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Social buffering: relief from stress and anxiety
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Communication is essential to members of a society not only for the expression of personal
information, but also for the protection from environmental threats. Highly social mammals have a
distinct characteristic: when conspecific animals are together, they show a better recovery from
experiences of distress. This phenomenon, termed ‘social buffering’, has been found in rodents,
birds, non-human primates and also in humans. This paper reviews classical findings on social
buffering and focuses, in particular, on social buffering effects in relation to neuroendocrine stress
responses. The social cues that transmit social buffering signals, the neural mechanisms of social
buffering and a partner’s efficacy with respect to social buffering are also detailed. Social contact
appears to have a very positive influence on the psychological and the physiological aspects of social
animals, including human beings. Research leading towards further understanding of the
mechanisms of social buffering could provide alternative medical treatments based on the natural,
individual characteristics of social animals, which could improve the quality of life.
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1. INTRODUCTION
Social animals live in groups and communicate with
each other in order to cooperate and manage the group
in such a way that is beneficial to each individual
member. To date, most empirical studies of social
influences on stress have focused on the negative,
stress-inducing aspects of social interaction (Levine
2001; Buwalda et al. 2005). Social interaction and
communication are essential not only for cooperation
within a group, but also for protection from environ-
mental threats; this is one of the most beneficial aspects
of establishing a society. For example, social mammals
communicate with other group members to inform
them of danger using vocal (Seyfarth & Cheney 2003),
visual (Liddell et al. 2005) and pheromonal cues
(Regnier & Law 1968; Rottman & Snowdon 1972;
Wheeler 1976; Kikusui et al. 2001). It is conceivable
that social subjects feel safe when they are with other
colony members, because companionship provides
protection for the subject from environmental threats.
Therefore, solitude itself can be a stressor to social
mammals (Hatch et al. 1965; Valzelli 1973; Clancy &
McBride 1975; Noble et al. 1976), and they may show a
high stress response when socially isolated.

Highly social mammals have a distinct charac-
teristic: when conspecific animals are together, they
show a better recovery from aversive experiences.
This phenomenon, termed ‘social buffering’, has been
found in rats (Davitz & Mason 1955), guinea pigs
(Hennessy et al. 2000), non-human primates (Coe
et al. 1978; Levine et al. 1978; Mendoza et al. 1978)
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and humans (Thorsteinsson et al. 1998). Social
species can also display an ‘isolation syndrome’, in
which isolated animals show high levels of stress
responses to a variety of stimuli, including endocrine,
behavioural and autonomic stimuli (Hatch et al.
1965; Valzelli 1973; Clancy & McBride 1975;
Noble et al. 1976), when they are housed individually
over a long period. In humans, social isolation has
been related to a risk of physiological and mental
pathogenesis (Rabkin & Struening 1976; West et al.
1986); on the other hand, social support can have a
positive influence on human health (Cobb 1976; Ell
1996). Therefore, understanding the mechanisms of
social buffering could certainly be beneficial for
human health as well as animal welfare. Several
types of studies have been conducted using social
mammals as models, and this paper will discuss
mechanisms of social buffering that allow animals to
find relief from stressful experiences.
2. ORIGINAL FINDINGS OF RESEARCH INTO
SOCIAL BUFFERING
(a) Behavioural findings

Researchers have found that when conspecific animals
are together in a semi-natural environment, there is a
reduction in their stress level. For example, a cat’s fear
of eating was reduced by observing a non-fearful cat
eating (Measserman 1943) and a goat kid demon-
strated a greater ability to tolerate a novel environment
when it was accompanied by its mother (Liddell 1950).
Davitz & Mason (1955) found that the fearful with-
drawal of rats in an open field diminished when other
rats accompanied them. In this experiment, fear-
conditioned rats displayed decreased locomotor
activity when they were exposed to the conditioned
q 2006 The Royal Society
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stimuli in a novel open field, but the presence of
another non-fearful rat increased their locomotor
activity, and the fear-conditioned rats showed higher
affiliation behaviour towards other rats. It appears that
when conspecific animals are together, fear is allayed,
and fear reduction may contribute to the social
attraction of individuals.

Researchers such as Ewer have found that social
mammals are highly attracted to conspecifics, and that
this affiliation behaviour is both powerful and persistent
(Ewer 1968; Latané 1975; Taylor 1976, 1981). It has
also been suggested that for rats, the opportunity to
interact with an unrestrained conspecific animal is a
powerful reinforcer. Latané (1969) demonstrated that
social affiliation behaviour in rats increased with
repeated encounters, supporting the hypothesis that
social affiliation activates reward mechanisms in the
brain. In addition, Taylor (1981) found that stressed
rats were more highly attracted to other animals than
were non-stressed rats, indicating that stressed animals
sought to encounter conspecific animals on their own,
potentially to ameliorate negative emotions (Davitz &
Mason 1955) or to obtain positive neurochemical
rewards (Nelson & Panksepp 1998). Human subjects
are also more likely to affiliate when under stress
(Zucker et al. 1968; Teichman 1974; Morris et al. 1976;
Friedman 1981), and a shared stress experience can
lead to an increased attraction between partners
(Latané et al. 1966). Therefore, it is possible that a
human affiliation behaviour also activates a neural
reward system (Aron et al. 2005).

(b) Endocrine findings

The first reported evidence of social buffering in non-
human primates was demonstrated with mother–
infant bonding in squirrel monkeys (Coe et al. 1978;
Mendoza et al. 1978; Wiener et al. 1987). In those
studies, infant monkeys showed an increase in cortisol
when separated from their mothers, but if infants were
placed in a familiar social environment containing
colony members, the plasma cortisol responses were
lower after the separation from their mothers. This
evidence suggests that a familiar environment, which
includes companions, has an ameliorating effect on
stress response in infant monkeys. When the research-
ers conducted different procedures in which adult
monkeys were exposed to fear-conditioned stimuli or
snakes, they found that multiple companions, rather
than a single familiar partner, were effective in stress
amelioration after the stress exposure (Coe et al. 1982;
Stanton et al. 1985). Based on these findings, research
into the effects of social buffering has focused on
neuroendocrine responses to a variety of stress
episodes and in a variety of social contexts; presently,
the neural mechanisms of social buffering are the
target of study.
3. SOCIAL BUFFERING/ENDOCRINE EFFECTS
(a) Stress–endocrine response

An organism’s response to an aversive situation
depends not only on the severity and type of stressor,
but also on how past experiences and available coping
options style its perception of the stressful event. Selye
Phil. Trans. R. Soc. B (2006)
is the most recognized name associated with stress
response and coping style. He was the first to bring
attention to the major role played by adrenocortical
hormones in physiological responses to stress (Selye
1956). So far, the observed increase in adrenocortical
hormones after stress episodes has been the most
widely studied phenomenon and the most dependable
index of endocrine response to stress. There is an
increase in adrenocortical hormones during psycho-
logical challenges (Mason 1968) and as a response to
deleterious physical stimuli. The most essential reg-
ulating system of adrenocortical hormone secretion is a
stress–neuroendocrine axis, called the hypothalamic–
pituitary–adrenal (HPA) axis. Three primary hor-
mones are involved in the HPA axis endocrine
regulation. One is the corticotrophin-releasing factor
(CRF), which is synthesized in the paraventricular
nucleus (PVN) of the hypothalamus (Vale et al. 1981),
and released into a portal blood vessel. CRF acts on the
pituitary and stimulates the adrenocorticotropic hor-
mone (ACTH); it is the major physiological regulator if
the increased HPA activity occurs as a response to
stress. This has been demonstrated with data showing
that the administration of CRF antisera almost
completely blocked the pituitary–adrenal responses to
a variety of stressors (Rivier & Vale 1983). ACTH
travels through the peripheral circulation and stimu-
lates synthesis and secretion of corticosteroids at the
adrenal cortex. While ACTH is the major modulator of
corticosteroid release, adrenocortical output can be
modulated by neuronal inputs that adjust responsive-
ness to ACTH. The end effects of glucocorticoids’
action include energy mobilization (glycogenolysis) in
the liver, suppression of innate immunity in immune
organs, inhibition of bone and muscle growth,
potentiation of sympathetic nervous system-mediated
vasoconstriction, proteolysis and lipolysis, suppression
of reproductive function along the HPA axis
and behavioural depression (Lombardi et al. 1991;
Christensen &Kessing 2001). The wide variety of these
effects suggests that glucocorticoids act to restore
homeostasis following disruption (Munck et al. 1984).

(b) Social buffering on HPA axis

Studies investigating the social buffering effects on
stress–endocrine activity have focused on the HPA axis.
As described above, the first evidence of social
buffering in non-human primates was demonstrated
in squirrel monkey mother–infant bonding (Coe et al.
1978; Mendoza et al. 1978; Wiener et al. 1987), and
Levine later reviewed details of these findings (Levine
et al. 1997; Levine 2000, 2001). One simple example of
the above phenomenon was that mother monkeys who
lived separately from a group showed an increase in
cortisol after their infants were removed, but mothers
who lived in groups did not (Mendoza et al. 1978). In
the paradigm of mother–infant separation, the cortisol
response was also observed in infant dyads. However, if
the infant monkeys were accompanied by familiar
group members in a familiar environment, the cortisol
response to separation decreased significantly, indicat-
ing that a familiar environment including group
members produced social buffering effects in infant
monkeys (Levine 2000). Being accompanied by a
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Figure 1. Behavioural and cortisol responses to separation stress of mother- or nursery-reared rhesus monkeys. Data represent
behavioural and endocrine responses of nursery-reared (NR, open symbol and bars) and mother-reared monkeys (MR, closed
symbol and bars) to a 30 min novel cage test with (pair) and without (single) a familiar social companion. (a) The mean
(Gs.e.m.) frequencies of abnormal/repetitive behaviour. (b) The mean (Gs.e.m.) time engaged in social contact behaviour. The
plasma levels of cortisol depicted in (c) represent samples collected within 5 min of capture (basal) or after 30 min in a novel cage
with and without a social companion. Asterisk represents p!0.05 determined by Mann–Whitney U comparisons. For cortisol,
asterisk represents cortisol differences (p!0.05) between single and paired conditions measured by paired t-test, whereas plus
symbol represents differences (p!0.05) between NR and MR monkeys within condition measured by an independent t-test.
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familiar group member has social buffering effects not
only with regard to social separation stress, but also to
natural threats. For example, exposing group-housed
adult monkeys to a live snake, one of the most agitating
stimulations for monkeys, induced avoidance
behaviour, but did not produce an increase in cortisol
response (Coe et al. 1982). Systematic aversive
stimulation also increased cortisol levels in squirrel
monkeys, and the presence of a familiar partner also
decreased the neuroendocrine response to stimuli, as
demonstrated by the classical fear-conditioning para-
digm (Stanton et al. 1985). In this paradigm, the
monkeys were first conditioned with the associations of
cue stimuli (lighting) and aversive stimuli (shock).
Thereafter, the monkeys were exposed to the cues and
demonstrated an increase in cortisol levels. However, if
a monkey was with a familiar partner, there was a lesser
increase in cortisol production. These data indicate
that the presence of social partners ameliorates the
neuroendocrine response to various types of stressors.
It is worth noting that the size of a social group also
modulates the efficacy of social buffering. When the
monkeys were exposed to a live snake, they exhibited an
increase in cortisol levels, even when accompanied by a
partner, suggesting that in this species, a certain
amount of social stimuli from group members is
required for social buffering. Gust et al. (1993, 1994,
1996) demonstrated social buffering in rhesus mon-
keys, in which existence of companion ameliorated
separation or novelty induced cortisol levels. Contrary
to the squirrel monkeys, pair housing was enough to
cause a social buffering effect on neuroendocrine
responses to novelty stress in rhesus monkeys, as
demonstrated by the fact that mother-reared monkeys
had a lower cortisol response to a novel environment
when accompanied by a partner (Winslow et al. 2003).
Phil. Trans. R. Soc. B (2006)
Therefore, there might be differences between species
with regard to the effects of group size on social
buffering.

Winslow et al. (2003) demonstrated that the efficacy
of neuroendocrine response with regard to social
buffering in a novel environment is modulated by the
conditions in which the subject animals were reared
(figure 1). In their experiment, mother-reared or
human nursery-reared monkeys were subjected to a
novel environment with or without a cage mate. The
monkeys reared by their mothers exhibited a reduction
in cortisol response when a social partner was available,
while nursery-reared monkeys did not. Moreover,
social contact, such as allogrooming and intermale
mounting, was drastically reduced in nursery-reared
monkeys. These data suggest that nursery-reared
monkeys have lower levels of social communication in
a novel environment, which resulted in reduced efficacy
with respect to social buffering involving cortisol
responses.

Rodent models showed similar social buffering
results in neuroendocrine responses to stress. If rats
were exposed to a novel environment with partner rats,
they showed a lower corticosterone response than
solitary animals did, which were also exposed to the
novel environment (Armario et al. 1983a,b). Studies on
monogamous species such as the prairie vole and titi
monkey demonstrated that these species showed an
increase in corticosterone after the individuals were
separated from their bonding partner in a novel
environment; when pairs were reunited, corticosterone
levels dropped (DeVries 2002). When the rats were
exposed in a novel open field, their secretion not only of
corticosterone, but also of prolactin, which is released
from the pituitary under conditions of stress, decreased
(Wilson 2000).



2218 T.Kikusui and others Social buffering
(c) Social buffering on PVN

Stress–endocrine responses are mainly mediated by
PVN, which contains CRF neurons. The social
buffering effects have been observed as neural activity
in PVN, assessed by immediate early gene product
c-Fos immunoreactivity (Kiyokawa et al. 2004c). In
that experiment, rats were first fear-conditioned to a
shock box, then re-exposed to the box with or without a
partner. The rats re-exposed to the box showed an
increase in freezing and a decrease in activity, as well as
an increase in PVN c-Fos immunoreactivity; however,
if the rats were accompanied by a partner, c-Fos
immunoreactivity decreased in comparison with soli-
tary animals that were also exposed to the box. Similar
results were obtained from another study, in which
sheep were introduced to a novel environment and
researchers measured their mRNA expression level of
c-fos and zif268, another immediate early gene,
assessed in the PVN (da Costa et al. 2004). Interest-
ingly, visual presentation of pictures of sheep faces was
sufficient to induce social buffering in terms of
behavioural, endocrine and autonomic responses to
stress. These visual stimulations also ameliorated
expression levels of c-fos and zif268 mRNA in the
PVN, indicating that social buffering effects were
mediated at the level of PVN and, as a result,
corticosterone decreased.
4. CUES RESPONSIBLE FOR SOCIAL BUFFERING
Cues that contain information leading to social buffering
are released from partner animals and perceived by
receivers. Social cues creating the effect of social buffering
are varied among species and experimental contexts.The
reason for this is that the tools used to inform animals of
another animal’s social or emotional state vary widely; a
single speciesmayuse several cues to communicate social
information to conspecific animals, depending on the
circumstances. Therefore, an ethological viewpoint is
important when trying to understand the cues respon-
sible for social buffering.

(a) Tactile cues

In rats, tactile direct contact is an important cue for
inducing social buffering. Latané (1969) demonstrated
that social interaction between a free-moving dyad
reduced the novelty-induced fear response, but this was
not effective in a caged rat. In juvenile rats, the
prolactin response to novelty stress was negatively
related to the number of play bouts with a free-moving
rat, and this ameliorating effect diminished if the
partner was introduced in a cage (Wilson 2001). As
described below, oxytocin may be a key mediator of
social buffering; release of oxytocin was observed in
animals that were subjected to non-noxious tactile
stimulations, warm temperature and vibration, all of
which are likely to activate somatosensory afferents
caused by social contact and grooming (Uvnas-Moberg
et al. 1993; Nelson & Panksepp 1998). However,
studies have also reported that the amount of social
interaction is not correlated with the HPA axis
reduction in rats (Cirulli et al. 1996) and guinea pigs
(Graves & Hennessy 2000; Hennessy et al. 1995b),
implying that not only quantitative, but also qualitative
Phil. Trans. R. Soc. B (2006)
social interaction is important in the transmission of
social buffering.

Social contact/behaviour is also important for
transmitting social buffering in rhesus monkeys. As
described above, Winslow et al. (2003) conducted an
experiment in which mother- and peer-reared mon-
keys were subjected to a novel environment with or
without cage mates. In nursery-reared monkeys, social
contact, such as allogrooming and intermale mount-
ing, was drastically reduced, accompanied with a lack
of social buffering efficacy. These data suggest that
because nursery-reared monkeys have less social
contact in a novel environment, social buffering of
cortisol reactivity is impaired. This impairment may
have profound consequences for the impact of
repeated stresses in the life history of these animals.

(b) Olfactory cues

Recently, studies have examined a comparative spec-
trum of effects induced by olfactory cues. Ågren et al.
demonstrated that injecting oxytocin into a rat’s cage
mate induced reduction in ACTH and corticosterone,
and prolonged withdrawal latency to heat stimuli in the
non-treated rat (Ågren et al. 1997; Ågren & Lundeberg
2002). When olfactory cues were removed by nasal
lesion in subject rats, this effect disappeared, indicating
that social buffering is mediated by chemical cues. In
rodents and other species, chemical communication is
important for transmitting certain kinds of information,
such as information about sex, age, dominant hier-
archy, health, kin relationship and emotion. Exposing
rats to a pheromone of alarm increases behavioural
vigilance, stress-induced hyperthermia and Fos immu-
noreactivity in the PVN, suggesting that chemical cues
can transmit emotional status to conspecific animals
(Kikusui et al. 2001; Kiyokawa et al. 2004a,b, 2005b).
Moreover, odours from the neck region have ameliorat-
ing effects on stress-induced tachycardia in rats,
implying that an appeasing pheromone exists (figure 2;
Kiyokawa et al. 2005a). In applied animal sciences,
there is a commercially available appeasing pheromone,
which may have an anti-stress property, for dogs, cats,
pigs and horses (Guiraudie et al. 2003; Sheppard &
Mills 2003). In pigs, this appeasing pheromone is found
on the peripheral region of lactating nipples, and it
attracts piglets to the nipples (Morrow-Tesch &
McGlone 1990). When used within a group of
unfamiliar piglets, it can reduce agonistic behaviour
among them (McGlone et al. 1986). Pig appeasing
pheromones can also have a positive effect on adult
female pigs (Yonezawa et al. in preparation). Studies on
humans have shown that maternal breast odour has an
attractive property to infants, and it has been shown to
elicit positive responses in babies (Porter & Winberg
1999). Therefore, chemical cues may modulate social
buffering in some species, including human.

(c) Vocal cues
Some species use vocal communication to transmit
their emotionality and familiarity. South American
New World monkey marmosets exhibit a variety of
vocal communication. They form heterosexual bond-
ing units for cooperative infant care and, in this
situation, they use a ‘voice signature’ for individual
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Figure 2. Odours released from the neck region of male rats
decreased the heart rate response in the novel environment,
implying that rats use odour cues for social buffering. Odour
was collected from the anaesthetized rats, which were given
regional electrical stimulation to the skin of neck.
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identification (Sonwdon & Cleveland 1980; Jones et al.
1993). Rukstalis & French (2005) demonstrated that
the separation of bonded partners increased urinary
cortisol levels, and that hearing a bonding partner’s
voice, as compared to an unfamiliar marmoset voice, or
to no auditory stimulation, attenuated cortisol levels.
Therefore, in species that use voices, vocal buffering
may be effective for the communication of emotions
and attachment identification.
(d) Visual cues
When sheep were exposed to a novel pen, the presence
of a peer from the same flock reduced corticosteroid
secretion. In this species, visible cues are enough to
induce social buffering effects. Da Costa et al. (2004)
conducted an experiment in which socially isolated
sheep were exposed to pictures of faces of familiar
sheep, goats or to an artificially reversed triangle. They
measured behavioural, autonomic, endocrine and
neural responses to the stress of isolation. Sheep
exposed to familiar sheep faces showed a decrease in
these responses, as compared with other groups of
sheep. Visible cues may contain enough information to
transmit social buffering signals in sheep, because they
use visual information to understand emotionality and
familiarity in other sheep (Peirce et al. 2000; Kendrick
et al. 2001; Broad et al. 2002). Humans also depend on
visual information to communicate emotional status
and familiarity (Morton & Johnson 1991; Morris et al.
1996). It is very possible that visual information
transmits social buffering signals and stimulates its
effects; recent imaging studies have indicated that
pictures of the face of a loved one or of one’s own
children deactivate the amygdaloid nucleus, which
controls fear-related responses (Bartels & Zeki 2000,
2004). Generally, it is a common practice to place
pictures of one’s family or a loved one on a desk or
shelf, and it is possible that individuals may feel relieved
when looking at the pictures after an experience
involving stress; this offers some indication that visual
information has a social buffering effect in humans.

Understanding what kinds of cues are important for
social buffering in specific species might be related to
Phil. Trans. R. Soc. B (2006)
understanding how a particular species communicates
emotional states and familiarity. If a species uses a
number of sensory cues to communicate among
themselves, each cue may contribute to the creation of
social buffering effects, and when the recipient inte-
grates such information, social buffering effects, there-
fore, appear. For example, human beings use many
sensory cues for communication and, consequently,
they need higher cognitive functions to integrate
information about individual recognition, familiarity,
kin relationship and emotional status. Thus, each type
of sensory cue may contribute, in different degrees, to
the creation of social buffering effects, but the actual
presence of a partner in this communication constitutes
the most effective sensory cue.
5. PARTNER’S EFFICACY IN SOCIAL BUFFERING
(a) Familiarity of the partner

The presence of a conspecific animal is sometimes a
stressor and sometimes a stress ameliorating stimu-
lation. The outcome in this situation may depend on
the context in which there is a dyad encounter. For
example, if a male rat encounters another male rat in
his territory, the presence of the other party becomes a
stressor for both sides (Miczek 1974, 1979), but if a
male rat is accompanied by another male in an anxious
and novel situation, the existence of the other party
may become a stress ameliorating stimulation. It is
important to note that the familiarity of a partner is
another factor which can influence what the presence of
another party means to a subject. Monogamous male
prairie voles show aggressive behaviour when they
encounter unrelated subjects, even females (Williams
et al. 1992; Winslow et al. 1993a,b). On the other hand,
the presence of a bonding partner induces social
buffering effects, such as a decline in corticosterone
levels (DeVries 2002). Similar results have been
obtained in monogamous species, such as the titi
monkey (Hennessy et al. 1995a) and the Siberian
hamster (Castro & Matt 1997a,b). It may be that
efficacy with respect to social buffering depends on the
degree of affiliation/attachment between subject and
partner. Social attachment can be distinguished from
social affiliation; when a social attachment is broken,
animals show separation anxiety as well as activation in
the HPA axis response, but this is not the case with
social affiliation (DeVries 2002). As described pre-
viously, the presence of the mother in a squirrel monkey
mother–infant dyad was enough to induce social
buffering effects in infant monkeys separated from
their group. Multiple familiar (not mother) adult
monkeys were needed to create the same effect. This
implies that a bonded partner is more effective in
inducing social buffering (Coe et al. 1982; Stanton et al.
1985). Partner familiarity has also been observed to
influence social buffering effects in rodents. In rats
and guinea pigs, a familiar partner was more effective
with respect to social buffering as far as behavioural
and endocrine responses to stress were concerned
(Terranova et al. 1999; Graves & Hennessy 2000;
Hennessy et al. 2000, 2002); however, a number of
controversial studies have reported that an unfamiliar
partner is more effective (Armario et al. 1983a,b), or
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that familiarity had no effect (Cirulli et al. 1996). Since
the presence of a conspecific animal can induce
aggression, dominant–subordinate relationships,
sexual interaction, play behaviour, and so on, it is
important to understand the kinds of subject involved,
i.e. their sex, age, species, social history, and how
familiar animals have been housed, as well as the kind
of context the dyad is exposed to during the stress
experience.

In guinea pigs, the presence of a mother reduces
HPA activation during either pre- or post-weaning, not
only in the period of infancy, but also in the
periadolescent period (Graves & Hennessy 2000). A
reduction in HPA activity was also observed when
young guinea pigs were accompanied by another
female guinea pig, but not by males (Graves &
Hennessy 2000). In terms of persistence of the ability,
it is also important to note that the biological mother
was more effective than an unrelated female guinea pig
(Hennessy et al. 2002), indicating that kin relationships
also influence the efficacy of social buffering. The
persistent ability of biological mothers to reduce HPA
activity in their offspring has also been found in squirrel
and titi monkeys (Hennessy et al. 1995a). When these
species are observed in the wild, weaned infant
monkeys continue to follow their mothers; therefore,
in these species, a weak bond may continue to exist
between mother and infant after weaning.

(b) Emotional status of the partner

Recent studies have demonstrated that emotional
status is also important to the efficacy of social buffering
(Kiyokawa et al. 2004c). We used the classical fear-
conditioning paradigm; subject rats were conditioned
by an association of contextual cues (exposure to a
shock box) and aversive stimuli (foot-shocks). One day
after the conditioning day, the subjects were re-exposed
to the shock box with either a previously shocked
partner that had also been fear-conditioned or a non-
shocked partner. We examined behavioural, autonomic
and c-Fos expression in the PVN in response to
exposure to the shock box. As expected, being
accompanied by a partner decreased the stress-related
response, but if the subjects were re-exposed with a
non-shocked partner, stress responses of behavioural,
autonomic and Fos expression decreased even more,
suggesting that the emotional status of a partner affects
the efficacy of social buffering. Davitz & Mason (1955)
demonstrated similar results in rats; fearful withdrawal
in an open field diminished when rats were accom-
panied by another rat. In their experiments, fear-
conditioned rats displayed less locomotor activity when
they were exposed to the conditioned stimuli in a novel
open field, but the presence of another non-fearful rat
increased their locomotor activity, and fear-con-
ditioned rats showed higher affiliation behaviour
towards other rats. It is worth noting that if a subject
was accompanied by a fearful rat which had been fear-
conditioned in the same way, social buffering efficacy
was diminished, suggesting that the emotional status of
a partner is also important for efficacy in social
buffering. As mentioned previously, tactile stimulation
during social interaction seems to be the most
important cue for transmitting social buffering in rats
Phil. Trans. R. Soc. B (2006)
(Latané 1969), hence we measured social interaction
behaviour between the subject and the non-shocked or
shocked partner. However, there was no obvious
difference in terms of amicable social behaviour
between a non-shocked and a shocked partner. There
may be other cues that are responsible for transmitting
a partner’s emotional status.
6. NEURAL MECHANISMS OF SOCIAL
BUFFERING
Several studies have focused on how information is
processed in a receiver’s central nervous system. As
described above, tools for transmitting the effects of
social buffering vary widely, meaning that various
sensory systems receiving the information are involved
in processing social buffering, and that sensory
processing differs between species and experimental
contexts. A number of studies suggest that social
buffering has positive effects on health and stress
responses, but little is known about the physiological
and the neurochemical mechanisms through which
positive social interactions suppress corticosteroids
(Cohen 1988; Uchino et al. 1996; DeVries et al. 2003).

(a) Oxytocin

Neuropeptide oxytocin has been a candidate molecule
for transmission of social buffering information
(figure 3). Oxytocin plays a major neuroendocrine
role, modulating diverse physiological functions, such
as parturition and lactation in mammals (for a review,
see Ludwig 1998; Russell & Leng 1998). During
physiological and psychological stress responses, oxy-
tocinergic neurons are activated, particularly in the
paraventricular nucleus of the hypothalamus and
secreted into the circulating blood (Ludwig 1998;
Neumann 2002; Onaka 2004). Increase in oxytocin
release from the hypothalamus inhibits HPA axis
activation (Neumann et al. 2000; Neumann 2002;
DeVries et al. 2003). Most natural observation about
HPA axis suppression due to oxytocin has been
conducted in lactating animals (Walker et al. 1995;
Windle et al. 1997b; Neumann et al. 1998); nipple
stimulation increases oxytocin levels peripherally and
centrally, and it is accompanied by a decrease in
cortisol levels (Chiodera et al. 1991; Amico et al. 1994).
In humans, one study showed that breastfeeding after
physical exercise attenuated an increase in cortisol as
well as ACTH in the blood (Altemus et al. 1995). In
rats, lactation blunted HPA activity in response to
several stressors, including noise (Windle et al. 1997b),
forced swim (Walker et al. 1995), exposure to cold
(Adels et al. 1986) and lipopolysaccharide injection
(Shanks et al. 1999). Oxytocin’s ability to inhibit HPA
axis can be mediated through three different levels.
First, peripheral oxytocin acts on the adrenal gland to
inhibit corticosteroid secretion. Legros et al. (1987,
1988) demonstrated that human males treated with
exogenous oxytocin followed by synthetic ACTH
showed a blunted response in cortisol secretion,
suggesting that exogenous oxytocin inhibits corticos-
teroid synthesis in the adrenal gland. Second,
Neumann et al. (1998) demonstrated that peripheral
oxytocin inhibits ACHT release from the pituitary
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Social buffering T.Kikusui and others 2221
gland. They injected exogenous CRF into lactating rats
and measured ACTH responses, finding a reduction in
ACTH response. Third, central oxytocin has inhibitory
effects on the hypothalamic CRF activation. For
example, intracerebroventricular injection of synthetic
oxytocin decreased CRF mRNA responses to physical
stress (Windle et al. 1997a, 2004; Carter 1998), and
lactating female rats showed a similar decrease in CRF
mRNA expression in response to stressors (da Costa
et al. 2001). Studies have documented that in humans,
the inhibitory property of exogenous oxytocin is
mediated through the pituitary and adrenal glands
(Legros et al. 1988; Chiodera et al. 1991), but recent
articles have shown that intranasal administration of
oxytocin, which passed directly into the brain (Born
et al. 2002), suppressed cortisol response to psycho-
logical stress, as well as attenuated emotional functions
after stress episodes (Heinrichs et al. 2003). Therefore,
in humans, the inhibitory effect of oxytocin on HPA
activity is also mediated in the central nervous system.

Oxytocin also causes a behavioural modification to
stress response. In rodent models, it has been
demonstrated that oxytocin has anxiolytic properties,
as well as a significant role in the style of stress coping
(Neumann 2002; Ebner et al. 2005), especially through
modulating the central nucleus of the amygdala. Along
with its stress-ameliorating effects, oxytocin seems to be
involved in the social bond/affiliation behaviour of
some mammalian species (Insel 1992, 1997; Winslow
et al. 1993b; Young 2002; Young et al. 2002).
Genetically manipulated mice lacking oxytocin exhib-
ited the defect of social amnesia, whereas other
reproductive behaviours were normal in both males
and females (Ferguson et al. 2000, 2002; Winslow &
Insel 2002, 2004). Oxytocin concentration in cere-
brospinal fluid is positively correlated with social
behaviour in rats (Haller et al. 1996). Moreover, recent
findings suggest that central oxytocin is released in
Phil. Trans. R. Soc. B (2006)
response to physical contact (Uvnas-Moberg 1997)
and induces excessive grooming when injected into the
brain (Pedersen et al. 1988). In an experiment on
rhesus monkeys, sociality was one of the main ways that
information about social buffering was transmitted
(Winslow et al. 2003). In that study, researchers
assessed neuropeptide levels in cerebrospinal fluid
and found that central oxytocin levels were lower in
nursery-reared monkeys. Heinrichs et al. (2003)
demonstrated that in humans, intranasal adminis-
tration of oxytocin reduced anxiety levels, measured
with the Trier Social Stress Test. Taken together, these
results indicate that oxytocin attenuates not only the
HPA axis response to stress, but also reduces negative
emotions by increasing social affiliation behaviour. A
recent study from Rilling et al. (2001) suggests that
activation of the left dorsolateral portion of the
prefrontal cortex may contribute to social buffering of
stress-induced cortisol release in non-human primates.
These findings are consistent with present models of
the contributions of frontocortical structures to the
processing of emotional stimuli by the amygdala
(Davidson 2002).

(b) Opioids

The opioid system plays an essential role in the neural
mechanisms of social attachment. Symptoms of opioid
addiction may share similar properties with social
attachment; both involve high levels of dependence,
and withdrawal of stimuli induces agitation and anxiety
behaviours (Panksepp et al. 1978, 1980). Several lines
of investigation have been conducted, and it appears
that opioids have ameliorating effects on separation-
induced anxiety behaviour (Panksepp et al. 1978, 1980;
Billington et al. 1990), and that social contact and
interaction stimulate the release of opioids (Panksepp &
Bishop1981; Nelson &Panksepp 1998). Specifically, rat
pups exhibited an increase in opioids when they were in
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physical contact with their mothers (Carden & Hofer
1990a,b; for an opposing view, see Winslow & Insel
1991), and b-endorphin levels in monkeys increased
after social grooming (Keverne et al. 1989). Recently, it
was demonstrated that m-opioid receptor knockout
mouse pups did not show attachment behaviour to
their mothers, as assessed by ultrasonic vocalization
(Moles et al. 2004). In adult mice, social contact
induced analgesia, while this effect was blocked by
administration of an opioid antagonist (D’Amato &
Castellano 1989; D’Amato & Pavone 1996). Interest-
ingly, the analgesia induced inmice by social contact was
modulated by the familiarity of the partner; sib-pair
mice showed higher analgesic symptoms than unrelated
mice pairs (D’Amato 1997, 1998). These results
indicate that greater social recognition is involved in
analgesia induced by social contact, which is very similar
to the transmission of social buffering effects. The neural
opioid system has a strong rewarding effect, and this
would explain why social animals are very attracted to
conspecific animals (Ewer 1968; Latané 1975; Taylor
1976, 1981) and seek affiliation behaviour, resulting in
the reduction of stress-related outputs.
(c) Interactions of oxytocin and opioids

As described above, social affiliation behaviour has a
rewarding effect; that is, social animals seek affiliation
behaviour, and experience of this behaviour enhances
the motivation for seeking it. These results indicate that
social affiliation and attachment have a natural
rewarding property; indeed, as Insel (1997) has
claimed, ‘Love is addiction’. Social bonding/attach-
ment is the key factor in social buffering; when a social
dyad establishes attachment, as in a mother–infant and
pair bonding, they show an increase in HPA activity
when separated. However, the partner’s presence
ameliorates stress neuroendocrine responses (DeVries
2002). Therefore, it is very possible that the neural
mechanisms in social attachment are also involved in
modulating social buffering. The neurobiology of social
attachment has been reviewed extensively elsewhere,
especially with regard to prairie voles (Insel et al. 1997;
Young et al. 2001; Wang & Aragona 2004) and sheep
(Kendrick et al. 1997; Kendrick 2004), hence only the
main findings are mentioned here. Researchers have
reported that establishing social attachment is involved
in a neural reward system, such as dopamine and
opioid systems (Nelson & Panksepp 1998; Young &
Wang 2004). These two systems and the oxytocin
system communicate with each other. Specifically,
social stimulations such as mating and nipple suckling
are key stimuli for establishing social attachments
(Insel 1997; Insel et al. 1997; Carter 1998; Young
et al. 2001; Kendrick 2004). These stimulations
increase oxytocin release in mesocorticolimbic
pathways; blocking the oxytocin neurotransmission
abolished social attachment, indicating that an oxyto-
cin pathway is indispensable for attachment (Insel et al.
1997; Kendrick 2004; Wang & Aragona 2004; Young &
Wang 2004). Oxytocin neurotransmission amplified
the mesolimbic dopamine system (Wang & Aragona
2004; Young & Wang 2004), suggesting that the
reunion with a bonded partner after separation
Phil. Trans. R. Soc. B (2006)
increases dopamine transmission and reinforces social
affiliation behaviours.

The release of opiate peptides is stimulated by
oxytocin neurotransmission. Classical studies have
demonstrated that chronic oxytocin treatment
induced not only anti-stress effects, but also analgesia
(Uvnas-Moberg et al. 1993); this analgesia effect was
blocked by the opioid antagonist naloxone (Uvnas-
Moberg 1997; Uvnas-Moberg et al. 1993), but not by
an oxytocin antagonist, indicating that oxytocin
increases endogenous opioid transmission. In both rats
and humans, it was observed that lactating females
showed analgesic symptoms in response to mechanical
stimuli (Uvnas-Moberg 1996; Uvnas-Moberg & Eriks-
son 1996). Lim et al. (2004) also demonstrated that in
prairie voles, local infusion of oxytocin increased
preproenkephalin in the nucleus accumbens, suggesting
that increase in oxytocin transmission activates neural
rewarding systems and, as a result, established pair
bonding.This increase of the endogenous opioid system
via oxytocin may be the key mediator by which virgin
females showed maternal ‘sensitizing’ behaviour with
repeated exposure of neonate to the nipples. A lesion in
the PVN, in which a large number of oxytocin neurons
are present, results in diminished analgesia (Truesdell &
Bodnar 1987), and descending oxytocin-containing
fibres are projected to the spinal cord’s dorsal horn
(Robinson et al. 2002), an area important for processing
nociceptive inputs. Other reports showed that effects of
oxytocin on the HPA axis might be mediated via an
opioid-dependent pathway, because pretreatment with
an opioid antagonist abolished oxytocin effects on
corticosteroid concentration (Douglas et al. 1998;
Douglas & Russell 2001). Therefore, there may be
complex communication between the oxytocin and the
opioid systems, which is in turn involved in the neural
mechanisms of social buffering.
7. CLINICAL ASPECTS
Studies on human subjects have demonstrated that
social support significantly affects cortisol secretion
(Kirschbaum et al. 1995) and cardiovascular and blood
pressure responses to stress in laboratory settings (Gerin
et al. 1992; Lepore et al. 1993; Uchino et al. 1996), and
that it decreases the risk of cardiovascular diseases in
clinical situations (Spitzer et al. 1992; Uchino et al.
1996; Gallo et al. 2000; Steptoe 2000; Uno et al. 2002).
A positive social interaction/support has profound
physical effects not only in human subjects, but also in
laboratory animals. In many species, stress-induced
hyperthermia and tachycardia are symptoms known to
be associated with psychological stress. If the subject
animals such as rats and sheep under stressful
conditions are accompanied by a partner or social
cues, these autonomic responses are ameliorated (da
Costa et al. 2004; Kiyokawa et al. 2004c). In addition,
social support can have positive effects on the risk of
depression (Hays et al. 2001; Sayal et al. 2002), suicide
(Rubenstein et al. 1998;Greening&Stoppelbein 2002),
schizophrenia (Buchanan 1995; Erickson et al. 1998)
and even stroke (Wyller et al. 1998).

Several clinical studies have shown that peri-
ischaemic concentrations of corticosteroids can
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augment brain injury (Koide et al. 1986; House et al.
1990; DeVries et al. 2001); a high concentration of
corticosteroids may inhibit neuron ability to recover
from damage. Positive social interaction can partially
ameliorate cognitive and histological damage induced
by experimental stroke in rodents (Hattori et al. 2000),
and exogenous manipulations of corticosteroids levels
have modulated social buffering effects on stroke
symptoms (Sapolsky & Pulsinelli 1985). Decline in
the HPA axis response to stress due to social support
has other effects on physical functions. Wounds of
socially supported patients healed faster than did
wounds in non-supported patients (Rojas et al. 2002);
this is mediated by adrenocortical hormones, and
similar results have been obtained in experiments on
animals (Detillion et al. 2004). In humans, the absolute
number of T-cell subsets recovered more quickly with
social support than when a solitary patient was exposed
to a novel environment (Mohr & Genain 2004). It has
been reported that diseases that respond to peripheral
cortisol levels, such as cancer (Turner-Cobb et al. 2000;
Spiegel & Sephton 2001; Miller et al. 2002), asthma
(Buske-Kirschbaum et al. 2003) and infections (Cohen
et al. 1997; Leserman et al. 2000; van Reenen et al.
2000) heal better in socially supported patients.
Positive social relationships also increase oxytocin
levels in humans (Heinrichs et al. 2003), and a high
level of oxytocin induces long-term reduction in blood
pressure and heart rate, as well as somatic growth
(Uvnas-Moberg 1998). On the other hand, social stress
and isolation are important factors in the aetiology of
these diseases. Socially supported human subjects
might consider the anticipated acute stressor as less
threatening and more controllable than would an
unsupported subject (Kirschbaum et al. 1995). Social
support also affects foetuses. Morris et al. (1973)
demonstrated that babies born from socially supported
women had greater body weight than did babies from
unsupported women. Social environments and
relationships have opposite effects, mentally and
physiologically: they sometimes cause negative symp-
toms, and are sometimes positive influences. It cannot
be said that social union is always a good influence on
human health, so an understanding of what kinds of
relationships are positive or negative is critically
important. Investigating the entire social buffering
mechanisms, using animal models, could allow us to
find a new approach to improving the quality of life.
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Ågren, G., Uvnas-Moberg, K. & Lundeberg, T. 1997

Olfactory cues from an oxytocin-injected male rat can

induce anti-nociception in its cagemates. Neuroreport 8,

3073–3076.

Altemus, M., Deuster, P. A., Galliven, E., Carter, C. S. &

Gold, P. W. 1995 Suppression of hypothalmic–pituitary–
Phil. Trans. R. Soc. B (2006)
adrenal axis responses to stress in lactating women. J. Clin.

Endocrinol. Metab. 80, 2954–2959. (doi:10.1210/jc.80.10.

2954)

Amico, J. A., Johnston, J. M. & Vagnucci, A. H. 1994

Suckling-induced attenuation of plasma cortisol concen-

trations in postpartum lactating women. Endocr. Res. 20,

79–87.

Armario, A., Luna, G. & Balasch, J. 1983a The effect of

conspecifics on corticoadrenal response of rats to a

novel environment. Behav. Neural Biol. 37, 332–337.

(doi:10.1016/S0163-1047(83)91425-5)

Armario, A., Ortiz, R. & Balasch, J. 1983b Corticoadrenal

and behavioral-response to open-field in pairs of male rats

either familiar or non-familiar to each other. Experientia

39, 1316–1317. (doi:10.1007/BF01990391)

Aron,A.,Fisher,H.,Mashek,D. J., Strong,G.,Li,H.&Brown,

L. L. 2005 Reward, motivation, and emotion systems

associated with early-stage intense romantic love.

J. Neurophysiol. 94, 327–337. (doi:10.1152/jn.00838.2004)

Bartels, A. & Zeki, S. 2000 The neural basis of romantic love.

Neuroreport 11, 3829–3834.

Bartels, A. & Zeki, S. 2004 The neural correlates of maternal

and romantic love. Neuroimage 21, 1155–1166. (doi:10.

1016/j.neuroimage.2003.11.003)

Billington, C. J., Herman, B. H., Bartness, T. J., Levine,

A. S. & Morley, J. E. 1990 Effects of the opiate

antagonists diprenorphine and naloxone and of

selected opiate agonists on feeding behavior in guinea

pigs. Life Sci. 46, 147–154. (doi:10.1016/0024-

3205(90)90047-U)

Born, J., Lange, T., Kern, W., McGregor, G. P., Bickel, U. &

Fehm, H. L. 2002 Sniffing neuropeptides: a transnasal

approach to the human brain. Nat. Neurosci. 5, 514–516.

(doi:10.1038/nn849)

Broad, K. D., Mimmack, M. L., Keverne, E. B. & Kendrick,

K.M. 2002 Increased BDNF and trk-BmRNA expression

in cortical and limbic regions following formation of a

social recognition memory. Eur. J. Neurosci. 16,

2166–2174. (doi:10.1046/j.1460-9568.2002.02311.x)

Buchanan, J. 1995 Social support and schizophrenia: a review

of the literature. Arch. Psychiatry Nurs. 9, 68–76. (doi:10.

1016/S0883-9417(95)80003-4)

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. (doi:10.1097/01.PSY.0000095916.25975.4F)

Buwalda, B., Kole, M. H., Veenema, A. H., Huininga, M., de

Boer, S. F., Korte, S. M. & Koolhaas, J. M. 2005 Long-

term effects of social stress on brain and behavior: a focus

on hippocampal functioning. Neurosci. Biobehav. Rev. 29,

83–97. (doi:10.1016/j.neubiorev.2004.05.005)

Carden, S. E. & Hofer, M. A. 1990aThe effects of opioid and

benzodiazepine antagonists on dam-induced reductions in

rat pup isolation distress. Dev. Psychobiol. 23, 797–808.

(doi:10.1002/dev.420230804)

Carden, S. E. & Hofer, M. A. 1990b Independence of

benzodiazepine and opiate action in the suppression of

isolation distress in rat pups. Behav. Neurosci. 104,

160–166. (doi:10.1037/0735-7044.104.1.160)

Carter, C. S. 1998 Neuroendocrine perspectives on social

attachment and love. Psychoneuroendocrinology 23,

779–818. (doi:10.1016/S0306-4530(98)00055-9)

Castro, W. L. & Matt, K. S. 1997a The importance of social

condition in the hormonal and behavioral responses to an

acute social stressor in the male Siberian dwarf hamster

(Phodopus sungorus). Horm. Behav. 32, 209–216. (doi:10.

1006/hbeh.1997.1423)

http://dx.doi.org/doi:10.1016/0031-9384(86)90093-4
http://dx.doi.org/doi:10.1210/jc.80.10.2954
http://dx.doi.org/doi:10.1210/jc.80.10.2954
http://dx.doi.org/doi:10.1016/S0163-1047(83)91425-5
http://dx.doi.org/doi:10.1007/BF01990391
http://dx.doi.org/doi:10.1152/jn.00838.2004
http://dx.doi.org/doi:10.1016/j.neuroimage.2003.11.003
http://dx.doi.org/doi:10.1016/j.neuroimage.2003.11.003
http://dx.doi.org/doi:10.1016/0024-3205(90)90047-U
http://dx.doi.org/doi:10.1016/0024-3205(90)90047-U
http://dx.doi.org/doi:10.1038/nn849
http://dx.doi.org/doi:10.1046/j.1460-9568.2002.02311.x
http://dx.doi.org/doi:10.1016/S0883-9417(95)80003-4
http://dx.doi.org/doi:10.1016/S0883-9417(95)80003-4
http://dx.doi.org/doi:10.1097/01.PSY.0000095916.25975.4F
http://dx.doi.org/doi:10.1016/j.neubiorev.2004.05.005
http://dx.doi.org/doi:10.1002/dev.420230804
http://dx.doi.org/doi:10.1037/0735-7044.104.1.160
http://dx.doi.org/doi:10.1016/S0306-4530(98)00055-9
http://dx.doi.org/doi:10.1006/hbeh.1997.1423
http://dx.doi.org/doi:10.1006/hbeh.1997.1423


2224 T.Kikusui and others Social buffering
Castro, W. L. &Matt, K. S. 1997bNeuroendocrine correlates
of separation stress in the Siberian dwarf hamster
(Phodopus sungorus). Physiol. Behav. 61, 477–484.
(doi:10.1016/S0031-9384(96)00456-8)

Chiodera, P., Salvarani, C., Bacchi-Modena, A., Spallanzani,
R., Cigarini, C., Alboni, A., Gardini, E. & Coiro, V. 1991
Relationship between plasma profiles of oxytocin and
adrenocorticotropic hormone during suckling or breast
stimulation in women. Horm. Res. 35, 119–123.

Christensen, M. V. & Kessing, L. V. 2001 The hypothalamo–
pituitary–adrenal axis in major affective disorder: a review.
Nord. J. Psychiatry 55, 359–363. (doi:10.1080/
080394801317080873)

Cirulli, F., Terranova, M. L. & Laviola, G. 1996 Affiliation in
periadolescent rats: behavioral and corticosterone
response to social reunion with familiar or unfamiliar
partners. Pharmacol. Biochem. Behav. 54, 99–105. (doi:10.
1016/0091-3057(95)02169-8)

Clancy, H. & McBride, G. 1975 The isolation syndrome in
childhood. Dev. Med. Child Neurol. 17, 198–219.

Cobb, S. 1976 Presidential address-1976. Social support as a
moderator of life stress. Psychosom. Med. 38, 300–314.

Coe, C. L., Mendoza, S. P., Smotherman, W. P. & Levine, S.
1978 Mother–infant attachment in the squirrel monkey:
adrenal response to separation. Behav. Biol. 22, 256–263.
(doi:10.1016/S0091-6773(78)92305-2)

Coe, C. L., Franklin, D., Smith, E. R. & Levine, S. 1982
Hormonal responses accompanying fear and agitation in
the squirrel monkey. Physiol. Behav. 29, 1051–1057.
(doi:10.1016/0031-9384(82)90297-9)

Cohen, S. 1988 Psychosocial models of the role of social
support in the etiology of physical disease. Health Psychol.
7, 269–297. (doi:10.1037/0278-6133.7.3.269)

Cohen, S., Line, S., Manuck, S. B., Rabin, B. S., Heise, E. R.
& Kaplan, J. R. 1997 Chronic social stress, social status,
and susceptibility to upper respiratory infections in
nonhuman primates. Psychosom. Med. 59, 213–221.

da Costa, A. P., Leigh, A. E., Man, M. S. & Kendrick, K. M.
2004 Face pictures reduce behavioural, autonomic, endo-
crine and neural indices of stress and fear in sheep. Proc. R.
Soc. B 271, 2077–2084. (doi:10.1098/rspb.2004.2831)

da Costa, A. P., Ma, X., Ingram, C. D., Lightman, S. L. &
Aguilera, G. 2001 Hypothalamic and amygdaloid cortico-
tropin-releasing hormone (CRH) and CRH receptor-1
mRNA expression in the stress-hyporesponsive late preg-
nant and early lactating rat. Brain Res. Mol. Brain Res. 91,
119–130. (doi:10.1016/S0169-328X(01)00137-1)

D’Amato, F. R. 1997 Neurobiological and behavioral aspects
of recognition in female mice. Physiol. Behav. 62,
1311–1317. (doi:10.1016/S0031-9384(97)00343-0)

D’Amato, F. R. 1998 Kin interaction enhances morphine
analgesia in male mice. Behav. Pharmacol. 9, 369–373.

D’Amato, F. R. & Castellano, C. 1989 Behavioral effects of
morphine in mice: role of experimental housing. Pharma-
col. Biochem. Behav. 34, 361–365. (doi:10.1016/0091-
3057(89)90327-4)

D’Amato, F. R. & Pavone, F. 1996 Reunion of separated
sibling mice: neurobiological and behavioral aspects.
Neurobiol. Learn. Mem. 65, 9–16. (doi:10.1006/nlme.
1996.0002)

Davidson, R. J. 2002 Anxiety and affective style: role of
prefrontal cortex and amygdala. Biol. Psychiatry 51,
68–80. (doi:10.1016/S0006-3223(01)01328-2)

Davitz, J. & Mason, D. J. 1955 Socially facilitated reduction
of fear response in rats. J. Comp. Physiol. Psychol. 47,
941–947.

Detillion, C. E., Craft, T. K., Glasper, E. R., Prendergast,
B. J. & DeVries, A. C. 2004 Social facilitation of wound
healing. Psychoneuroendocrinology 29, 1004–1011. (doi:10.
1016/j.psyneuen.2003.10.003)
Phil. Trans. R. Soc. B (2006)
DeVries, A. C. 2002 Interaction among social environment,
the hypothalamic–pituitary–adrenal axis, and behavior.
Horm. Behav. 41, 405–413. (doi:10.1006/hbeh.2002.1780)

DeVries, A. C., Joh, H. D., Bernard, O., Hattori, K., Hurn,
P. D., Traystman, R. J. & Alkayed, N. J. 2001 Social stress
exacerbates stroke outcome by suppressing Bcl-2
expression. Proc. Natl Acad. Sci. USA 98,
11 824–11 828. (doi:10.1073/pnas.201215298)

DeVries, A. C., Glasper, E. R. & Detillion, C. E. 2003 Social
modulation of stress responses. Physiol. Behav. 79,
399–407. (doi:10.1016/S0031-9384(03)00152-5)

Douglas, A. J. & Russell, J. A. 2001 Endogenous opioid
regulation of oxytocin and ACTH secretion during
pregnancy and parturition. Prog. Brain Res. 133, 67–82.

Douglas, A. J., Johnstone, H. A., Wigger, A., Landgraf, R.,
Russell, J. A. & Neumann, I. D. 1998 The role of
endogenous opioids in neurohypophysial and hypothala-
mo–pituitary–adrenal axis hormone secretory responses to
stress in pregnant rats. J. Endocrinol. 158, 285–293.
(doi:10.1677/joe.0.1580285)

Ebner, K., Bosch, O. J., Kromer, S. A., Singewald, N. &
Neumann, I. D. 2005 Release of oxytocin in the rat central
amygdalamodulates stress-coping behavior and the release
of excitatory amino acids. Neuropsychopharmacology 30,
223–230. (doi:10.1038/sj.npp.1300607)

Ell, K. 1996 Social networks, social support and coping with
serious illness: the family connection. Soc. Sci. Med. 42,
173–183. (doi:10.1016/0277-9536(95)00100-X)

Erickson, D. H., Beiser, M. & Iacono, W. G. 1998 Social
support predicts 5-year outcome in first-episode schizo-
phrenia. J. Abnorm. Psychol. 107, 681–685. (doi:10.1037/
0021-843X.107.4.681)

Ewer, R. F. 1968 Ethology of mammals. New York, NY:
Plenum Press.

Ferguson, J. N., Young, L. J., Hearn, E. F., Matzuk, M. M.,
Insel, T. R. & Winslow, J. T. 2000 Social amnesia in mice
lacking the oxytocin gene. Nat. Genet. 25, 284–288.
(doi:10.1038/77040)

Ferguson, J. N., Young, L. J. & Insel, T. R. 2002
The neuroendocrine basis of social recognition. Front.
Neuroendocrinol. 23, 200–224. (doi:10.1006/frne.2002.
0229)

Friedman, L. 1981 How affiliation affects stress in fear and
anxiety situations. J. Pers. Soc. Psychol. 40, 1102–1117.
(doi:10.1037/0022-3514.40.6.1102)

Gallo, L. C., Smith, T. W. & Kircher, J. C. 2000
Cardiovascular and electrodermal responses to support
and provocation: interpersonal methods in the study of
psychophysiological reactivity. Psychophysiology 37,
289–301. (doi:10.1017/S0048577200982222)

Gerin,W., Pieper, C., Levy, R. & Pickering, T. G. 1992 Social
support in social interaction: a moderator of cardiovas-
cular reactivity. Psychosom. Med. 54, 324–336.

Graves, F.C.&Hennessy,M.B. 2000Comparisonof theeffects
of themother and an unfamiliar adult female on cortisol and
behavioral responses of pre- and postweaning guinea pigs.
Dev. Psychobiol. 36, 91–100. (doi:10.1002/(SICI)1098-
2302(200003)36:2!91::AID-DEV1O3.0.CO;2-1)

Greening, L. & Stoppelbein, L. 2002 Religiosity, attribu-
tional style, and social support as psychosocial buffers for
African American and white adolescents’ perceived risk for
suicide. Suicide Life Threat Behav. 32, 404–417. (doi:10.
1521/suli.32.4.404.22333)

Guiraudie, G., Pageat, P., Cain, A. H., Madec, I. &Meillour,
P. N. 2003 Functional characterization of olfactory
binding proteins for appeasing compounds and molecular
cloning in the vomeronasal organ of pre-pubertal pigs.
Chem. Senses 28, 609–619. (doi:10.1093/chemse/bjg052)

Gust, D. A., Gordon, T. P., Hambright, M. K. & Wilson,
M. E. 1993 Relationship between social factors and

http://dx.doi.org/doi:10.1016/S0031-9384(96)00456-8
http://dx.doi.org/doi:10.1080/080394801317080873
http://dx.doi.org/doi:10.1080/080394801317080873
http://dx.doi.org/doi:10.1016/0091-3057(95)02169-8
http://dx.doi.org/doi:10.1016/0091-3057(95)02169-8
http://dx.doi.org/doi:10.1016/S0091-6773(78)92305-2
http://dx.doi.org/doi:10.1016/0031-9384(82)90297-9
http://dx.doi.org/doi:10.1037/0278-6133.7.3.269
http://dx.doi.org/doi:10.1098/rspb.2004.2831
http://dx.doi.org/doi:10.1016/S0169-328X(01)00137-1
http://dx.doi.org/doi:10.1016/S0031-9384(97)00343-0
http://dx.doi.org/doi:10.1016/0091-3057(89)90327-4
http://dx.doi.org/doi:10.1016/0091-3057(89)90327-4
http://dx.doi.org/doi:10.1006/nlme.1996.0002
http://dx.doi.org/doi:10.1006/nlme.1996.0002
http://dx.doi.org/doi:10.1016/S0006-3223(01)01328-2
http://dx.doi.org/doi:10.1016/j.psyneuen.2003.10.003
http://dx.doi.org/doi:10.1016/j.psyneuen.2003.10.003
http://dx.doi.org/doi:10.1006/hbeh.2002.1780
http://dx.doi.org/doi:10.1073/pnas.201215298
http://dx.doi.org/doi:10.1016/S0031-9384(03)00152-5
http://dx.doi.org/doi:10.1677/joe.0.1580285
http://dx.doi.org/doi:10.1038/sj.npp.1300607
http://dx.doi.org/doi:10.1016/0277-9536(95)00100-X
http://dx.doi.org/doi:10.1037/0021-843X.107.4.681
http://dx.doi.org/doi:10.1037/0021-843X.107.4.681
http://dx.doi.org/doi:10.1038/77040
http://dx.doi.org/doi:10.1006/frne.2002.0229
http://dx.doi.org/doi:10.1006/frne.2002.0229
http://dx.doi.org/doi:10.1037/0022-3514.40.6.1102
http://dx.doi.org/doi:10.1017/S0048577200982222
http://dx.doi.org/doi:10.1002/(SICI)1098-2302(200003)36:2%3C91::AID-DEV1%3E3.0.CO;2-1
http://dx.doi.org/doi:10.1002/(SICI)1098-2302(200003)36:2%3C91::AID-DEV1%3E3.0.CO;2-1
http://dx.doi.org/doi:10.1521/suli.32.4.404.22333
http://dx.doi.org/doi:10.1521/suli.32.4.404.22333
http://dx.doi.org/doi:10.1093/chemse/bjg052


Social buffering T.Kikusui and others 2225
pituitary–adrenocortical activity in female rhesus monkeys

(Macaca mulatta). Horm. Behav. 27, 318–331. (doi:10.

1006/hbeh.1993.1024)

Gust, D. A., Gordon, T. P., Brodie, A. R. & McClure, H. M.

1994 Effect of a preferred companion in modulating stress

in adult female rhesus monkeys. Physiol. Behav. 55,

681–684. (doi:10.1016/0031-9384(94)90044-2)

Gust, D. A., Gordon, T. P., Brodie, A. R. & McClure, H. M.

1996 Effect of companions in modulating stress associated

with new group formation in juvenile rhesus macaques.

Physiol. Behav. 59, 941–945. (doi:10.1016/0031-9384(95)

02164-7)

Haller, J., Makara, G. B., Barna, I., Kovacs, K., Nagy, J. &

Vecsernyes, M. 1996 Compression of the pituitary stalk

elicits chronic increases in CSF vasopressin, oxytocin as

well as in social investigation and aggressiveness.

J. Neuroendocrinol. 8, 361–365. (doi:10.1046/j.1365-

2826.1996.04654.x)

Hatch, A. M., Wiberg, G. S., Zawidzka, Z., Cann, M., Airth,

J. M. & Grice, H. C. 1965 Isolation syndrome in the rat.

Toxicol. Appl. Pharmacol. 7, 737–745. (doi:10.1016/0041-

008X(65)90132-8)

Hattori, K., Lee, H., Hurn, P. D., Crain, B. J.,

Traystman, R. J. & DeVries, A. C. 2000 Cognitive

deficits after focal cerebral ischemia in mice. Stroke 31,

1939–1944.

Hays, J. C., Steffens, D. C., Flint, E. P., Bosworth, H. B. &

George, L. K. 2001 Does social support buffer functional

decline in elderly patients with unipolar depression? Am.

J. Psychiatry 158, 1850–1855. (doi:10.1176/appi.ajp.158.

11.1850)

Heinrichs,M., Baumgartner, T., Kirschbaum,C.&Ehlert, U.

2003 Social support and oxytocin interact to suppress

cortisol and subjective responses to psychosocial stress.

Biol. Psychiatry 54, 1389–1398. (doi:10.1016/S0006-

3223(03)00465-7)

Hennessy, M. B., Mendoza, S. P., Mason, W. A. & Moberg,

G. P. 1995a Endocrine sensitivity to novelty in squirrel

monkeys and titi monkeys: species differences in charac-

teristic modes of responding to the environment. Physiol.

Behav.57, 331–338. (doi:10.1016/0031-9384(94)00250-9)

Hennessy,M. B., Nigh, C.K., Sims,M. L. & Long, S. J. 1995b

Plasma cortisol and vocalization responses of postweaning

age guinea pigs to maternal and sibling separation: evidence

for filial attachment after weaning. Dev. Psychobiol. 28,

103–115. (doi:10.1002/dev.420280204)

Hennessy, M. B., Maken, D. S. & Graves, F. C. 2000

Consequences of the presence of the mother or unfamiliar

adult female on cortisol, ACTH, testosterone and

behavioral responses of periadolescent guinea pigs during

exposure to novelty. Psychoneuroendocrinology 25,

619–632. (doi:10.1016/S0306-4530(00)00014-7)

Hennessy, M. B., O’Leary, S. K., Hawke, J. L. & Wilson,

S. E. 2002 Social influences on cortisol and behavioral

responses of preweaning, periadolescent, and adult guinea

pigs. Physiol. Behav. 76, 305–314. (doi:10.1016/S0031-

9384(02)00712-6)

House, A., Dennis, M., Mogridge, L., Hawton, K. &

Warlow, C. 1990 Life events and difficulties preceding

stroke. J. Neurol. Neurosurg. Psychiatry 53, 1024–1028.

Insel, T. R. 1992 Oxytocin—a neuropeptide for affiliation:

evidence from behavioral, receptor autoradiographic, and

comparative studies. Psychoneuroendocrinology 17, 3–35.

(doi:10.1016/0306-4530(92)90073-G)

Insel, T. R. 1997 A neurobiological basis of social attachment.

Am. J. Psychiatry 154, 726–735.

Insel, T. R., Young, L. &Wang, Z. 1997Molecular aspects of

monogamy. Ann. NYAcad. Sci. 807, 302–316.
Phil. Trans. R. Soc. B (2006)
Jones, B., Harris, D. & Catchpole, C. 1993 The stability of

the vocal signature in phee calls of the common marmoset

Callithrix jacchus. Am. J. Primatol. 31, 67–75. (doi:10.

1002/ajp.1350310107)

Kendrick, K. M. 2004 The neurobiology of social bonds.

J. Neuroendocrinol. 16, 1007–1008. (doi:10.1111/j.1365-

2826.2004.01262.x)

Kendrick, K. M., Da Costa, A. P., Broad, K. D., Ohkura, S.,

Guevara, R., Levy, F. & Keverne, E. B. 1997 Neural

control of maternal behaviour and olfactory recognition of

offspring. Brain Res. Bull. 44, 383–395. (doi:10.1016/

S0361-9230(97)00218-9)

Kendrick, K.M., da Costa, A. P., Leigh, A. E., Hinton, M. R.

& Peirce, J. W. 2001 Sheep don’t forget a face.Nature 414,

165–166. (doi:10.1038/35102669)

Keverne, E. B., Martensz, N. D. & Tuite, B. 1989 Beta-

endorphin concentrations in cerebrospinal fluid ofmonkeys

are influenced by grooming relationships. Psychoneuro-

endocrinology 14, 155–161. (doi:10.1016/0306-4530(89)

90065-6)

Kikusui, T., Takigami, S., Takeuchi, Y. & Mori, Y. 2001

Alarm pheromone enhances stress-induced hyperthermia

in rats. Physiol. Behav. 72, 45–50. (doi:10.1016/S0031-

9384(00)00370-X)

Kirschbaum, C., Klauer, T., Filipp, S. H. & Hellhammer,

D. H. 1995 Sex-specific effects of social support on

cortisol and subjective responses to acute psychological

stress. Psychosom Med. 57, 23–31.

Kiyokawa, Y., Kikusui, T., Takeuchi, Y. & Mori, Y. 2004a

Alarm pheromones with different functions are released

from different regions of the body surface of male rats.

Chem. Senses 29, 35–40. (doi:10.1093/chemse/bjh004)

Kiyokawa, Y., Kikusui, T., Takeuchi, Y. & Mori, Y. 2004b

Modulatory role of testosterone in alarm pheromone

release by male rats. Horm. Behav. 45, 122–127. (doi:10.

1016/j.yhbeh.2003.09.007)

Kiyokawa, Y., Kikusui, T., Takeuchi, Y. & Mori, Y. 2004c

Partner’s stress status influences social buffering effects in

rats. Behav. Neurosci. 118, 798–804. (doi:10.1037/0735-

7044.118.4.798)

Kiyokawa, Y., Kikusui, T., Takeuchi, Y. & Mori, Y. 2005a

Alarm pheromone that aggrevated stress-induced

hyperthermia is soluble in water. Chem. Senses 30,

513–519. (doi:10.1093/chemse/bji044)

Kiyokawa, Y., Kikusui, T., Takeuchi, Y. & Mori, Y. 2005b

Mapping the neural circuit activated by alarm pheromone

perception by c-Fos immunohistochemistry. Brain Res.

1043, 145–154. (doi:10.1016/j.brainres.2005.02.061)

Koide, T., Wieloch, T. W. & Siesjo, B. K. 1986 Chronic

dexamethasone pretreatment aggravates ischemic

neuronal necrosis. J. Cereb. Blood Flow Metab. 6, 395–404.
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