXT system in males? In other words, under
which physiological circumstances can males benefit from the positive effects of OXT
on various aspects of stress coping?
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Social support is the most intensively investigated social factor in humans, and
there is a growing body of evidence that the intensity of social support is associated
with positive effects on various stress-related diseases, including hypertension, cardio-
vascular diseases, depression (House et al. 1988; Knox and Uvnas-Moberg 1998; Paykel
2001; Rozanski et al. 1999) and stroke outcome (DeVries et al. 2001). In particular,
social support in humans can provide a buffer against stress-induced responses of
the HPA axis in humans (for review, see DeVries et al. 2003; Kikusui et al. 2006). For
example, the salivary free cortisol response of healthy young men to the Trier Social
Stress Test, a psychosocial stressor, was reduced by social support provided by their best
friend during the preparation period prior to stressor exposure (Heinrichs et al. 2003;
Kirschbaum et al. 1995). Moreover, diseases that respond to cortisol concentrations,
like asthma (Buske-Kirschbaum et al. 2003), heal better in socially supported patients.

In animals that show a distinct level of social bonding, like mice, rats, guinea pigs
and marmosets, social support by conspecifics was demonstrated to lower plasma
glucocorticoid levels, although this has mainly been studied in females (Gonzalez et al.
1982; Sachser et al. 1998; Smith and French 1997).

Furthermore, promoting social interactions of laboratory rodents by group housing
lowers their plasma corticosterone concentrations (for review, see DeVries et al. 2007;
Kikusui et al. 2006). On the other hand, social stress, an unstable social environment
or a subordinate position in the hierarchy results in HPA axis hyper-activity, paralleled
by adrenal insufficiency after prolonged stressor exposure (Reber et al. 2006), thymus-
atrophy, an increase in pro-inflammatory cytokines, and in impaired recovery from
injuries or diseases, such as wounds, stroke, and cardiac arrest (Reber et al. 2007; for
review, see DeVries et al. 2007). Moreover, chronic social stress in male laboratory mice,
mediated by subordinate colony housing, was shown to induce colonic inflammation
and to increase the severity of a pharmacologically induced colitis in mice (Reber
et al. 2007). Thus, depending on the circumstances, social factors can buffer the stress
response or impair the healthy state of the individual.

Interestingly, effects of social buffering were directly found within the hypothalamic
PVN. The stress-induced increase in the immediate early gene product Fos within the
PVN was attenuated in rats that were accompanied by a partner rat (Kiyokawa et al.
2004). Similarly, in sheep, the visual presentation of pictures of sheep faces was sufficient
to induce social buffering in terms of neuronal responses to stress within the PVN (da
Costa et al. 2004). These findings give some indications to presume that social stimuli,
either visual, tactile or olfactory, activate the brain OT system, which in turn attenuates
stress responsiveness.

Activation of OXT in the Male Brain During Social Stimuli:
Effects of Sexual Activity

Although limited, there is evidence of stimulation of the brain OXT system during
social interaction in males. For example, OXT release within the septum is triggered
in stressful social situations, i.e., defeat by a conspecific male (Ebner et al. 2000). Also,
OXT secretion into blood is induced by massage and stroking (Uvnas-Moberg 1997).
Moreover, the most intense social behaviour found in males, i.e., sexual behaviour and
mating, is accompanied by increased OXT secretion into blood (Carmichael et al. 1987;
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Fig. 2. Oxytocin release within the paraventricular nucleus of the hypothalamus in male Wistar
rats, under basal conditions, in the presence of an estrogen-primed female behind a wall and dur-
ing mating, as revealed by 30-min microdialysis periods. Data from Waldherr and Neumann 2007

Stoneham et al. 1985). Moreover, brain OXT plays an important role in the regulation
of male (and female) sexual behaviour (Argiolas and Gessa 1991; Flanagan et al. 1993;
McCarthy et al. 1994), and increased Fos-expression was found in OXT neurons within
the PVN in response to mating (Witt and Insel 1994). In monogamous species, i.e prairie
voles, a mouse-like rodent that forms a lasting pair bond with its mate (Young et al.
1998), release of OXT within relevant brain regions during mating has repeatedly been
hypothesized to underlie their monogamous nature, at least in females. OXT actions
were found to facilitate pair bonding in female voles whereas vasopressin seemed to
play the dominant role in establishing pair bonds in males.

However, central OXT release during mating does not seem to be limited to monog-
amous species, where mating is a prerequisite for pair bonding. Recently, we demon-
strated that the presence of a receptive female rat and successful mating triggered the
release of OXT within the hypothalamic PVN, as quantified by microdialysis performed
during ongoing behavioural monitoring (Waldherr and Neumann 2007; Fig. 2). Inter-
estingly, local OXT release began to rise in the presence of the primed female behind
a perforated wall that allowed olfactory and visual contact but not physical contact and
mating (Fig. 2). Because males clearly displayed signs of behavioural arousal under
these conditions, it can be concluded that OXT activation is induced by the presence of
a receptive female in anticipation of, but without, mating, although this effect was not
found to be significant.

OXT Mediates the Anxiolytic Effect of Sexual Activity in Males

Without any doubt, a high level of social interaction is a prerequisite for successful
mating. Is there evidence that males benefit from the activation of the central OXT
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Fig. 3. Effects of sexual activity and mating on anxiety behaviour on the elevated plus-maze,
as indicated by the percentage of time spent in the open arms and the percentage of entries
performed into the open arms of the maze. Male rats were either single-housed (white columns),
housed with a non-primed female (grey columns) or allowed to mate with a primed female (black
columns). Behavioural testing was performed four hours after a 30-min mating period as shown
in the photograph below. Data from Waldherr and Neumann 2007

system in response to sexual activity? In general, anecdotal and experimental evidence
has given rise to the commonly held perception that sedation and calmness are conse-
quences of sexual activity in humans, contributing to a general feeling of well-being.
Therefore, it is not surprising that positive consequences of sexual activity have been
described in several mammalian species, including humans. For example, greater rates
of sexual intercourse have been associated longitudinally with lower risk of mortality
(Smith and Ruiz 2002) and lower blood pressure responses (Brody 2006).

We have demonstrated that male rats show a reduced level of anxiety-related be-
haviour up to four hours after mating with a receptive female but not following olfactory
and visual cues (Fig. 3). The anxiolytic effect of sexual activity was already evident after
30 min and could be confirmed both on the elevated plus-maze and in the light-dark
box. Importantly, if brain OXT receptors were blocked by icv infusion of a selective
OXT receptor antagonist immediately after the 30-min mating period, the anxiolytic
effect was abolished. Therefore, it is tempting to conclude that activation of the brain
OXT system during sexual activity, i.e., increased release of OXT within the brain and
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subsequent neuropeptide-receptor interactions in relevant brain regions including the
hypothalamus, mediates the anxiolytic effect of mating in males.

In support of our findings, Edinger and Frye (2007) demonstrated reduced anxiety
levels in male rats that have experienced a lifetime of sexual stimuli, indicating long-
term positive mood effects of repeated sexual activity. These anxiolytic effects were
linked to the rise in basal plasma testosterone found in sexually experienced males.
Androgens were recently found to have positive effects on mood (Haren et al. 2002), and
lower testosterone levels were correlated with the occurrence of anxiety and depression
(Aikey et al. 2002; Granger et al. 2003; van Honk et al. 1999).

As discussed above, social support and social bonding exert a variety of positive
effects on health and stress susceptibility. As social interactions activate the brain
OXT system in males, it is very likely that OXT also mediates positive effects of close
social interaction. As mentioned above, social support by the best friend reduced
stress-induced HPA axis responses and anxiety levels (Heinrichs et al. 2003). Inter-
estingly, volunteers who were socially supported and also received an intranasal OXT
administration showed the lowest hormone levels, whereas OXT alone had little effect.
Moreover, the common action of both social support and OXT further increased their
calmness and reduced the level of anxiety experienced during the stress test. These
results provide further evidence for our hypothesis that endogenous OXT stimulated
during social interactions mediates the positive and buffering effects of social support.

Thus, mating and sexual activity represents a physiological stimulus activating
OXT release within the brain in males, which could be an important neurobiological
mechanism contributing to the positive health effects of sexual activity. In this context,
it would be of interest to study whether infant contact regulates the OXT system in
paternal circumstances – in parallel with those described above for the mother – and
if differences can be found between paternal and non-paternal species.

OXT Mediates the Rewarding Nature of Close Social Interactions:
Maternal and Romantic Love

Clearly, social affiliation and sexual behaviour have rewarding effects. Social animals
seek affiliation and sexual activity, and these experiences enhance the motivation for
seeking it. Thomas Insel (Insel et al. 1997) described the rewarding property of affili-
ation as “love is addiction,” and this statement holds clearly true for both maternal and
romantic love. It has been reported in the monogamous prairie vole that establishing
social bonds involves neural reward systems, including dopamine and opioid circuitry
(Nelson and Panksepp 1998; Young and Wang 2004). Importantly, OXT significant-
ly modulates the activity of these systems and vice versa, e.g., OXT amplifies the
mesolimbic dopamine system (Wang and Aragona 2004; Young and Wang 2004) and
increases preproenkephaline in the nucleus accumbens, thus activating neural reward
systems (Lim et al. 2004). Recently, the existence of a neural circuit has been suggested
that integrates OXT and dopamine actions on the consummatory, motivational and
rewarding aspects of sexual behaviour (Melis et al. 2007; Succu et al. 2007).

Moreover, evidence exists that endogenous opioids regulate not only stress respon-
siveness (Douglas et al. 1998) but also OXT neuronal activity, in particular peripartum
(Douglas et al. 1995; Wigger and Neumann 2002). Additional support has recently been
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shown using imaging techniques that the suckling stimulus triggers high activity in
mesolimbic reward systems (Febo et al. 2005; Ferris et al. 2005). As suckling activates
the OXT system, and given the above-mentioned interactions between OXT, dopamine
and endogenous opioids, it is likely that activation of central OXT release both dur-
ing close maternal-offspring interactions and interactions with the bonding/mating
partner, e.g., during sexual behaviour, mediates the rewarding effects of these complex
affiliative behaviours.

Another positive effect of a stimulated brain OXT system by close social interactions
that necessitates discussion relates to social cognition. Initial studies on OXT in social
cognition showed strong dose-dependent effects after peripheral or icv administration
of OXT (Popik and van Ree 1991). In females, administration of an OXT antagonist
interfered with the animals’ ability to establish normal social memory (Engelmann et al.
1998; for review, see Bielsky et al. 2004; Bielsky and Young 2004). Additional support
for an involvement of OXT in social cognitive abilities comes from studies using OXT
knockout mice, which show clear deficits in social recognition but normal non-social
learning and memory abilities (Choleris et al. 2003; Ferguson et al. 2000; Kavaliers et al.
2003; Nishimori et al. 1996). The deficit in social recognition was reversible with OXT
administration, clearly demonstrating the importance of this peptide in the processing
of social cues and subsequent social recognition. In female OXT knockout mice, the
essential role of OXT in social memory has also been demonstrated in the context
of the Bruce effect. OXT knockout females failed to remain pregnant if re-exposed
to either their mate or a novel male. Only females that were allowed to remain with
their mate maintained pregnancy (Temple et al. 2003). This inability to distinguish
between the mate and a novel male in females with deficits in the OXT systems further
demonstrates the importance of OXT in long-term social memory as well as short-term
social recognition.

Other examples of OXT being essential for social memory and recognition come
from experiments performed in ewes and in monogamous prairie voles. In ewes,
lamb recognition and bonding immediately after birth could clearly be related to the
intracerebral release of OXT, for example within the olfactory bulb, during parturition
(Kendrick et al. 1988b), where OXT modulates GABA, noradrenaline and acetylcholine
neurotransmission, and, consequently, mitral cell activity (Levy et al. 1995). Thus, OXT
seems to be the common signal for the development of selective offspring recognition.

In the monogamous prairie vole, social recognition of the mate is clearly a prereq-
uisite for monogamous behaviour and the ability to form a selective pair-bond. Similar
to the offspring bonding in ewes, OXT plays a critical role in the social bonding in
female prairie voles, as does vasopressin in the male prairie voles (Insel and Hulihan
1995). Thus, mating-induced stimulation of OXT release within distinct brain regions
seems to be a promoting factor for social cognition and pair-bond formation. Impor-
tantly, the distribution of OXT receptors differs greatly between the monogamous and
promiscuous species (the montane vole), with a high OXT receptor density found in
the nucleus accumbens of female and a high vasopressin receptor density found in
the ventral pallidum of male prairie voles (Insel and Shapiro 1992). These brain re-
gions are important components of the reward system, further indicating a functional
and behaviourally relevant relation between close social interactions, as seen during
mating or during suckling, intracerebral OXT release and activation of reward systems
beneficial for mental health.
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In related studies, OXT has been shown to increase social skills in humans. As
described above, OXT makes humans more trusting (Kosfeld et al. 2005), which is
clearly a necessary emotion to have when forming and maintaining social bonds.
Furthermore, OXT has been shown to increase the ability to gauge the mental state of
others using social cues from facial expressions (Domes et al. 2007), which provides
further indication of the likelihood of a similar role of OXT in social recognition in
humans.

References

Aikey JL, Nyby JG, Anmuth DM, James PJ (2002) Testosterone rapidly reduces anxiety in male
house mice (Mus musculus). Horm Behav 42:448–460

Altemus M, Deuster PA, Galliven E, Carter CS, Gold PW (1995) Suppression of hypothalmic-
pituitary-adrenal axis responses to stress in lactating women. J Clin Endocrinol Metab
80:2954–2959

Amico JA, Johnston JM, Vagnucci AH (1994) Suckling-induced attenuation of plasma cortisol
concentrations in postpartum lactating women. Endocr Res 20:79–87

Amico JA, Mantella RC, Vollmer RR, Li X (2004) Anxiety and stress responses in female oxytocin
deficient mice. J Neuroendocrinol 16:319–324

Argiolas A, Gessa GL (1991) Central functions of oxytocin. Neurosci Biobehav Rev 15:217–231
Bale TL, Davis AM, Auger AP, Dorsa DM, McCarthy MM (2001) CNS region-specific oxytocin re-

ceptor expression: importance in regulation of anxiety and sex behavior. J Neurosci 21:2546–
2552

Bielsky IF, Young LJ (2004) Oxytocin, vasopressin, and social recognition in mammals. Peptides
25:1565–1574

Bielsky IF, Hu SB, Szegda KL, Westphal H, Young LJ (2004) Profound impairment in social
recognition and reduction in anxiety-like behavior in vasopressin V1a receptor knockout
mice. Neuropsychopharmacology 29:483–493

Blume A, Bosch OJ, Miklos S, Torner L, Wales L, Waldherr M, Neumann ID (2008) Oxytocin re-
duces anxiety via ERK 1/2 activation: local effect within the rat hypothalamic paraventricular
nucleus. Eur J Neurosci 27(8):1947–1956

Born J, Lange T, Kern W, McGregor GP, Bickel U, Fehm HL (2002) Sniffing neuropeptides:
a transnasal approach to the human brain. Nature Neurosci 5:514–516

Bosch OJ, Meddle SL, Beiderbeck DI, Douglas AJ, Neumann ID (2005) Brain oxytocin correlates
with maternal aggression: link to anxiety. J Neurosci 25:6807–6815

Bridges RS, Dibiase R, Loundes DD, Doherty PC (1984) Prolactin stimulation of maternal behavior
in female rats. Science 227:782–784

Bridges RS, Numan M, Ronsheim PM, Mann PE, Lupini CE (1990) Central prolactin infusions
stimulate maternal behavior in steroid-treated, nulliparous female rats. Proc Natl Acad Sci
USA 87:8003–8007

Brody S (2006) Blood pressure reactivity to stress is better for people who recently had penile-
vaginal intercourse than for people who had other or no sexual activity. Biol Psychol 71:214–
222

Brunton PJ, Russell JA (2003) Hypothalamic-pituitary-adrenal responses to centrally adminis-
tered orexin-A are suppressed in pregnant rats. J Neuroendocrinol 15:633–637

Buske-Kirschbaum A, von Auer K, Krieger S, Weis S, Rauh W, Hellhammer D (2003) Blunted
cortisol responses to psychosocial stress in asthmatic children: a general feature of atopic
disease? Psychosom Med 65:806–810

Carmichael MS, Humbert R, Dixen J, Palmisano G, Greenleaf W, Davidson JM (1987) Plasma
oxytocin increases in the human sexual response. J Clin Endocrinol Metab 64:27–31



Brain Oxytocin Mediates Beneficial Consequences of Close Social Interactions 95

Carter CS, Altemus M (1997) Integrative functions of lactational hormones in social behavior
and stress management. Ann NY Acad Sci 807:164–174

Carter CS, Altemus M, Chrousos GP (2001) Neuroendocrine and emotional changes in the post-
partum period. Prog Brain Res 133:241–249

Choleris E, Gustafsson J-A, Korach KS, Muglia LJ, Pfaff DW, Ogawa S (2003) An estrogen-
dependent four-gene micronet regulating social recognition: a study with oxytocin and
estrogen receptor-α and -β knockout mice. Proc Natl Acad Sci USA 100:6192–6197

Consiglio AR, Lucion AB (1996) Lesion of hypothalamic paraventricular nucleus and maternal
aggressive behavior in female rats. Physiol Behav 59:591–596

Crawley JN, Chen T, Puri A, Washburn R, Sullivan TL, Hill JM, Young NB, Nadler JJ, Moy SS,
Young LJ, Caldwell HK, Young WS (2007) Social approach behaviors in oxytocin knockout
mice: comparison of two independent lines tested in different laboratory environments.
Neuropeptides 41:145–163

da Costa AP, Ma X, Ingram CD, Lightman SL, Aguilera G (2001) Hypothalamic and amygdaloid
corticotropin-releasing hormone (CRH) and CRH receptor-1 mRNA expression in the stress-
hyporesponsive late pregnant and early lactating rat. Brain Res Mol Brain Res 91:119–130

da Costa AP, Leigh AE, Man MS, Kendrick KM (2004) Face pictures reduce behavioural, auto-
nomic, endocrine and neural indices of stress and fear in sheep. Proc Biol Sci 271:2077–2084

Davis M, Whalen PJ (2001) The amygdala: vigilance and emotion. Mol Psychiat 6:13–34
de Weerth C, Buitelaar JK (2005) Physiological stress reactivity in human pregnancy – a review.

Neurosci Biobehav Rev 29:295–312
DeVries AC, Joh HD, Bernard O, Hattori K, Hurn PD, Traystman RJ, Alkayed NJ (2001) Social

stress exacerbates stroke outcome by suppressing Bcl-2 expression. Proc Natl Acad Sci USA
98:11824–11828

DeVries AC, Glasper ER, Detillion CE (2003) Social modulation of stress responses. Physiol Behav
79:399–407

DeVries AC, Craft TK, Glasper ER, Neigh GN, Alexander JK (2007) 2006 Curt P. Richter award
winner: Social influences on stress responses and health. Psychoneuroendocrinology 32:587–
603

Dluzen DE, Muraoka S, Engelmann M, Ebner K, Landgraf R (2000) Oxytocin induces preservation
of social recognition in male rats by activating alpha-adrenoceptors of the olfactory bulb.
Eur J Neurosci 12:760–766

Domes G, Heinrichs M, Glascher J, Buchel C, Braus DF, Herpertz SC (2007) Oxytocin Attenuates
Amygdala Responses to Emotional Faces Regardless of Valence. Biol Psychiatry

Donner N, Bredewold R, Maloumby R, Neumann ID (2007) Chronic intracerebral prolactin
attenuates neuronal stress circuitries in virgin rats. Eur J Neurosci 25:1804–1814

Douglas AJ, Russell JA (1994) Corticotrophin-releasing hormone, proenkephalin A and oxytocin
mRNA’s in the paraventricular nucleus during pregnancy and parturition in the rat. Gene
Ther 1(Suppl 1):S85

Douglas AJ, Neumann I, Meeren HK, Leng G, Johnstone LE, Munro G, Russell JA (1995) Central
endogenous opioid inhibition of supraoptic oxytocin neurons in pregnant rats. J Neurosci
15:5049–5057

Douglas AJ, Johnstone HA, Wigger A, Landgraf R, Russell JA, Neumann ID (1998) The role of
endogenous opioids in neurohypophysial and hypothalamo-pituitary-adrenal axis hormone
secretory responses to stress in pregnant rats. J Endocrinol 158:285–293

Douglas AJ, Brunton PJ, Bosch OJ, Russell JA, Neumann ID (2003) Neuroendocrine responses to
stress in mice: hyporesponsiveness in pregnancy and parturition. Endocrinology 144:5268–
5276

Douglas AJ, Meddle SL, Toschi N, Bosch OJ, Neumann ID (2005) Reduced activity of the nora-
drenergic system in the paraventricular nucleus at the end of pregnancy: implications for
stress hyporesponsiveness. J Neuroendocrinol 17:40–48



96 I.D. Neumann

Dunn J, Richards MP (1977) Observations on the developing relationship between mother and
baby in the neonatal period. In: Scaefeer HR (ed) Studies in mother-infant interaction New
York: Academic Press New York, pp 427–455

Ebner K, Wotjak CT, Landgraf R, Engelmann M (2000) A single social defeat experience selectively
stimulates the release of oxytocin, but not vasopressin, within the septal brain area of male
rats. Brain Res 872:87–92

Ebner K, Bosch OJ, Kromer SA, Singewald N, Neumann ID (2005) Release of oxytocin in the
rat central amygdala modulates stress-coping behavior and the release of excitatory amino
acids. Neuropsychopharmacology 30:223–230

Edinger KL, Frye CA (2007) Sexual experience of male rats influences anxiety-like behavior and
androgen levels. Physiol Behav 92:443–453

Elliott JC, Lubin DA, Walker CH, Johns JM (2001) Acute cocaine alters oxytocin levels in the
medial preoptic area and amygdala in lactating rat dams: implications for cocaine-induced
changes in maternal behavior and maternal aggression. Neuropeptides 35:127–134

Engelmann M, Ebner K, Wotjak CT, Landgraf R (1998) Endogenous oxytocin is involved in
short-term olfactory memory in female rats. Behav Brain Res 90:89–94

Engelmann M, Landgraf R, Wotjak CT (2004) The hypothalamic-neurohypophysial system reg-
ulates the hypothalamic-pituitary-adrenal axis under stress: an old concept revisited. Front
Neuroendocrinol 25:132–149

Erskine MS, Barfield RJ, Goldman BD (1978) Intraspecific fighting during late pregnancy and
lactation in rats and effects of litter removal. Behav Biol 23:206–218

Febo M, Numan M, Ferris CF (2005) Functional magnetic resonance imaging shows oxytocin
activates brain regions associated with mother-pup bonding during suckling. J Neurosci
25:11637–11644

Ferguson JN, Young LJ, Hearn EF, Matzuk MM, Insel TR, Winslow JT (2000) Social amnesia in
mice lacking the oxytocin gene. Nat Genet 25:284–288

Ferris CF, Kulkarni P, Sullivan JM Jr., Harder JA, Messenger TL, Febo M (2005) Pup suckling is
more rewarding than cocaine: evidence from functional magnetic resonance imaging and
three-dimensional computational analysis. J Neurosci 25:149–156

Flanagan LM, Pfaus JG, Pfaff DW, McEwen BS (1993) Induction of FOS immunoreactivity in
oxytocin neurons after sexual activity in female rats. Neuroendocrinology 58:352–358

Francis DD, Caldji C, Champagne F, Plotsky PM, Meaney MJ (1999) The role of corticotropin-
releasing factor–norepinephrine systems in mediating the effects of early experience on the
development of behavioral and endocrine responses to stress. Biol Psychiat 46:1153–1166

Gammie SC, Negron A, Newman SM, Rhodes JS (2004) Corticotropin-releasing factor inhibits
maternal aggression in mice. Behav Neurosci 118:805–814

Gonzalez CA, Coe CL, Levine S (1982) Cortisol responses under different housing conditions in
female squirrel monkeys. Psychoneuroendocrinology 7:209–216

Granger DA, Shirtcliff EA, Zahn-Waxler C, Usher B, Klimes-Dougan B, Hastings P (2003) Sali-
vary testosterone diurnal variation and psychopathology in adolescent males and females:
individual differences and developmental effects. Dev Psychopathol 15:431–449

Hard E, Hansen S (1985) Reduced fearfulness in the lactating rat. Physiol Behav 35:641–643
Haren MT, Morley JE, Chapman IM, O’Loughlin PD, Wittert GA (2002) Defining ‘relative’ an-

drogen deficiency in aging men: how should testosterone be measured and what are the
relationships between androgen levels and physical, sexual and emotional health? Climac-
teric 5:15–25

Hattori T, Sundberg DK, Morris M (1992) Central and systemic oxytocin release: a study of the
paraventricular nucleus by in vivo microdialysis. Brain Res Bull 28:257–263

Heinrichs M, Meinlschmidt G, Neumann I, Wagner S, Kirschbaum C, Ehlert U, Hellhammer DH
(2001) Effects of suckling on hypothalamic-pituitary-adrenal axis responses to psychosocial
stress in postpartum lactating women. J Clin Endocrinol Metab 86:4798–4804



Brain Oxytocin Mediates Beneficial Consequences of Close Social Interactions 97

Heinrichs M, Baumgartner T, Kirschbaum C, Ehlert U (2003) Social support and oxytocin interact
to suppress cortisol and subjective responses to psychosocial stress. Biol Psychiat 54:1389–
1398

House JS, Landis KR, Umberson D (1988) Social relationships and health. Science 241:540–545
Huber D, Veinante P, Stoop R (2005) Vasopressin and oxytocin excite distinct neuronal populations

in the central amygdala. Science 308:245–248
Insel TR, Hulihan TJ (1995) A gender-specific mechanism for pair bonding: oxytocin and partner

preference formation in monogamous voles. Behav Neurosci 109:782–789
Insel TR, Shapiro LE (1992) Oxytocin receptor distribution reflects social organization in monog-

amous and polygamous voles. Proc Natl Acad Sci USA 89:5981–5985
Insel TR, Young L, Wang Z (1997) Molecular aspects of monogamy. Ann NY Acad Sci 807:302–316
Johnstone HA, Wigger A, Douglas AJ, Neumann ID, Landgraf R, Seckl JR, Russell JA (2000) Attenu-

ation of hypothalamic-pituitary-adrenal axis stress responses in late pregnancy: changes in
feedforward and feedback mechanisms. J Neuroendocrinol 12:811–822

Kammerer M, Adams D, Castelberg Bv B, Glover V (2002) Pregnant women become insensitive
to cold stress. BMC Pregnancy Childbirth 2:8

Kavaliers M, Colwell DD, Choleris E, Agmo A, Muglia LJ, Ogawa S, Pfaff DW (2003) Impaired
discrimination of and aversion to parasitized male odors by female oxytocin knockout mice.
Genes Brain Behav 2:220–230

Kendrick KM, Keverne EB, Baldwin BA (1987) Intracerebroventricular oxytocin stimulates ma-
ternal behaviour in the sheep. Neuroendocrinology 46:56–61

Kendrick KM, Keverne EB, Chapman C, Baldwin BA (1988a) Intracranial dialysis measurement
of oxytocin, monoamine and uric acid release from the olfactory bulb and substantia nigra
of sheep during parturition, suckling, separation from lambs and eating. Brain Res 439:1–10

Kendrick KM, Keverne EB, Chapman C, Baldwin BA (1988b) Microdialysis measurement of
oxytocin, aspartate, gamma-aminobutyric acid and glutamate release from the olfactory
bulb of the sheep during vaginocervical stimulation. Brain Res 442:171–174

Kendrick KM, Da Costa AP, Broad KD, Ohkura S, Guevara R, Levy F, Keverne EB (1997) Neural
control of maternal behaviour and olfactory recognition of offspring. Brain Res Bull 44:383–
395

Kikusui T, Winslow JT, Mori Y (2006) Social buffering: relief from stress and anxiety. Phil Trans
R Soc B 361:2215–2228

Kirsch P, Esslinger C, Chen Q, Mier D, Lis S, Siddhanti S, Gruppe H, Mattay VS, Gallhofer B,
Meyer-Lindenberg A (2005) Oxytocin modulates neural circuitry for social cognition and
fear in humans. J Neurosci 25:11489–11493

Kirschbaum C, Klauer T, Filipp SH, Hellhammer DH (1995) Sex-specific effects of social support
on cortisol and subjective responses to acute psychological stress. Psychosom Med 57:23–31

Kirschbaum C, Kudielka BM, Gaab J, Schommer NC, Hellhammer DH (1999) Impact of gender,
menstrual cycle phase, and oral contraceptives on the activity of the hypothalamus-pituitary-
adrenal axis. Psychosom Med 61:154–162

Kiyokawa Y, Kikusui T, Takeuchi Y, Mori Y (2004) Partner’s stress status influences social buffering
effects in rats. Behav Neurosci 118:798–804

Knox SS, Uvnas-Moberg K (1998) Social isolation and cardiovascular disease: an atherosclerotic
pathway? Psychoneuroendocrinology 23:877–890

Kofman O (2002) The role of prenatal stress in the etiology of developmental behavioural dis-
orders. Neurosci Biobehav Rev 26:457–470

Kombian SB, Mouginot D, Pittman QJ (1997) Dendritically released peptides act as retrograde
modulators of afferent excitation in the supraoptic nucleus in vitro. Neuron 19:903–912

Kosfeld M, Heinrichs M, Zak PJ, Fischbacher U, Fehr E (2005) Oxytocin increases trust in humans.
Nature 435:673–676

Lancel M, Kromer S, Neumann ID (2003) Intracerebral oxytocin modulates sleep-wake behaviour
in male rats. Regul Pept 114:145–152



98 I.D. Neumann

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

Levy F, Kendrick KM, Goode JA, Guevara-Guzman R, Keverne EB (1995) Oxytocin and vasopressin
release in the olfactory bulb of parturient ewes: changes with maternal experience and effects
on acetylcholine, gamma-aminobutyric acid, glutamate and noradrenaline release. Brain Res
669:197–206

Lightman SL, Windle RJ, Wood SA, Kershaw YM, Shanks N, Ingram CD (2001) Peripartum
plasticity within the hypothalamo-pituitary-adrenal axis. Prog Brain Res 133:111–129

Lim MM, Murphy AZ, Young LJ (2004) Ventral striatopallidal oxytocin and vasopressin V1a
receptors in the monogamous prairie vole (Microtus ochrogaster). J Comp Neurol 468:555–570

Liu D, Diorio J, Day JC, Francis DD, Meaney MJ (2000) Maternal care, hippocampal synaptogenesis
and cognitive development in rats. Nature Neurosci 3:799–806

Lonstein JS, Morrell JI (2006) Neuropharmacology and neuroendocrinology of maternal behavior
and motivation. In: Blaustein JD (ed) Handbook of neurochemistry and molecular biology.
New York: Kluwer Press pp 195–245

Lubin DA, Elliott JC, Black MC, Johns JM (2003) An oxytocin antagonist infused into the central
nucleus of the amygdala increases maternal aggressive behavior. Behav Neurosci 117:195–201

Maestripieri D, Lindell SG, Ayala A, Gold PW, Higley JD (2005) Neurobiological characteristics of
rhesus macaque abusive mothers and their relation to social and maternal behavior. Neurosci
Biobehav Rev 29:51–57

McCarthy MM, Altemus M (1997) Central nervous system actions of oxytocin and modulation
of behavior in humans. Mol Med Today 3:269–275

McCarthy MM, Kleopoulos SP, Mobbs CV, Pfaff DW (1994) Infusion of antisense oligodeoxynu-
cleotides to the oxytocin receptor in the ventromedial hypothalamus reduces estrogen-
induced sexual receptivity and oxytocin receptor binding in the female rat. Neuroendocrinol-
ogy 59:432–440

Melis MR, Melis T, Cocco C, Succu S, Sanna F, Pillolla G, Boi A, Ferri GL, Argiolas A (2007) Oxytocin
injected into the ventral tegmental area induces penile erection and increases extracellular
dopamine in the nucleus accumbens and paraventricular nucleus of the hypothalamus of
male rats. Eur J Neurosci 26:1026–1035

Moos F, Freund-Mercier MJ, Guerne Y, Guerne JM, Stoeckel ME, Richard P (1984) Release of
oxytocin and vasopressin by magnocellular nuclei in vitro: specific facilitatory effect of
oxytocin on its own release. J Endocrinol 102:63–72

Nelson EE, Panksepp J (1998) Brain substrates of infant-mother attachment: contributions of
opioids, oxytocin, and norepinephrine. Neurosci Biobehav Rev 22:437–452

Neumann ID (2001) Alterations in behavioral and neuroendocrine stress coping strategies in
pregnant, parturient and lactating rats. Prog Brain Res 133:143–152

Neumann ID (2002) Involvement of the brain oxytocin system in stress coping: interactions with
the hypothalamo-pituitary-adrenal axis. Prog Brain Res 139:147–162

Neumann ID (2003) Brain mechanisms underlying emotional alterations in the peripartum
period in rats. Depress Anxiety 17:111–121

Neumann ID, Landgraf R (1989) Septal and hippocampal release of oxytocin, but not vasopressin,
in the conscious lactating rat during suckling. J Neuroendocrinol 1:305–308

Neumann I, Ludwig M, Engelmann M, Pittman QJ, Landgraf R (1993a) Simultaneous microdialy-
sis in blood and brain: oxytocin and vasopressin release in response to central and peripheral
osmotic stimulation and suckling in the rat. Neuroendocrinology 58:637–645

Neumann I, Russell JA, Landgraf R (1993b) Oxytocin and vasopressin release within the supraop-
tic and paraventricular nuclei of pregnant, parturient and lactating rats: a microdialysis study.
Neuroscience 53:65–75

Neumann I, Koehler E, Landgraf R, Summy-Long J (1994) An oxytocin receptor antagonist infused
into the supraoptic nucleus attenuates intranuclear and peripheral release of oxytocin during
suckling in conscious rats. Endocrinology 134:141–148



Brain Oxytocin Mediates Beneficial Consequences of Close Social Interactions 99

Neumann I, Douglas AJ, Pittman QJ, Russell JA, Landgraf R (1996) Oxytocin released within the
supraoptic nucleus of the rat brain by positive feedback action is involved in parturition-
related events. J Neuroendocrinol 8:227–233

Neumann ID, Johnstone H, Hatzinger M, Landgraf R, Russell JA, Douglas A (1998a) Neuroendo-
crine adaptations of the hypothalamo-pituitary-adrenal (HPA) axis throughout pregnancy.
J Physiol 508:289–300

Neumann ID, Johnstone HA, Hatzinger M, Liebsch G, Shipston M, Russell JA, Landgraf R, Douglas
AJ (1998b) Attenuated neuroendocrine responses to emotional and physical stressors in
pregnant rats involve adenohypophysial changes. J Physiol 508(Pt 1):289–300

Neumann ID, Wigger A, Liebsch G, Holsboer F, Landgraf R (1998c) Increased basal activity of the
hypothalamo-pituitary-adrenal axis during pregnancy in rats bred for high anxiety-related
behaviour. Psychoneuroendocrinology 23:449–463

Neumann ID, Torner L, Wigger A (2000a) Brain oxytocin: differential inhibition of neuroen-
docrine stress responses and anxiety-related behaviour in virgin, pregnant and lactating
rats. Neuroscience 95:567–575

Neumann ID, Wigger A, Torner L, Holsboer F, Landgraf R (2000b) Brain oxytocin inhibits basal
and stress-induced activity of the hypothalamo-pituitary-adrenal axis in male and female
rats: partial action within the paraventricular nucleus. J Neuroendocrinol 12:235–243

Neumann ID, Toschi N, Ohl F, Torner L, Kromer SA (2001) Maternal defence as an emotional
stressor in female rats: correlation of neuroendocrine and behavioural parameters and
involvement of brain oxytocin. Eur J Neurosci 13:1016–1024

Neumann ID, Torner L, Toschi N, Veenema AH (2006) Oxytocin actions within the supraoptic
and paraventricular nuclei: differential effects on peripheral and intranuclear vasopressin
release. Am J Physiol Regul Integr Comp Physiol 291:R29–R36

Nishimori K, Young LJ, Guo Q, Wang Z, Insel TR, Matzuk MM (1996) Oxytocin is required for
nursing but is not essential for parturition or reproductive behavior. Proc Natl Acad Sci USA
93:11699–11704

Numan M, Insel TR (2003) The neurobiology of parental behaviour. In: Ball GF, Balthazart J,
Nelson RJ (eds) Hormones, brain, and behavior series New York, Springer

Paykel ES (2001) Stress and affective disorders in humans. Semin Clin Neuropsychiatry 6:4–11
Pedersen CA, Boccia ML (2003) Oxytocin antagonism alters rat dams’ oral grooming and upright

posturing over pups. Physiol Behav 80:233–241
Pedersen CA, Prange AJ, Jr. (1979) Induction of maternal behavior in virgin rats after intracere-

broventricular administration of oxytocin. Proc Natl Acad Sci USA 76:6661–6665
Pedersen CA, Caldwell JD, McGuire M, Evans DL (1991) Corticotropin-releasing hormone inhibits

maternal behavior and induces pup-killing. Life Sci 48:1537–1546
Popik P, van Ree JM (1991) Oxytocin but not vasopressin facilitates social recognition following

injection into the medial preoptic area of the rat brain. Eur Neuropsychopharmacol 1:555–560
Reber SO, Obermeier F, Straub HR, Falk W, Neumann ID (2006) Chronic intermittent psychosocial

stress (social defeat/overcrowding) in mice increases the severity of an acute DSS-induced
colitis and impairs regeneration. Endocrinology 147:4968–4976

Reber SO, Birkeneder L, Veenema AH, Obermeier F, Falk W, Straub RH, Neumann ID (2007)
Adrenal insufficiency and colonic inflammation after a novel chronic psycho-social stress
paradigm in mice: implications and mechanisms. Endocrinology 148:670–682

Ring RH, Malberg JE, Potestio L, Ping J, Boikess S, Luo B, Schechter LE, Rizzo S, Rahman Z,
Rosenzweig-Lipson S (2006) Anxiolytic-like activity of oxytocin in male mice: behavioral
and autonomic evidence, therapeutic implications. Psychopharmacology (Berl) 185:218–225

Rozanski A, Blumenthal JA, Kaplan J (1999) Impact of psychological factors on the pathogenesis
of cardiovascular disease and implications for therapy. Circulation 99:2192–2217

Russell JA, Johnstone H, Douglas AJ, Landgraf R, Wigger A, Shipston M, Seckl JR, Neumann
ID (1999) Neuroendocrine stress mechanisms regulating ACTH and oxytocin in pregnancy.
In: Yamashita H (ed) Control mechanisms of stress and emotions: neuroendocrine-based
studies. Amsterdam, Elsevier pp 33–51



100 I.D. Neumann

Russell JA, Douglas AJ, Ingram CD (2001) Brain preparations for maternity–adaptive changes in
behavioral and neuroendocrine systems during pregnancy and lactation. An overview. Prog
Brain Res 133:1–38

Sachser N, Durschlag M, Hirzel D (1998) Social relationships and the management of stress.
Psychoneuroendocrinology 23:891–904

Shanks N, Windle RJ, Perks P, Wood S, Ingram CD, Lightman SL (1999) The hypothalamic-
pituitary-adrenal axis response to endotoxin is attenuated during lactation. J Neuroendo-
crinol 11:857–865

Slattery DA, Neumann ID (2007) No stress please! Mechanisms of stress hyporesponsiveness of
the maternal brain. J Physiol 586:377–385

Smith TE, French JA (1997) Social and reproductive conditions modulate urinary cortisol excre-
tion in black tufted-ear marmosets (Callithrix kuhli). Am J Primatol 42:253–267

Smith TW, Ruiz JM (2002) Psychosocial influences on the development and course of coronary
heart disease: current status and implications for research and practice. J Consult Clin Psychol
70:548–568

Stern JM, Goldman L, Levine S (1973) Pituitary-adrenal responsiveness during lactation in rats.
Neuroendocrinology 12:179–191

Stoneham MD, Everitt BJ, Hansen S, Lightman SL, Todd K (1985) Oxytocin and sexual behaviour
in the male rat and rabbit. J Endocrinol 107:97–106

Succu S, Sanna F, Melis T, Boi A, Argiolas A, Melis MR (2007) Stimulation of dopamine receptors
in the paraventricular nucleus of the hypothalamus of male rats induces penile erection
and increases extra-cellular dopamine in the nucleus accumbens: Involvement of central
oxytocin. Neuropharmacology 52:1034–1043

Temple JL, Young WSI, Wersinger SR (2003) Disruption of the genes for either oxytocin or the
vasopressin 1B receptor alters male-induced pregnancy block (the Bruce effect). In: Society
for Neuroscience, New Orleans 404.13

Theodosis DT (2002) Oxytocin-secreting neurons: A physiological model of morphological
neuronal and glial plasticity in the adult hypothalamus. Front Neuroendocrinol 23:101–135

Torner L, Neumann ID (2002) The brain prolactin system: involvement in stress response adap-
tations in lactation. Stress 5:249–257

Torner L, Toschi N, Nava G, Clapp C, Neumann ID (2002) Increased hypothalamic expression of
prolactin in lactation: involvement in behavioural and neuroendocrine stress responses. Eur
J Neurosci 15:1381–1389

Torner L, Toschi N, Pohlinger A, Landgraf R, Neumann ID (2001) Anxiolytic and anti-stress
effects of brain prolactin: improved efficacy of antisense targeting of the prolactin receptor
by molecular modeling. J Neurosci 21:3207–3214

Torner L, Maloumby R, Nava G, Aranda J, Clapp C, Neumann ID (2004) In vivo release and
gene upregulation of brain prolactin in response to physiological stimuli. Eur J Neurosci
19:1601–1608

Toufexis DJ, Thrivikraman KV, Plotsky PM, Morilak DA, Huang N, Walker CD (1998) Reduced
noradrenergic tone to the hypothalamic paraventricular nucleus contributes to the stress
hyporesponsiveness of lactation. J Neuroendocrinol 10:417–427

Uvnas-Moberg K (1997) Physiological and endocrine effects of social contact. In: Carter S,
Lederhendler I, Kirkpatrik B (eds) The integrative neurobiology of affiliation. Cambridge
(MA): MIT Press, pp 245–262

van Honk J, Tuiten A, Verbaten R, van den Hout M, Koppeschaar H, Thijssen J, de Haan E (1999)
Correlations among salivary testosterone, mood, and selective attention to threat in humans.
Horm Behav 36:17–24

Waldherr M, Neumann ID (2007) From the Cover: Centrally released oxytocin mediates mating-
induced anxiolysis in male rats. Proc Natl Acad Sci USA 104:16681–16684

Walker CD, Trottier G, Rochford J, Lavallee D (1995) Dissociation between behavioral and hor-
monal responses to the forced swim stress in lactating rats. J Neuroendocrinol 7:615–622



Brain Oxytocin Mediates Beneficial Consequences of Close Social Interactions 101

Walker CD, Toufexis DJ, Burlet A (2001) Hypothalamic and limbic expression of CRF and vaso-
pressin during lactation: implications for the control of ACTH secretion and stress hypore-
sponsiveness. Prog Brain Res 133:99–110

Wang Z, Aragona BJ (2004) Neurochemical regulation of pair bonding in male prairie voles.
Physiol Behav 83:319–328

Weinstock M (2001) Alterations induced by gestational stress in brain morphology and behaviour
of the offspring. Prog Neurobiol 65:427–451

Welberg LA, Seckl JR (2001) Prenatal stress, glucocorticoids and the programming of the brain.
J Neuroendocrinol 13:113–128

Wigger A, Neumann ID (1998) Endogenous opioids suppress the stress-induced release of oxy-
tocin in the paraventricular nucleus of the pregnant rat. Eur J Neurosci 10(suppl. 10):167.118

Wigger A, Neumann ID (2002) Endogenous opioid regulation of stress-induced oxytocin release
within the hypothalamic paraventricular nucleus is reversed in late pregnancy: a microdia-
lysis study. Neuroscience 112:121–129

Wigger A, Lorscher P, Oehler I, Keck ME, Naruo T, Neumann ID (1999) Nonresponsiveness of
the rat hypothalamo-pituitary-adrenocortical axis to parturition-related events: inhibitory
action of endogenous opioids. Endocrinology 140:2843–2849

Windle RJ, Shanks N, Lightman SL, Ingram CD (1997a) Central oxytocin administration reduces
stress-induced corticosterone release and anxiety behavior in rats. Endocrinology 138:2829–
2834

Windle RJ, Wood S, Shanks N, Perks P, Conde GL, da Costa AP, Ingram CD, Lightman SL (1997b)
Endocrine and behavioural responses to noise stress: comparison of virgin and lactating
female rats during non-disrupted maternal activity. J Neuroendocrinol 9:407–414

Windle RJ, Kershaw YM, Shanks N, Wood SA, Lightman SL, Ingram CD (2004) Oxytocin atten-
uates stress-induced c-fos mRNA expression in specific forebrain regions associated with
modulation of hypothalamo-pituitary-adrenal activity. J Neurosci 24:2974–2982

Winslow JT, Hearn EF, Ferguson J, Young LJ, Matzuk MM, Insel TR (2000) Infant vocalization, adult
aggression, and fear behavior of an oxytocin null mutant mouse. Horm Behav 37:145–155

Witt DM, Insel TR (1994) Increased Fos expression in oxytocin neurons following masculine
sexual behavior. J Neuroendocrinol 6:13–18

Wotjak CT, Kubota M, Liebsch G, Montkowski A, Holsboer F, Neumann I, Landgraf R (1996)
Release of vasopressin within the rat paraventricular nucleus in response to emotional
stress: a novel mechanism of regulating adrenocorticotropic hormone secretion? J Neurosci
16:7725–7732

Wotjak CT, Naruo T, Muraoka S, Simchen R, Landgraf R, Engelmann M (2001) Swim stress
stimulates the expression of vasopressin and oxytocin in magnocellular neurons of the
hypothalamic paraventricular nucleus. Eur J Neurosci 13:2273–2281

Young LJ, Wang Z (2004) The neurobiology of pair bonding. Nature Neurosci 7:1048–1054
Young LJ, Wang Z, Insel TR (1998) Neural bases of monogamy. Trends Neurosci 21:71–75




