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Abstract
Discovering the stress-buffering effects of social relationships has been one of the major findings
in psychobiology in the last century. However, an understanding of the underlying neurobiological
and psychological mechanisms of this buffering is only beginning to emerge. An important avenue
of this research concerns the neurocircuitry that can regulate the activity of the hypothalamic-
pituitary-adrenocortical (HPA) axis. The present review is a translational effort aimed at
integrating animal models and human studies of the social regulation of the HPA axis from
infancy to adulthood, specifically focusing on the process that has been named social buffering.
This process has been noted across species and consists of a dampened HPA axis stress response
to threat or challenge that occurs with the presence or assistance of a conspecific. We describe
aspects of the relevant underlying neurobiology when enough information exists and expose major
gaps in our understanding across all domains of the literatures we aimed to integrate. We provide a
working conceptual model focused on the role of oxytocinergic systems and prefrontal neural
networks as two of the putative biological mediators of this process, and propose that the role of
early experiences is critical in shaping later social buffering effects. This synthesis points to both
general future directions and specific experiments that need to be conducted to build a more
comprehensive model of the HPA social buffering effect across the lifespan that incorporates
multiple levels of analysis: neuroendocrine, behavioral, and social.
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It is an empirical reality that some individuals succumb, while others thrive when confronted
with similar stressors. Having access to social support may be an important modulator of
these widespread individual differences in responses to potentially stressful events. Indeed,
some exciting experiments in humans (e.g., Heinrichs, Baumgartner, Kirschbaum, & Ehlert,
2003; Kirschbaum, Klauer, Filipp, & Hellhammer, 1995; Taylor et al., 2008) and animals
(e.g., Hennessy, 1984, 1986; Vogt, Coe, & Levine, 1981) have identified a dampening of the
hypothalamic-pituitary-adrenocortical (HPA) axis response to stressors by social factors as
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one of the possible mechanisms underlying the benefits of social support. Longitudinal
studies also reveal relations between social support and basal levels of stress hormones such
as salivary cortisol (Rosal, King, Ma, & Reed, 2004). Understanding the social buffering
processes affecting this neuroendocrine axis would allow the possibility of interventions that
might have cascading positive effects across multiple biological and psychological systems.
Despite the important implications of this knowledge, our understanding of the underlying
neurobiology and relevant components of social interaction that permit these HPA activity-
regulating effects remains vastly incomplete.

General Framework
We adopt a developmental framework to study the social buffering phenomenon due to an
extensive body of research indicating that the quality of adult relationships has roots in early
development (Sroufe, Egeland, Carlson, & Collins, 2005) and due to growing evidence that
stress systems in general and the HPA axis in particular are not only regulated powerfully by
social stimuli early in life, but are also subjected to programming effects that shape their
future levels of activity (Levine, 2001, 2005a; Meaney & Szyf, 2005). We review studies
conducted from infancy to adulthood in humans, as well as animal models that may parallel
these findings. We incorporate emerging neuroimaging studies of social buffering in
humans, which have primarily been conducted with adults and have not always measured
cortisol. In contrast, studies on non-human animals have yielded a well-established and
growing literature investigating social buffering in early development. The goal of this
review is to integrate animal and human studies to begin to understand the neurobiological
structures and processes involved in the stress-relieving properties of social interaction.
Furthermore, social support is such a broad construct in the current literature that it is not
clear what would need to be manipulated if we were to deploy it as an anti-stress remedy in
psychological interventions. Some have even argued that the construct is so broad it is not
useful, and we need to abandon it in favor of more specific behaviors (Barrera, 1986).
Consequently, we also aim to organize our knowledge of social support behavior. We begin
by discussing dimensions and typologies of social support behavior as they have been
described in behavioral science, then we briefly review the neurobiology of the HPA axis
and what is known about the central neural mechanisms that regulate it (including the role of
the prefrontal cortex). Next we address the neurobiology of human social bonding, including
the role of the neuropeptides oxytocin and vasopressin and how they may interact with the
HPA axis. This will be followed by a review of animal models of HPA activity modulation
by social factors, continuing with a review of human studies in children and adults that
provide hints about the neurobiology that may be involved in the social buffering effect. We
then propose a developmental working model of the social buffering effect focusing on
oxytocin and prefrontal cortical systems, emphasizing the role of early experience in shaping
neurobehavioral development relevant to this phenomenon (see Fig. 1). The goal throughout
will be to lay out the evidence and inferences leading up to the model depicted in Figure 1.
We conclude with a discussion of future directions that could lead to a more complete and
integrated model of this process in humans.

Social Support Dimensions
The importance of social relationships for most aspects of human development has been
recognized by psychologists for over a century (Hartup & Laursen, 1999), but our ability to
define which aspects of relationships matter in which contexts and to incorporate them in
other fields of study has not yet matured (Reis & Collins, 2004). We know that human
beings have a fundamental need to belong, experiencing distress when their connections
with others are lacking or damaged (Baumeister & Leary, 1995; Miller, 2011). We also
know that infants are predisposed to form attachments to their caregivers and possess
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behavioral systems that allow them to rely on these bonds for survival (Bowlby, 1969) and
we will discuss some neurobiological evidence that our species is wired for sociality in the
next section. Describing the complexity of different types of relationships and their
functions, as well as how they shape individual development is beyond the scope of this
review (for a discussion, see Reis, Collins, & Berscheid, 2000). Instead, the main focus here
is on social behaviors that have been grouped under the construct of “social support” and
that may be relevant for dampening stress reactivity.

Social support has been broadly defined as “information leading the subject to believe that
he [she] is cared for and loved, esteemed, and a member of a network of mutual obligations”
(Cobb, 1976, p. 300). One definition that allows for an easier operationalization divides
social support along three dimensions: emotional, instrumental, and informational (e.g.,
House & Kahn, 1985). Early studies in this field typically only measured the quantitative or
structural aspects of social support networks (House, Landis, & Umberson, 1988), which
have been conceptualized as measures of social integration (Cohen, 2004), but recent work
has also emphasized the emotional qualities of relationships (their functional aspects) and
increasing individuals’ social skills to enhance their ability to use social ties (Reblin &
Uchino, 2008). Testifying to the importance of emotional support, studies have shown that
perceived or subjective loneliness is an important predictor of psychosocial functioning and
morbidity (Caccioppo & Hawkley, 2009). Another distinction that could be drawn is that
between minor daily support actions and major stressor-related support (Thoits, 2011),
which can be quite different phenomena.

Other studies have focused on the negative effects of some relationships (the “dark side” of
relationships as Thoits, 2011, calls it), which in some instances can have stronger and more
reliable effects on psychological well-being than the positive effects of social support
(Kiecolt-Glaser & Newton, 2001; Pagel, Erdly, & Becker, 1987; Rook, 1984). Even when
support is provided, there is some evidence that there are costs associated with it, as some
studies suggest that so-called invisible support (reported by the provider but not the
recipient) is more effective than support that is acknowledged by the recipient, presumably
due to the emotional cost associated with receiving or needing support (Bolger & Amarel,
2007; Bolger, Zuckerman, & Kessler, 2000). There seem to also be cultural differences in
the extent to which individuals use social support as a coping mechanism (Taylor et al.,
2004), in the type of support that is considered most beneficial and the goals that support
providers have in mind when trying to assist (Chen, Kim, Mojaverian, & Morling, 2012).
For instance, Chen et al. (2012) found that European Americans reported providing more
emotion-focused support, with the goal of closeness and increasing the recipient’s self-
esteem, whereas Japanese Americans report providing emotion-focused and problem-
focused support equally, and do not report increasing self-esteem as a goal. Cultural
differences are biologically relevant, as one study found that European Americans showed
lower levels of salivary cortisol in response to the Trier Social Stress Test in the “explicit
support” condition, when they imagined asking for support from close others, compared to
the “implicit support” condition, when they were asked to write about a group they are close
to and about the characteristics of that group. Asians and Asian Americans showed the
opposite pattern, with higher levels of cortisol reactivity in the “explicit” compared to the
“implicit” support writing task (Taylor, Welch, Kim, & Sherman, 2007). The study suggests
different norms about what the primary source of social support for individuals may be.

Furthermore, men and women who report relying primarily on social support as a coping
strategy show higher levels of salivary cortisol in response to conflict with their partner
compared to participants who rely on other coping strategies (Gunlicks-Stoessel & Powers,
2009). Thus, being able to use this resource may place one at heightened risk of
experiencing stress when conflict occurs and, since few relationships are conflict-free, these
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findings need to inform interventions designed to increase the importance of social support
among other coping strategies. Despite negative effects of some aspects of relationships,
epidemiological studies seem to suggest a net gain from social support. Perhaps social
support interventions need to not only enhance the ability to cope with stress through social
support, but should also promote conflict-management skills and other strategies to improve
relationship quality.

The methodological challenges of studying social support have been recognized since the
beginning of this area of research (Thoits, 1982). The major challenge in many of the initial
studies of social support as a stress buffer was their correlational nature. Experimental
paradigms have tried to circumvent some of these challenges by randomly assigning
individuals to support and no-support conditions in the laboratory, with success in showing a
cortisol dampening effect in support conditions (Thorsteinsson & James, 1999). However,
these types of studies with adults have also identified individual characteristics associated
with how much participants benefit from the provision of social support. These beneficial
characteristics include: high self-esteem, extraversion, optimism, a sense of mastery/
personal control (Taylor et al., 2008), high self-enhancing cognitions (Taylor, Lerner,
Sherman, Sage, & McDowell, 2003), and compassion (Cosley, Mccoy, Saslow, & Epel,
2010). Self-esteem monitors one’s social acceptance and interpersonal effectiveness and can
change in response to cues about one’s relational value (Leary et al., 1995; Leary &
Baumeister, 2000). Furthermore, there is evidence that self-esteem is not merely a neutral
and objective cognition about the self in various domains, but rather that it is linked to a
broad range of positive and negative emotions, motives, goals and self-preservation efforts
(Leary, 2007). It is no surprise then that laboratory stressors posing self-evaluative threats
are the ones which most reliably activate the HPA axis in humans (see the meta-analysis by
Dickerson & Kemeny, 2004). Future research needs to not only measure social support, but
assess these important self-constructs linked to social resources.

Interestingly, the characteristics making individuals more disposed to benefit from social
support are not independent from one’s relationship history. For instance, prior research has
linked positive self-esteem with a history of social support across development (Harter,
1999), and we have reasons to believe that a developmental history of positive social
relationships directly impacts the individual’s self-concept, emotion regulation abilities, and
social competence (Sroufe et al., 2005). The Minnesota Longitudinal Study of Parents and
Children –an ongoing 35-year longitudinal study of a high-risk poverty sample- has
provided evidence that infants who are securely attached to their mother or primary
caregiver are more likely to exhibit high emotion-regulation skills, positive affect, and high
self-esteem later in childhood according to observational measures (Sroufe, Schork, Motti,
Lawroski, & LaFreniere, 1984; Sroufe, 2005) and they are more likely to be self-reliant in
the classroom (Sroufe, Fox, & Pancake, 1983). Furthermore, infants in secure relationships
were more likely have competent social interactions with peers according to both teacher
and self-ratings across childhood (ages 4–5, 8, 12), which in turn predicted measures of
social support and socio-emotional functioning in late adolescence at age 19 (Carlson,
Sroufe, & Egeland, 2004). Because infants can have secure attachments to one parent and an
insecure attachment to the other, attachment security is a relationship quality, not a trait of
the child (Main & Weston, 1981). It reflects the history of the relationship and, specifically,
the sensitivity and responsiveness of the care the child has received (Ainsworth, Bell, &
Stayton, 1974). Not surprisingly, then, early parenting quality also has been related to
positive, secure representations of romantic partners in young adulthood (ages 26–28,
Haydon et al., 2012). Conversely, negative early caregiving experiences such as child
maltreatment are associated with detrimental social outcomes, beginning with insecure
attachment patterns in infancy and preschool (Cicchetti & Barnett, 1991; Cicchetti,
Rogosch, & Toth, 2006) and extending to problems with peers which suggest a transfer of
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social dysfunction from the family context to new relationships that place them at risk of
being unable to use social support later (Bolger, Patterson, & Kupersmidt, 1998; Rogosch,
Cicchetti, & Aber, 1995). This is because maltreated children show lower social
effectiveness and greater aggressive behaviors, often eliciting peer rejection (Rogosch et al.,
1995). They also tend to have lower self-esteem with increasing maltreatment severity
(Bolger, Patterson, & Kupersmidt, 1998), develop negative expectations about social
interactions, and studies show that these expectations mediate the association between
maltreatment and low social status among peers (Salzinger, Feldman, Ng-mak, Mojica, &
Stockhammer, 2001). Adolescents who were maltreated as children similarly exhibit more
relational problems with peers, as well as poor emotional regulation, higher rates of drug
use, depression, and self-harm (Scott, Wolfe, & Wekerle, 2003). However, having a close
friend is associated with increasing slopes in self-esteem over time for some children
experiencing maltreatment (Bolger, Patterson, & Kupersmidt, 1998), suggesting the fact that
early experience does not deterministically lead to later social outcomes, but only that it sets
certain trajectories in motion which dynamically interact with later experiences and self-
representations.

To summarize, it is increasingly recognized that social integration, perceived emotional
support, negative social interactions, and self-constructs associated with social resources
capture different and important dimensions of what has been termed “social support”, each
of which may have distinct effects on stress responses. Psychological studies rarely measure
all these social dimensions, at the risk of overlooking important effects on well-being and
this shortcoming in the literature will need to be addressed by future research. Furthermore,
we have yet to fully understand the psychological mediators of the stress buffering effect
and how they operate in different contexts. While some of socially supportive effects are
straight-forward and likely do not require a biological explanation (e.g., a friend’s financial
assistance can terminate a stressor), others remain to be understood –for instance,
understanding how the mere presence of a conspecific reduces the production of stress
hormones when confronted with a stressor.

An additional challenge in this area is that social support intervention studies are plagued by
differences in methodologies and definitions of social support, such that it is not clear what
type of intervention needs to be deployed for which type of problem (Hogan, Linden, &
Najarian, 2002). Many clinical studies did not include measures of support -e.g., gathered
people into support groups but specifics about the process were not measured (Hogan,
Linden, & Najarian, 2002). As a result, there is minimal understanding of the underlying
mechanisms operating when positive outcomes do occur. Few of these studies measure
physiology. Experimental studies have made some progress in measuring physiological
mediators, but they fare no better in deconstructing social support into its components or
measuring relationship histories that predict successful reactions to social support in the
laboratory. This will be further exemplified in the section reviewing human studies of the
social buffering effect. Before we discuss these studies showing dampening of stress
physiology by social support, we provide brief overviews of stress neurobiology and of
some of the biological substrates of human social interactions.

The Neurobiology of Stress
The Hypothalamic-Pituitary-Adrenal System

Stress can be defined as a “real or interpreted threat to the physiological or psychological
integrity of an individual that results in physiological and/or behavioral responses”
(McEwen, 2000, p. 508). As Levine (2005b) eloquently discussed, there are three types of
constructs usually subsumed by the concept: the inputs/challenges, the systems that process
them, and the outputs/responses. To distinguish between these three potential connotations
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of the term, we will refer to events that trigger stress reactions as stressors (similar to Selye,
1975), and the outputs of this cascade will be called stress responses. We will refer to the
biological and psychological systems that process the challenging inputs as stress mediators
or simply stress systems. It must be noted that the experience of stress has dissociable
emotional, behavioral, and physiological components, with many studies finding
dissociations between distress behavior and cortisol production (e.g., Gunnar, Fisch,
Korsvick, & Donhowe, 1981).

Stress results when the demands of internal or external events exceed immediately available
resources (Lazarus & Folkman, 1984). These demands can be very diverse, ranging from
temperature challenges, to infections, to real or perceived psychological threats.
Psychological and physical challenges to the organism trigger a neuroendocrine cascade that
results in the production of glucocorticoids (GCs; cortisol in humans, corticosterone in
rodents) through the activation of the HPA axis (Cone, Low, Elmquist, & Cameron, 2003).
The production of stress hormones can occur in reaction to both psychogenic stressors and
physiological challenges to homeostasis (e.g., infection, pain). Based on rodent research,
which has been corroborated in human and nonhuman primates, the HPA axis and
associated brain regions have been identified. Neurons in the medial parvocellular region of
the paraventricular nuclei of the hypothalamus (PVN) secrete corticotrophin-releasing
hormone (CRH) and arginine vasopressin (AVP), which travel to the anterior pituitary and
cause the release of adrenocorticotropic hormone (ACTH) into general circulation (Gunnar
& Vazquez, 2006). ACTH subsequently binds to its receptors in the cortex of the adrenal
glands, leading to the release of GCs. Circulating hormones bind to receptors distributed
throughout the brain and the body, and under normal conditions also exert negative feedback
inhibition at multiple levels of the HPA axis, such that the axis can shut down its own
release when GC levels are high (Cone et al., 2003). Current evidence also suggests that
negative feedback involves GC receptors in other areas outside the HPA axis, including but
not limited to, the prefrontal cortex and limbic structures like the hippocampus and
amygdala (Oitzl, Champagne, van der Veen, & de Kloet, 2009). The role of these limbic and
cortical areas will be discussed in more detail below. The HPA axis is one of the arms of the
mammalian stress system, while the autonomic nervous system is the other important
branch. A synthesis of findings involving the autonomic nervous system in the social
regulation of stress is beyond the scope of this review, but Figure 2 illustrates both systems
and their complex interactions.

Acute release of GCs has numerous effects on the body, including mobilization of energy to
muscles, enhanced cardiovascular tone, a stimulation of immune function, inhibition of
reproductive physiology, decreased appetite, sharpened cognition, and increased local
cerebral glucose utilization (Sapolsky, Romero, & Munck, 2000). GCs are not only
produced in response to stressors, but are released in pulses across the day to ensure basal
levels of hormones that are necessary for energy, motivation, and optimal functioning
overall. The release of basal GCs follows a circadian clock, with higher levels in the
morning for humans (approximately 30 minutes after wake-up, which has been named the
cortisol awakening response and associated with numerous psychological and physical
health outcomes (Fries, Dettenborn & Kirschbaum, 2009) and decreasing production
throughout the day, reaching minimum levels at night. Studies show that repeated activation
of the acute HPA response can lead to enhanced GC release across the day, followed by
down-regulation over time, which has been termed hypocortisolism and has been observed
in many instances of prolonged trauma or stress (Fries, Hesse, Hellhammer & Hellhammer,
2005; Gunnar & Vazquez, 2001). Both elevated and chronically low levels of GCs can
impair behavioral and physical functions, potentially leading to pathology (Chrousos, 2009).
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GCs bind to glucocorticoid receptors (GR) and mineralocorticoid receptors (MR)
differentially when they are released in response to a stressor versus their basal circadian
release. GCs have 10 times higher affinity to MRs and occupy them first, before acting on
the GRs (Oitzl et al., 2009). Thus, MRs are almost entirely occupied when GCs are in the
basal ranges, and GRs only become occupied when stressors elevate GC concentration
above basal levels. Evidence is accumulating for the hypothesis that the balance of MR:GR
is crucial for an effective regulation of stress responses and for resilience to psychiatric
disorders (Oitzl et al., 2009). Recent studies in rodents have shown that the expression of
MR and GR can be affected by environmental factors such as early maternal care, through
epigenetic mechanisms (Meaney & Szyf, 2005). Future research will likely continue to
explore the biological mechanisms involved in the transduction of early life experiences into
lasting patterns of stress reactivity.

Limbic and Cortical Regulation of the HPA Axis
The HPA system does not operate in isolation. Rather, its activation is the result of a fine-
tuned cascade of neural events that involve a large number of brain regions and
neurotransmitters, creating a true “neuro-symphony of stress” (Joëls & Baram, 2009). In
psychologically challenging circumstances, limbic and cortical regions (e.g., the amygdala,
hippocampus, the prefrontal cortex) relay information about threats that can activate or
terminate stress responses (see Fig. 2), but there are also many other inputs -e.g., sensory,
activating the axis in response to physiological challenges. This section reviews some of the
major limbic and cortical structures that modulate HPA responses to psychological stress.

The amygdala is an important limbic structure modulating neuroendocrine functions.
Animal models have established its role in emotional learning and conditioning, particularly
fear learning (Fanselow & LeDoux, 1999). However, the amygdala is also important for
homeostasis and integration of neuroendocrine and autonomic stress systems. Research has
highlighted the central nucleus of the amygdala (CEA) as an important orchestrator of
emotional and stress integration, also impacting memories of challenging events (Ulrich-Lai
& Herman, 2009). In this regard, it is noteworthy that CRH-producing cells do not reside
exclusively in the hypothalamus, but they are also present in many brain structures that are
involved in associating fear and anxiety with activation of the stress system, including the
CEA and the prefrontal cortex (Bale & Vale, 2004). CRH acts on two types of receptors,
which have different regional distributions and functional properties, with CRF1 mediating
acute stress reactions via the activation of the HPA axis and CRF2 being involved in post-
stressor recovery and dampening of the HPA response (Korosi & Baram, 2008). Additional
evidence from rodent research suggests that the CEA activates the HPA axis in response to
systemic stressors, and integrates autonomic responses to psychogenic stressors, whereas the
basolateral and the medial nuclei of the amygdala play a preferential role in activating the
HPA axis in response to psychological stressors (Ulrich-Lai & Herman, 2009). The
amygdala not only acts on the HPA axis, but is itself influenced by GC release. In rodents,
stress-induced GC release permits amygdala activation and facilitates fear learning in infant
rats (Moriceau, Roth, & Sullivan, 2010) and modulates fear learning in adults (Luksys &
Sandi, 2011; Joëls, Fernandez, & Roozendaal, 2011). Fear learning is central for adaptation,
as the activation of stress circuitry is energetically demanding, and thus the ability to
distinguish threatening from harmless stimuli is essential for survival.

Equally important is modulation of the HPA axis response by the bed nucleus of the stria
terminalis (BNST), though different subdivisions of the BNST seem to have contrary
effects: antero-ventral regions seem to have excitatory effects on the axis, whereas posterior
regions may be inhibitory (Choi et al., 2007). The hippocampus is also a major limbic
structure that has inhibitory control of the HPA axis through projections to the PVN (Ulrich-
Lai & Herman, 2009). GR and MR expressed in the hippocampus play a crucial role in

Hostinar et al. Page 7

Psychol Bull. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



negative feedback of the HPA axis, and it is likely due to changes in the activity of these
receptors that chronically elevated circulating GCs have been linked to deficits in
hippocampally-based abilities, such as declarative memory (Sapolsky, 2003). Illustrating the
important role of the hippocampus in HPA axis regulation, studies show that hippocampal
damage in humans blocks the cortisol awakening response (Buchanan, Kern, Allen, Tranel,
& Kirschbaum, 2004).

Limbic structures are regulated by and communicate with frontal cortical regions, and their
bidirectional connections impinge on the activity of the HPA system. For instance, the
degree and breadth of interconnectivity between the amygdala and frontal cortex in primates
has been well-documented in studies from the last two decades (Emery & Amaral, 2000).

The prefrontal cortex (PFC) plays a crucial role in what has been termed “executive
function”, or the top-down control of thought and action which includes working memory,
inhibitory control, and cognitive flexibility (Zelazo, Carlson, & Kesek, 2008). These higher-
order processes are crucial for the development of emotion regulation, compliance with
norms, and intelligent planning of behavior from childhood to adult age (Zelazo, Carlson, &
Kesek, 2008). The PFC is organized into distinct topographical regions, which serve
divergent and specialized regulatory functions. The orbitofrontal cortex (OFC) and medial
PFC have numerous reciprocal connections to the amygdala and other limbic regions (Price,
1999), and play important roles in regulating behavioral, neuroendocrine, and autonomic
stress responses. In general, ventral and medial areas of the PFC are thought to primarily
regulate emotions, having extensive connections with the amygdala, the nucleus accumbens,
and the hypothalamus, whereas regions located more dorsally and laterally are thought to
regulate thoughts and actions, and have important projections to sensory and motor areas
(Arnsten, 2009). In addition, studies in rodents also show that dorsal regions of the mPFC
have inhibitory impacts on the HPA axis, whereas ventral regions may have excitatory roles
(Sullivan & Gratton, 1999).

A prefrontal region that has received much attention is the anterior cingulate cortex (ACC).
This region is not only involved in regulating the HPA axis (Diorio, Viau, & Meaney, 1993),
but it has been implicated in the production of distress calls of 2-year old squirrel monkeys
during separation from the mother (MacLean & Newman, 1988) and in responses to social
pain and rejection in adult humans (Eisenberger, Lieberman, & Williams, 2003). This region
has also been identified as playing a role in studies of the social buffering of pain in humans
(see later section on human neuroimaging studies).

The various regions of the prefrontal cortex not only play a role in regulating the activity of
stress systems, but they also receive bottom-up inputs from them, and their activity can be
impaired by acute or chronic stress exposure (Arnsten, 2009). Even though some
experimental studies with squirrel monkeys suggest that stress-inoculating experiences (i.e.,
stressors that are not overwhelming in either duration of magnitude) can enhance
prefrontally-mediated cognitive skills that are instrumental for emotion and stress regulation
(Lyons & Parker, 2007), multiple studies in humans show that both acute and chronic
exposure to stressors can actually impair these higher-order processes that rely on the PFC
(Arnsten, 2009).

Chronic stress induces alterations in both cortical and limbic regions, such as dendritic
atrophy and decreased GR expression in the medial PFC and the hippocampus, and
increased dendritic branching in the basolateral amygdala and enhanced CRH expression in
the CEA (Ulrich-Lai & Herman, 2009). Over time, these alterations are likely to impair the
capacity for negative feedback of the HPA axis, as well as to decrease the available PFC-
based cognitive resources for coping with stressors. The effects of stress on brain
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development and the sculpting of cortico-limbic circuits across the lifespan are likely
mediated by both circulating GCs and by the extra-hypothalamic CRH system (Korosi &
Baram, 2008). Future research will need to better characterize the direct and indirect
pathways between limbic and cortical regions and the HPA axis, and how they develop
across the lifespan, particularly under the influence of stressful life experiences.

The Neurobiology of Human Social Bonding
To investigate the pathways through which social relationships could buffer individuals
against stress reactivity, we need to incorporate our current understanding of the
neurobiology of social bonding, as there are theoretical reasons to expect overlapping
biological processes. For this reason, we will briefly review a quickly-expanding body of
evidence supporting the critical role of the neuropeptides oxytocin (OT) and arginine
vasopressin (AVP) in regulating human social behavior (Carter, 1998; Donaldson & Young,
2008; Heinrichs & Domes, 2008; Lee, Macbeth, Pagani, & Young, 2009; Neumann, 2008).
These neuropeptides have been strongly conserved throughout evolution and play similar
roles in social behavior and reproduction across vertebrates (Donaldson & Young, 2008),
but they have also been linked to complex social behaviors that are primarily observed in
humans, such as altruism, trust, the ability to infer others’ thoughts or emotions, etc.
(Donaldson & Young, 2008).

OT and AVP are neuropeptides produced by magnocellular neurons in the supraoptic
nucleus and paraventricular nucleus of the hypothalamus and then released from axon
terminals in the posterior pituitary from where they are released into the general circulation
(Ludwig, 1998). In addition to their roles as neurohormones once released into the general
circulation from the pituitary, the neuropeptides can also be found at other extra-
hypothalamic sites (e.g., through release from hypothalamic neurons projecting to several
limbic areas, including amygdala, hippocampus, septal nuclei, etc.) and these centrally
released peptides act as neurotransmitters and neuromodulators within the brain (Landgraff
& Neumann, 2004). Furthermore, OT is also synthesized peripherally –e.g., in the uterus,
placenta, amnion, corpus luteum, testis, and heart (Gimpl & Fahrenholz, 2001). OT and
AVP exert their physiological effects by binding to their receptors. Based on animals models
and converging analyses of the human receptors, OT is currently known to have one
receptor, which has equal affinity for OT and AVP, whereas AVP binds to four receptors:
V1a, V1b, V2 (Caldwell et al., 2008) and to P2 purinoreceptors, which have been identified
in guinea pig hearts (Zenteno-Savin, Sada-Ovalle, Ceballos, & Rubio, 2000). AVP receptors
tend to have higher affinity for AVP than OT (e.g., the V1a receptor has 30 times higher
affinity for AVP than OT –Holmes, Landry, & Granton, 2003). V1a and V1b are the two
centrally expressed subtypes, with V1a being most widely implicated in functions related to
social behavior in animal models (Donaldson & Young, 2008). Even though there is
significant overlap between the social behaviors that OT and AVP have been implicated in,
these differences in receptor affinities are presumed to underlie some specificity in the
function of each peptide (Carter, 1998). For instance, there is some evidence that AVP plays
particular roles in prosocial behavior in males, and it has also been shown to mediate
aggressive behaviors and territoriality in many species (Caldwell et al., 2008; Donaldson &
Young, 2008; Young & Wang, 2004). Furthermore, it can also increase stress responses
through its actions as a secretagogue for ACTH (DeBold, Sheldon, DeCherney, & Jackson,
1984). OT and AVP may show opposite effects due to acting as each other’s antagonists
(Carter & Altemus, 1995; Huber, Veinante, & Stoop, 2005). Future studies will need to
clarify the complex interactions between these two neuropeptides and their receptors,
however in this review we focus on oxytocin primarily since it has been more consistently
shown to be a stress attenuator.
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The OT receptor is widely distributed throughout the brain and in humans it is most
concentrated in the nucleus basalis, the nucleus of the vertical limb of the diagonal band of
Broca, the ventral part of the lateral septal nucleus, the preoptic/anterior hypothalamic area,
the posterior hypothalamic area, the substantia nigra pars compacta, as well as in spinal
nuclei and the nucleus of the solitary tract (Loup et al., 1991). AVP binding sites are
prominent in human brains in the dorsal part of the lateral septal nucleus, in midline nuclei
and adjacent intralaminar nuclei of the thalamus, in the hilus of the dentate gyrus, the
dorsolateral part of the basal amygdaloid nucleus and the brainstem (Loup et al., 1991).
These concentrated distributions in limbic and autonomic areas are consistent with the
neuromodulatory role of these neuropeptides.

Studies also show long-lasting effects of developmental experiences on neuropeptide
systems (for a comprehensive recent review, see Bales & Perkeybille, 2012). For instance,
female mice reared communally exhibited higher OT receptor binding in the dorsal and
ventral lateral septum, BNST, agranular insular cortex, and endopiriform cortex, while AVP
V1a binding was reduced in the dorsal lateral septum (Curley et al., 2009). The quality of
early maternal care also seems to play a role in rodents, for instance high licking/grooming
behavior by the dams is associated with increased OT receptor binding in the medial
preoptic areas, BNST, lateral septum, PVN, and CEA for females (Champagne and Meaney,
2007; Francis, Champagne, & Meaney, 2000; Francis, Young, Meaney, & Insel, 2002),
whereas AVP V1a binding is increased in the CEA in male offspring (Francis et al., 2002).

The effects of OT and AVP on brain and behavior have been shown in many studies to be
sexually dimorphic (Carter, 2007). For instance, both OT and its receptor are more highly
expressed in females (Carter, 2007) and respond to estrogen signaling (Lee, Macbeth,
Pagani, & Young, 2009), whereas androgens stimulate the synthesis of AVP (DeVries &
Villalba, 1997). In humans, plasma OT correlated with romantic relationship distress in
women but not men, while plasma AVP correlated with relational distress in men but not
women (Taylor, Saphire-Bernstein, & Seeman, 2010). The effect of intranasally-
administered oxytocin on brain activity evoked by fearful or angry facial expressions also
exhibits sex differences, with women showing increases and men decreases of activation in
regions associated with face perception and emotion encoding (e.g., temporal poles,
amygdala, brainstem; Domes et al., 2007a, 2010; for a review, see Zink & Meyer-Lindberg,
2012). There are some theoretical proposals (Taylor et al., 2000) suggesting that in humans
OT and AVP may provide the basis for divergent responses to stress in males and females,
with females more likely to exhibit OT-based affiliative (“tend-and-befriend”) responses
under threatening circumstances compared to men, though there is also great overlap in the
type of coping observed in males and females (Taylor et al., 2000).

Many studies report similar involvement of OT or AVP in the social behaviors of both men
and women. For instance, increases in human participants’ plasma or urinary OT have been
noted in tasks involving empathy with a stranger’s distress (Barrazza & Zak, 2009), trust
and generosity in monetary games (Zak, Kurzban & Matzner, 2005), receiving a massage
(Morhenn, Park, Piper, & Zak, 2008), and natural variations in both maternal and paternal
behaviors with infants (Gordon, Zagoory-Sharon, Leckman, & Feldman, 2010; Feldman
Singer, & Zagoory, 2010). Early experience seems to play a role in shaping some of these
effects, since children reared in orphanages showed lower levels of urinary oxytocin after an
interaction with their adoptive mothers compared to nonadoptive children and their mothers
(Wismer Fries, Ziegler, Kurian, Jacoris, & Pollak, 2005), while adult women who had
experienced childhood maltreatment exhibited lower levels of OT in CSF (Heim et al.,
2009). OT plasma levels do not only show concurrent associations with behavior, but have
also been used to predict behavior. In one study, plasma levels of OT during pregnancy were
shown to be predictive of postnatal mother-infant interactions (Feldman, Weller, Zagoory-
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Sharon, & Levine, 2007; for a review of similar studies, see Galbally et al., 2011).
Experimental manipulations involving intranasal administration of OT have also revealed
effects consistent with the presumed role of OT in prosocial behavior: increases in trust
(Kosfeld, Heinrichs, Zak, Fischbacher, & Fehr, 2005), self-reported attachment security in
adulthood (Buchheim et al., 2009), ability to “read the mind” of another person (Domes,
Heinrichs, Michel, Berger, & Herpertz, 2007), paternal responsiveness to infants during play
(Naber, van Ijzendoorn, Deschamps, van Engeland, & Bakermans-Kranenburg, 2010), and
positive communication during couple conflict (Ditzen et al., 2009).

The importance of these neuropeptides for the social buffering of stress will be discussed
more in depth in the next section, as there is increasing evidence that oxytocin does not only
play critical roles in prosocial behavior, but is capable of dampening HPA axis responses
and of acting as a stress attenuator. We review animal models of the neurobiological
underpinnings of HPA dampening by social factors next, including studies where the
mediators seem to be neuropeptides.

Animal Models of the HPA Dampening Effect by Social Factors
Animal research has built upon the human research exploring the stress-buffering effect of
social relationships, but diversified its experimental paradigms to capitalize on the ability of
animal research to probe neural mechanisms. As we review this animal literature, it is
important to note that social buffering does occur in infancy, but it undergoes dramatic
changes as infants mature and become independent. Importantly, animal models have been
consistent with findings in humans, strongly suggesting that the neural mechanisms for
behavioral and neuroendocrine changes due to social buffering in animal models can be
informative when applied to humans.

Social Buffering across the Lifespan in Animal Models
The neuroendocrine control of social buffering in infancy was originally identified in
squirrel monkeys when the infant’s typical increase in plasma cortisol during separation
from the mother or exposure to a predator quickly returned to normal levels when reunited
with the mother or being placed in a familiar social environment (Coe, Franklin, Smith, &
Levine, 1982; Coe, Mendoza, Smotherman, & Levine, 1978; Stanton & Levine, 1985).
Since then, considerable research on mechanisms of social buffering have expanded on these
results and demonstrate that the HPA axis and its buffering by social stimuli show dramatic
changes during development. This is due, in part, to maturation of the different levels of the
HPA axis (Bouret, Drper, & Simerly, 2004; Rinaman, 2001), but also to the enormous
control of the HPA axis by social stimuli from the mother early in life.

It is important to note that the infant HPA axis and its control by social stimuli is not an
immature version of the adult social buffering system and is adapted to unique features of
the mother-infant dyad. The very early life social buffering system has been most fully
described in the rodent and has slowly uncovered an unexpected and dynamic role of the
mother in controlling the infants’ stress-induced corticosterone levels. Over the past five
decades, our concept of the development of the HPA axis has undergone major revisions. In
the 1950’s, rodent research showed initially surprising results that suggested infants do not
mount a stress-induced corticosterone response, which was termed the stress nonresponsive
period (SNRP). However, the term was changed to the stress hyporesponsive period (SHRP)
when it was realized that pups could mount a stress-induced corticosterone response with an
injection of endotoxin (Witek-Janusek, 1988), clearly indicating that the neonate has a stress
system but its functioning was being suppressed. Insights to the mechanism of this
suppression were based on two areas of research, which together highlighted the role of
sensory stimuli pups received from the mother. The first clue that the mother was important
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for pups’ HPA regulation came from maternal deprivation research, a procedure where pups
are removed from their mother for many hours. Indeed, prolonged separation resulted in an
increase in pups’ blood corticosterone levels, but also produced a lower GR mRNA
expression in the hippocampus and frontal cortex, and increased CRH mRNA expression in
the paraventricular nucleus (PVN), amygdala central nucleus (CEA), bed nucleus of the stria
terminalis (BNST) and the locus coeruleus (LC) neuradrenergic nucleus (Plotsky et al.,
2005). This suggested that the separation procedure was a stressor that activated all levels of
the HPA axis. Second, the notion of the mother as a “hidden regulator” of pups’ behavior
and physiology was emerging (Hofer, 1973), which produced a paradigm-shifting
perspective on the role of maternal behavior in normal development. Specifically, research
showed that sensory stimuli normally received from the mother maintain pups at
homeostasis, with different stimuli and their patterning controlling balance in specific
systems. For example, the tactile stimulation pups receive from the mother maintains high
levels of pups’ growth hormone, while maternal odor and warmth controls behavioral
activity levels (Hofer, 1984; Kuhn, Butler, & Schanberg, 1978).

Decades later, a conceptual leap occurred when it was recognized that maternal deprivation
was removing the maternal stimuli that were homeostatic regulators of the infant HPA axis
in rodents. Thus, maternal deprivation served to produce a state of chronic HPA hyper-
responding which could be conceived of as a state of chronic neuroendocrine stress.
Specifically, maternal sensory stimulation of pups was deconstructed and artificially
replaced with sensory stimulation of specific sensory systems, such as tactile stimulation
from brushing to mimic maternal licking or intubating pups to fill their stomach with milk
(van Oers et al., 1998). Indeed, presenting pups with just tactile stimulation during maternal
deprivation was sufficient to block the maternal deprivation-induced corticosterone increase
suggesting that chronic social buffering by the mother underlies the SHRP. Importantly,
these artificial maternal replacement stimuli also restore the HPA response to normal.
Specifically, PVN neural activity as measured by c-fos and CRF-R2 expression in the
ventromedial hypothalamus both appear to be returned to normal levels if maternally
deprived pups receive stroking tactile stimulation (Eghbal-Ahmadi, Avishai-Eliner, Hatalski,
& Baram, 1999). These sensory stimuli also alter HPA axis activity, as indicated by CRF
mRNA, and plasma ACTH (van Oers et al., 1998). Thus, together this suggests that the
SHRP can be viewed as chronic social buffering because sensory stimuli from the mother
prevent pups from mounting a stress response. It is still unclear how maternal sensory
stimuli maintain the SHRP.

As pups mature, changes in this chronic social buffering system are reflected in the end of
the SHRP in 10- to 11-day-old pups, when pups mount a corticosterone response to stressors
in an adult-like fashion. That is, when 12-day-old pups are removed from the nest and
stressed, they are able to mount a behavioral and corticosterone elevation consistent with the
adult response, although corticosterone levels do not approach adult levels until after
weaning. Adult-like social buffering emergence coincides with this developmental change in
the stress response. The mother is the critical social buffering signal (Shionoya, Moriceau,
Bradstock, & Sullivan, 2007; Stanton, Wallstrom, & Levine, 1987; Stanton & Levine, 1990;
Suchecki, Rosenfeld, & Levine, 1993; Wiedenmayer, Magarinos, McEwen, & Barr, 2003).
Specifically, at this age, rat pups mount a corticosterone response when given a mild
stressor, such as electric shock, although this is completely blocked if the mother is present.

With additional maturation, peers also become potent sources of social buffering (Hennessy,
Kaiser, & Sachser, 2009). For instance, the presence of a same-sex conspecific dampens
HPA response to novelty in periadolescent rats that have spent PND 21-35 cohabitating with
their conspecific (Terranova, Cirulli, & Laviola, 1999). Periadolescence is a period when
rats are particularly social and motivated to affiliate. Notably, the effect of treatment was
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statistically significant in males and followed a similar pattern without significance in
females. In adults, corticosterone response to a novel box is lower if rats are tested in pairs
than if they are tested alone (File & Peet, 1980). Interestingly, adult rats show lower
reactivity to stressful stimuli if they are with a nonfamiliar conspecific than if they are
confronting it with a familiar conspecific that they were previously housed with (Armario,
Luna, & Balasch, 1983; Armario, Ortiz, & Balasch, 1983). This is thought to be due to a
higher novelty effect of the environment (i.e., new location) when the animal is placed there
with a familiar conspecific that it can ignore. In squirrel monkeys, the presence of familiar
and unfamiliar conspecifics as well as group situations dampens corticosterone response to
stressful conditions (Hennessy, 1984, 1986; Vogt, Coe, & Levine, 1981).

In summary, rodents show a SHRP in early life that is controlled by social stimuli from the
mother to maintain low levels of stress hormones. This SHRP is disrupted when the social
stimuli are removed at separation from the caregiver and the stress hormone rises. While it is
unclear if humans even have a SHRP, there are some parallels that can be drawn with the
role of the mother in human and nonhuman animal models, as will become evident in later
sections.

Neural Control of Social Buffering in Animal Research
Despite the importance of social buffering and its widespread phylogenetic representation,
our understanding of the neural circuitry is minimal. While imaging techniques in humans
have been helpful in identifying structures that correlate with stress and its regulation,
problems inherent with this procedure and ethics in human research with young children
limit exploring mechanisms and causation in human studies. Thus, animal research is
required to better understand this system. However, there are unique challenges to social
buffering neurobiology research. First, different stress sensory stimuli, including
psychological and physical stressors, activate the HPA axis in distinct ways and at different
levels. Research is continuing to identify and characterize these diverse pathways. Second,
the specific source of the stimulus initiating the social buffering response is still unknown.
For example, when a mother socially buffers her child or pup, is the infant responding to her
scent, touch, voice or in children, simply the knowledge that she is there? Third, different
social stimuli likely have different impacts on the HPA axis, perhaps at different levels of
the axis or indirectly through the myriad brain areas known to modulate HPA activity. For
this reason, animal research has attempted to explore these very basic features of the
neurobiology of social buffering.

To understand the neural circuitry of social buffering, it is important to understand that
psychological and physical stressors activate the HPA axis differently. For example,
physical stressors such as shock activate the HPA axis at the level of the PVN via
norepinephrine, most likely originating from A1-A2 brainstem noradrenergic nuclei
(Cunningham & Sawchenko, 1988; Figueiredo et al., 2003; Herman et al., 2003).
Psychological stressors, on the other hand, appear to have a more complex control of the
HPA axis, with clear implication of the amygdala, specifically two subareas implicated in
controlling the HPA axis: central (Beaulieu, Paolo, & Barden, 1986; Roozendaal, Koolhaas,
& Bohus, 1991) and medial (Prewitt & Herman, 1997). The medial amygdala appears to
control release of CRF in the median eminence to increase ACTH, although this is likely
indirectly through the BNST (Canteras et al., 1995; Herman, Ostrander, Mueller, &
Figueiredo, 2005; Prewitt & Herman, 1997, 1998). This indirect route appears to ultimately
increase CRF in the median eminence (Dong, Petrovich & Swanson, 2001; Prewitt &
Herman, 1998).

How social stimuli interface with this complex stress circuit has yet to be determined,
although clues are emerging. Importantly, social buffering directly impacts the HPA axis to
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reduce stress hormone release. For example, rats exposed to a shock box accompanied by a
partner show decreases in c-fos immunoreactivity in the PVN compared to rats that face the
fear stimulus alone (Kiyokawa, Kikusui, Takeuchi, & Mori, 2004). Indirect effects of social
buffering on the HPA axis have also been documented for the prefrontal cortex (PFC) in
both human and nonhuman research. This brain area has strong reciprocal connections with
the amygdala and can modulate the PVN (Figueiredo et al., 2003; Stefanacci & Amaral,
2002; Vertes, 2004). Research on juvenile rhesus monkeys that were exposed to a novel
environment but were socially buffered by their mother showed increased activity in the
PFC (Rilling et al., 2001). Specifically, this PET study found greater right dorsolateral PFC
activation and higher plasma cortisol levels when the mother was absent compared to
mother being present. Importantly, lesion studies in rodents support a causal link between
the PFC (prelimbic or anterior cingulate subareas) and this buffering process. Specifically,
lesioning these PFC subareas blocked the social buffering effects of an adult partner
(Herman et al., 2005). The underlying neural circuitry of the social buffering effect is
hypothesized to involve stressor appraisal by the PFC (modified by sensory cues of a social
partner), which then sends information to limbic regions such as the amygdala and BNST,
which are in turn heavily connected to the PVN (Hennessy et al., 2009). This model is
biologically plausible, and is currently being tested. As noted in the section on human social
buffering, human neuroimaging studies support the role of the PFC in social buffering
(Eisenberger et al., 2007).

Oxytocin has also been a major focus in the social buffering literature and has been shown
to reduce the stress response in humans and nonhuman animal models, although its
association with social buffering is less well established and not always predictable. Social
buffering is only one of many behaviors that implicate oxytocin. Specifically, the stimuli
that initiate the release of oxytocin and its role in controlling behavior are diverse, although
there are some similarities across species, such as lactation’s milk ejection reflex, affiliation,
pain reduction and stress reduction (Carter, 2003; Nelson & Panksepp, 1998; Neumann,
2008; Onaka, 2004; Young, 2009). As described above, oxytocin is not only released into
general circulation from the pituitary, but is also centrally released by hypothalamic neurons
that have been found to project to extra-hypothalamic sites such as some limbic areas
(Landgraf & Neumann, 2004).

The role of oxytocin in generalized stress reduction on the behavioral and neural level is
well established. For example, oxytocin knockout mice have higher corticosterone levels
and attenuated levels of medial amygdala activity, as indicated by fos
immunohistochemistry (Mantella, Vollmer, Rinaman, Li, & Amico, 2004). The
psychological stressor (shaker) produced similar increases in c-fos expression in the PVN,
BNST, and central amygdala for wild-type and knockout mice, thus the OT mutation only
had evident effects in the medial amygdala. Furthermore, it is known that social activities
enhance oxytocin release (Carter, 1998) and that central administration of oxytocin inhibits
the HPA axis response in prairie voles and rats (DeVries, Cho, Cardillo, & Carter, 1997;
Neumann, Kromer, Toschi, & Ebner, 2000; Windle, Shanks, Lightman, & Ingram, 1997). In
one study (Detillion, Craft, Glasper, Prendergast, & DeVries, 2004), Siberian hamsters
exhibited increased cortisol concentrations in response to a skin wound and subsequent
immobilization stress, but only in socially isolated animals. Socially housed ones thus
showed a buffering of the HPA axis. Importantly, treating the isolated hamsters with OT
eliminated the stress-induced increases in cortisol and facilitated wound healing, implicating
OT in HPA axis suppression. These findings are consistent with those from the human
literature. For instance, intranasal administration of oxytocin paired with the provision of
social support dampens HPA axis responses in human males (Heinrichs et al., 2003). Social
support from the romantic partner did not have this effect by itself in women, but when it
was paired with a massage from the romantic partner it dampened salivary cortisol responses
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(Ditzen et al., 2007). Lactating women who breastfed before a laboratory stress task showed
blunted ACTH, plasma total cortisol and salivary free cortisol in response to the task
(Heinrichs et al., 2001). It is known that suckling leads to a release of OT and prolactin in
lactating women.

As we examine possible neural mechanisms for oxytocin’s effect on stress, its action can be
direct or indirect. A direct role would be at the level of the HPA axis and via suppression of
ACTH (Gibbs, 1986). Indirect effects of oxytocin on social buffering appear more common.
When released centrally, oxytocin can be distributed widely in the brain and oxytocin
receptors are found throughout the brain. In rats, this includes the ventromedial nucleus of
the hypothalamus (VMH), amygdala, pituitary, the lateral septum, BNST, the anterior
olfactory nucleus, the preoptic (POA), ventral tegmental areas (VTA), and the hippocampus
(Adan et al., 1995; Gimpl & Fahrenholz, 2001; Ostrowski, 1998; Veinante & Freund-
Mercier, 1997; Windle et al., 2004). It should also be noted that the receptors either increase
or decrease firing of cells that project to many additional brain areas including additional
subareas of the PFC such as the anterior cingulate, orbitofrontal and prelimbic areas (Febo,
Shields, Ferris, & King, 2009). As a result, rodent models indicate that oxytocin impacts
several limbic (amygdala, hippocampus, BNST) and hypothalamic regions and suggest a
basic understanding of oxytocin’s direct and indirect effects on attenuating the stress
response.

In summary, there are likely many central nervous system (CNS) pathways supporting
multiple social buffering pathways, each with distinct characteristics and effects. Both
animal models and parallel studies in humans are beginning to uncover these non-mutually
exclusive mechanisms. Human studies are limited in the methodologies that they can deploy
to investigate CNS processes, however advances in neuroimaging and neuroendocrine
assays have allowed for some evidence that the social buffering effects in humans may share
some of the same underlying biological mechanisms. While there is some inconsistency in
the oxytocin social buffering literature, there is also strong evidence for its ubiquitous effect
across species. It seems that the complexity of interactions between the social buffering and
stress circuits combines with other myriad factors that influence the likelihood of its
occurrence -e.g., social organization of the species, prior social experiences, integration into
a social unit, the sex, and the developmental stage of the animal are likely contributing
factors (Hennessy, Kaiser, & Sachser, 2009; Kikusui, Winslow, & Mori, 2006).

As we consider animal models of the neural mechanisms of social buffering in early life, it
is important to note that many of the brain structures considered important for mediating the
attenuation of the stress response in adults are not yet developed in early life. For example,
the PFC is a late developing structure in most mammals and is unlikely capable of being
involved in social buffering until rat pups are over two or three weeks old. However, in
rodents, adult-like social buffering as indicated by attenuation of the stress-induced
corticosterone release has been demonstrated in 10-12-day-old rat pups (Moriceau &
Sullivan, 2006). Specifically, maternal presence blocks the initiation of the HPA response to
a mild shock as indicated by elevated PVN neural activity (2-DG autoradiography) that is
blocked if the mother is present. PVN microdialysis, which measured neurotransmitter
release during shock showed a robust release of PVN norepinephrine (NE) in 12-day old rat
pups, with NE release previously shown to be a potent activation of the HPA axis to produce
an increase in corticosterone. However, if the mother was present, these shocked pups
showed no increase in PVN NE and no corticosterone increase. Indeed, the mother’s ability
to socially buffer pups’ stress response can be overridden by infusion of intra-PVN NE in
pups while being shocked, and the social buffering can be mimicked without the maternal
presence by blocking PVN NE receptors (Shionoya et al., 2007).
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It should be noted that the relationship between the mother and pup is reciprocal and the
pups can also influence the mother’s corticosterone level, although in the opposite direction
(Deschamps, Woodside, & Walker, 2003; Walker et al., 2004). That is, the mother has a
robust stress response with the pups and a SHRP while away from her pups. The ability of
social stimuli to control corticosterone is similar in both the mother and infant via
modulation of NE in the PVN (Toufexis & Walker, 1996). The robust stress response
mounted by the mother presumably enables the mother to protect her pups, for instance
through maternal aggression.

The Role of Early Life Experience in Social Buffering
Experience is important for social buffering. The strength of the relationship and previous
experience with the social figure greatly impacts the strength of social buffering. For
example, while the mother is generally the most potent social buffer, the role of primary
caregiver appears to be a critically important variable. For instance, in titi monkeys the
father is the infant’s preferred caregiver and the father is the potent social buffer stimulus,
not the mother (Hoffman, Mendoza, Hennessy, & Mason, 1995). Furthermore, as social
relationships change across development and the role of the caregiver diminishes, the social
buffering stimulus can expand to other familiar social figures, such as cage mates (DeVries,
DeVries, Taymans, & Carter, 1995; Hennessy, Hornschuh, Kaiser, & Sachser, 2006;
Hennessy, Young, O’Leary, & Maken, 2003; Maken & Hennessy, 2009; Mason, 1970). For
example, with respect to buffering effects of long-term cohabitation, we know that rats
living isolated during adolescence show higher adrenal responses to acute stress in
adulthood if they are female and lower reactivity if they are male (Weintraub, Singaravelu,
& Bhatnagar, 2010). Thus, there is a clear interaction between experience-dependent
changes in the HPA axis and social buffering.

The level of maternal care received by infant animals can also influence oxytocin levels,
which in turn, can greatly impact the stress response and social buffering (Bales &
Perkeybile, 2012; Carter, 2003). The mother’s level of oxytocin can also influence her
maternal care, and variations in maternal care have long been shown to influence brain and
behavioral development (Levine, 2005a). In neonatal prairie voles with reduced oxytocin
levels, social behavior, adult pair bonding and parenting are reduced (Young, 2009).
Research on nonhuman primates suggests that early life experience is important for social
buffering. Specifically, adverse rearing conditions (peer rearing) greatly attenuate the ability
of social stimuli to socially buffer, although oxytocin was not implicated as the mechanism
for this effect (Winslow, Noble, Lyons, Sterk, & Insel, 2003). Importantly, the relationship
between effects of early life experience on the development of the HPA axis and the
effectiveness of later social buffering highlighted by animal work parallels our
understanding of the dynamics of human social buffering.

Some argue that the social buffering effects of oxytocin might be due to experience.
Hennessy et al. (2009) speculate that oxytocin release during stressors may be a result of
classical conditioning, as pairings of stressors with tactile stimulation or social comforting
occur throughout life and start early in development. This hypothesis may also explain the
failure of social support to buffer stress responses in some animals deprived of maternal care
(Winslow et al., 2003). Specifically, release of oxytocin as a part of the stress response may
be a way to restore homeostasis, given its role in HPA-response dampening (Taylor, 2006).
The argument is that oxytocin may motivate social behaviors that serve this function,
particularly in women, given theoretical proposals that they might lean towards a “tend-and-
befriend” coping style (Taylor et al., 2000).
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Human Studies of Stress Buffering by Social Support across Development
There is now a vast literature documenting the social regulation of the HPA axis in humans
during early development (Gunnar & Donzella, 2002; Gunnar, 2006), but a surprising dearth
of studies examining this question in middle childhood and adolescence. Starting in infancy,
characteristics of caregiving begin to be associated with aspects of cortisol reactivity.
Maternal sensitivity and cooperation while taking a 3-month-old out of the bath influence
the infant’s post-stressor cortisol recovery but not the magnitude of cortisol response to the
drop in temperature itself, in a study using salivary samples (Albers, Riksen-Walraven,
Sweep, & de Weerth, 2008). Some animal studies suggest that cold stressors may have
independent access to the HPA axis (Walker, Scribner, Cascio, & Dallman, 1991). It is not
only primary caregivers’ behavior that can buffer infants’ stress reactivity. A 30-minute
separation from the mother elevates salivary cortisol in 9-month olds, but being with a
babysitter who is sensitive and responsive to the infant during this time dampens reactivity
compared to being with a babysitter that only responds to the infant when he/she is visibly
upset (Gunnar, Larson, Hertsgaard, Harris, & Brodersen, 1992).

It is not clear how early the social buffering effect emerges. In one study, newborns
undergoing circumcision 3–5 days after birth showed robust increases in cortisol, but while
providing them with a pacifier decreased behavioral distress in half of the babies (i.e.,
reduced crying), it did not significantly dampen the spike in serum cortisol compared to the
no-pacifier group (Gunnar et al., 1981). However, behavioral distress and cortisol responses
are not always correlated, such that it is possible for infants to experience a “buffered”
cortisol response but still exhibit distress, and vice versa, for infants to show reduced
expressions of distress but elevated levels of cortisol reactivity. Little is understood about
these dissociations between negative affect, fear, and hormonal stress responses, but further
investigations would likely yield important clues about the neurobiological pathways that
are involved in the social buffering of the HPA axis, as well as some of the pathways that
are not.

Turning from newborns to other studies of the first year of life, one longitudinal study
(Gunnar, Mangelsdorf, Larson, & Hertsgaard, 1989) found that maternal separation did not
elevate levels of salivary cortisol in 9-month-olds but did so when they were 13 months old.
Maternal presence also does not prevent salivary cortisol elevations to inoculations in 2-, 4-,
and 6-month-olds (Gunnar, Brodersen, Krueger, & Rigatuso, 1996), but by the time these
same infants are 18 months old having a secure attachment figure present moderates the link
between fearful child temperament and cortisol reactivity; children who are both fearful and
insecurely attached to the parent who is present have higher salivary cortisol levels in
response to both inoculations and the Strange Situations procedure, which involves brief
separations from and then reunions with the attachment figure (Gunnar, Brodersen,
Nachmias, Buss, & Rigatuso, 1996). The interaction between secure attachment
relationships and child temperament in predicting HPA axis responses have been replicated
by other studies as well (Nachmias, Gunnar, Mangelsdorf, Parritz, & Buss, 1996; Spangler
& Schieche, 1998). Importantly, these studies show that maternal presence dampens cortisol
reactivity to threats even when the children exhibit fear behaviorally (Nachmias et al.,
1996). Similar results are observed in naturalistic situations, with a recent study showing
that securely attached toddlers who are accompanied by their mothers during the first few
days of child care showed lower levels of salivary cortisol compared to children who are in
insecure relationships but still accompanied by the mothers (Ahnert, Gunnar, Lamb, &
Bartel, 2004). Secure attachments are considered to reflect a history of sensitive, responsive,
and consistent caregiving (Ainsworth, Bell, & Stayton, 1974), whereby the child learns that
the parent is available and will respond to his/her needs.
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Touch is another factor that can dampen cortisol reactivity in infants. For instance, 6-month-
olds whose mother provides tactile stimulation during a still-face paradigm (a distressing
event for the infant during which the mother suddenly displays a still face) have lower
cortisol reactivity and decreased salivary cortisol levels after this episode compared to
infants who are not touched during the procedure (Feldman, Singer & Zagoory, 2010).
Premature infants, who are frequently separated from their mothers for long periods of time
after birth, greatly benefit from daily massage therapy, which lowers their salivary cortisol
levels and promotes their growth (Field, 1995). Finally, tactile stimulation has a multitude of
beneficial effects for all infants, including the facilitation of calm states as indicated by
reductions in serum levels of norepinephrine and epinephrine, as well as in urinary cortisol
levels, and the regulation of sleeping patterns through increases in levels of melatonin (for a
review, see Underdown, Barlow, & Stewart-Brown, 2010).

In conclusion, there is little evidence of social buffering of adrenocortical responses early in
the first year of life, but reliable effects have been repeatedly documented by the end of this
first year. Social buffering may require a certain level of cognitive development for infants
to experience social referencing and a more solid organization of the attachment system.
This may suggest that the PFC is critical for the type of social buffering observed in human
development. It is also possible that these developmental processes –attachment and social
referencing– could facilitate different types of social buffering effects. For instance, we
know that 12-month-olds are capable of using affective cues from the mother (positive,
neutral, but especially negative) to decide whether to play with or avoid toys later in a free-
play situation (Hornik, Risenhoover, & Gunnar, 1987). This may explain some instances in
which children are not afraid of stimuli in the presence of the mother. However, for
instances such as inoculations described in the studies reviewed above, the mother’s
affective cues do not seem to make the event appear less threatening and indeed most
children still show fear despite the fact that older children no longer show cortisol responses
in the presence of the mother. Thus, most social buffering effects cannot be explained by
social referencing. Furthermore, Nachmias et al. (1996) have suggested that securely
attached infants have more coping resources, because they know they can rely on their
caregivers to protect them from threat, and we know from both the older infant and adult
human studies that availability of coping resources predicts lower adrenocortical responses.
However, it must be noted that extended separations (e.g., first few days in child care)
produce salivary cortisol elevations 60 minutes from mothers’ departure in all children
(Ahnert et al., 2004), thus the social buffering effects of attachment may be limited to briefer
separations.

Despite the richness of data on the early social regulation of the HPA axis (for reviews of
additional studies, see Gunnar & Donzella, 2002; Gunnar, 2006), there are no human
prospective longitudinal studies that objectively assess early caregiving and then HPA axis
function from infancy to adulthood, to explore the long-term impact of early caregiving on
stress reactivity. There are also no studies tracking social buffering effects from infancy to
childhood or adolescence.

However, there are some longitudinal studies of children who experience early social
deprivation in orphanages worldwide and later experience enriched social environments
through adoption. These children initially show alterations in HPA axis function and
subsequent show blunted cortisol levels in saliva suggestive of downregulation due to
chronic stress (Carlson & Earls, 1997; Gunnar, 2001) which nevertheless seem to somewhat
normalize after being adopted into benevolent families (Dozier et al., 2006; Fisher,
Stoolmiller, Gunnar, & Burraston, 2007). However, by 6–7 years after being adopted by
families, children from this population tend to exhibit elevated basal cortisol levels (Gunnar,
Morison, Chisholm, & Schuder, 2001), particularly if they were growth stunted at adoption

Hostinar et al. Page 18

Psychol Bull. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Johnson, Bruce, Tarullo, & Gunnar, 2011). Furthermore, a study of 4–5 year olds adopted
internationally after social deprivation in orphanage care revealed higher levels of urinary
cortisol after a laboratory interpersonal interaction with their mother compared to that with a
stranger, which was the opposite of the pattern observed in non-adopted children (Wismer
Fries, Shirtcliff, & Pollak, 2008). Even though this study had a small sample size (18
adopted, 21 non-adopted children), the findings are noteworthy as they show not only the
cortisol-buffering effect of the parent for non-adopted children, but also the failure of this
protective mechanism to occur in children who did not experience a normative attachment
relationship early in life.

The existence of a social buffering of the HPA axis in humans is also documented by a small
number of experimental studies in older children. One study of 7–12 year olds girls and their
mothers showed that a phone conversation with the mother after the Trier Social Stress Test
(TSST; performing a speech in front of an audience and a mental arithmetic task) is
sufficient to produce lower salivary cortisol levels post-stressor, and also results in higher
levels of urinary oxytocin (Seltzer, Ziegler & Pollak, 2010). Girls who had their mother
present showed even stronger cortisol dampening and higher oxytocin release. In another
study with 10–11-year-olds, events reported in daily diaries were associated with lower
levels of cortisol if children were with a best friend at the time of the event (Adams, Santo,
& Bukowski, 2011).

In adults, one study found that men but not women display a reduced salivary cortisol
response to the TSST when preparing a speech with their romantic partner (Kirschbaum et
al., 1995). The finding in men has been replicated and a more recent study shows an
enhanced buffering effect of social support with intranasal administration of oxytocin
(Heinrichs et al., 2003). As noted earlier, in women partner support coupled with a brief
neck and shoulder massage had the same cortisol-dampening effect (Ditzen et al., 2007).
These sex differences are inconsistent with the study of 7–12-year-old girls who show social
buffering of cortisol reactivity through telephone conversations with their mothers (Seltzer
et al., 2010). Do adult females not exhibit buffering of cortisol reactivity with mere
provision of social support, or is it simply the case that their adult male partners did not have
comparable supportive actions to those provided by mothers to girls? Studies are needed to
examine this question empirically, for instance by recruiting a best female friend to provide
the support. However, the studies by Seltzer et al. and Ditzen et al. are consistent in showing
that adding a physical comfort component seems to magnify the effect in females in both
age groups.

With respect to the psychological factors that could be moderating the effect of social
support on cortisol reactivity, one experimental study investigated adult attachment security
as a potential moderator and it failed to show any effects. This runs contrary to predictions
based on social developmental literature (see the section titled Social Support Dimensions
above), but it might be explained by the fact that adult attachment was only assessed with a
self-report measure (Ditzen et al., 2008). Observational measures of the quality of a major
adult relationship might be able to lend support to this prediction, but again a direct
empirical examination is needed. More research is also needed to examine stress buffering
effects across development, especially throughout childhood and adolescence, and to
understand these sex differences in the social modulation of the HPA axis.

Despite the evidence that the HPA-buffering effect occurs in humans, little is understood
about the neural processes that underlie this effect. Neuroimaging studies exploring these
processes have been primarily conducted with adults. These studies provide hints about the
circuitry relevant for regulating the stress response in general and they have implicated the
mPFC (Buchanan et al., 2010), hippocampus (Pruessner et al., 2008), and amygdala (Taylor

Hostinar et al. Page 19

Psychol Bull. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



et al., 2008), though other neural regions have been correlated with stress response
regulation. No studies have yet directly assessed neural activation correlated with social
support provision in the laboratory, but we review studies that may indirectly measure
related processes. In the next section, we divide the relevant literature in three parts: 1)
neuroimaging studies of the regulation of HPA responses to laboratory stressors; 2)
neuroimaging studies of general negative affect regulation tasks; and 3) neuroimaging
studies of pain and social pain regulation tasks. We include the last two categories despite
their failure to measure HPA axis responses because they provide evidence of buffering
against negative affect or pain through social support and because they involve some of the
same circuitry linked to the regulation of HPA responses. We adopt a definition of negative
affect as referring to “unpleasant feeling states that are accompanied by both behavioral and
physiological changes” (Stone & Gorin, 2000, p. 8). One such negative affect is pain.
Physical pain is defined as “the unpleasant experience that is associated with actual or
potential tissue damage” (IASP, 1994, p. 209), whereas social pain has been defined as “the
unpleasant experience that is associated with actual or potential damage to one’s sense of
social connection or social value” (Eisenberger, 2012, p. 421). In this review we focus on
pain as an affective state supported by cortical and cortical-subcortical circuits, not the
nociceptive responses triggered by noxious stimuli, as research has shown these are
dissociable components of pain (Eisenberger, 2012). Both pain and other types of negative
affect (sadness, anger, fear, etc.) have the potential to constitute stressors and to trigger the
activity of stress-mediating systems such as the HPA axis, but they do not necessarily
always do so. This depends on whether they are perceived as a “threat to the physiological
or psychological integrity of an individual” (McEwen, 2000, p. 508) and whether the
intensity of the stimulus overwhelms the individual’s capacity to cope, according to most
definitions of stress (Lazarus & Folkman, 1984). Thus these studies may be informative for
the goals of this review.

Neuroimaging Studies of the Regulation of HPA Responses to Laboratory Stressors
The number of neuroimaging studies examining the neural correlates of exposure to a
laboratory stress task has quickly burgeoned in the past decade (for a review, see Dedovic,
D’Aguiar, & Pruessner, 2009). However, only some of the studies have measured cortisol to
ascertain an HPA response (e.g., Dedovic et al., 2005; Pruessner et al., 2008; Pruessner,
Champagne, Meaney, & Dagher, 2004; Soliman et al., 2008; Wang et al., 2005, 2007).
These studies attempt to infer regulatory roles for various neural regions by correlating
changes in neural activation with changes in cortisol levels. Whether these inferences are
always correct remains to be determined, but these studies are laying the groundwork for
more complex hypotheses. The most consistent findings across these studies were the
association between the cortisol response and changes in activation in orbitofrontal cortex,
ventral right PFC, the anterior cingulate cortex, and deactivation of limbic regions,
especially the hippocampus (Pruessner et al., 2008). Interestingly, one of these studies
measured early life care using self-report and showed that participants reporting low
parental care had higher dopamine release in the ventral striatum compared to high parental
care subjects, and dopamine release was correlated with the magnitude of the salivary
cortisol response to a laboratory stressor (Pruessner et al., 2004). Some of these studies also
report sex differences in the circuitry activated or deactivated by various stressor paradigms
(e.g., Wang et al., 2007), with one study demonstrating that the pattern of sex differences
depends on female hormonal cycle, suggesting that there are powerful hormonal effects on
the neural circuitry that impinges on the HPA axis (Goldstein et al., 2010).

To our knowledge, only two studies in humans have examined the neural structures
associated with the social regulation of the HPA axis response to a stressor, and these have
only measured social support indirectly. The first relevant study was conducted by Taylor et
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al. (2008) and used fMRI to reveal greater right ventrolateral PFC activation and lower
amygdala activation during a threat regulation task for participants with high psychosocial
resources, who were also more likely to have diminished salivary cortisol reactivity to the
Trier Social Stress Test conducted outside the scanner. Psychosocial resources were defined
as a composite measure of self-esteem, optimism, and a sense of psychological control/
mastery. Interestingly, this study also showed that individuals with high psychosocial
resources were not different in their sensitivity to detect threat or their amygdala activation
to it, but only in the regulation of threat condition. Given the previously mentioned links
between self-esteem and one’s social history, this study may have measured a proxy for the
lifelong availability of social support in the form of psychosocial resources. One study with
adults has shown that early parental care predicts both hippocampal size and self-esteem
(Engert et al., 2010). However, this study measured early parental care using self-report,
making it impossible to rule out the possibility that individuals with lower self-esteem may
be biased in their report of early life experiences and more prone to experience stressful life
events, thus leading to hippocampal atrophy. Both younger and elderly adults with low self-
esteem have smaller hippocampi compared to adults with high self-esteem (Pruessner et al.,
2005), but again causality is not clear in any of these studies.

The second relevant study found that individuals having frequent interactions with
supportive others across a 10-day period showed both reduced salivary cortisol reactivity to
the Trier Social Stress Test and diminished dorsal ACC (dACC) and Brodmann’s Area 8
activation (frontal cortex) in response to a social rejection paradigm (Eisenberger et al.,
2007). The social rejection paradigm used in this study is called Cyberball and it is
frequently used in a neuroimaging environment (Williams, Cheung, & Choi, 2000; Williams
& Jarvis, 2006). It involves playing a computer game of ball tossing with two virtual (pre-
programmed) others, and suddenly being excluded from receiving the ball by the two other
presumed players. Even though the individual differences in neural activation found in this
study mediated the relationship between self-reported social support and the cortisol
response to the TSST, these measures were not collected at the same time and are
correlational in nature. Thus we ultimately cannot conclude that social support orchestrates
the HPA response by activating these regions, but this study is an important first step. While
animal studies discussed above also suggest a role for the PFC subareas, these studies were
also based on correlations.

Neuroimaging Studies of General Affect Regulation Tasks
An increasing number of studies are attempting to link specific neural regions with various
emotion regulation tasks. For instance, studies show an inverse coupling of ventromedial
PFC (vmPFC) and amygdala activation during successful regulation of negative affect
during laboratory tasks in both younger (Ochsner & Gross, 2008) and older adults (Urry et
al., 2006). Many of these tasks are very simple –for instance, participants are asked to
engage in reappraisal when exposed to an image with a negative valence. In one study,
adults reared in environments marked by harsh parenting and conflict showed elevated right
ventrolateral PFC (vlPFC) and amygdala activation in response to angry/fearful faces,
whereas participants from non-risk homes showed increased right vlPFC activity coupled
with decreased amygdala activation to these faces, a pattern associated in many studies with
regulation of negative affect (Taylor et al., 2006). These studies did not measure cortisol, but
they involve the same type of inverse coupling of prefrontal and limbic circuitry involved in
the regulation of the HPA axis described previously. Stress researchers have long
acknowledged the fact that cognitive appraisal defines the stressful nature of stimuli
(Lazarus, 1993; Lazarus & Folkman, 1984), thus it is not surprising that effortful regulation
of negative affect engages similar regions as self-regulation during social stress tasks.
Interestingly, early caregiving experiences seem to be associated with alterations in the later
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functioning of the PFC, the amygdala, and their connections. For instance, some studies of
orphanage-reared children show increased amygdala volume compared to normative
samples (Tottenham et al., 2010), reduced white matter between the amygdala and the PFC
as shown by diffusion tensor imaging (Govindan et al., 2010), as well as reduced glucose
metabolism in the infralimbic PFC and orbito-frontal gyrus as shown in a PET study
(Chugani et al., 2001).

Few studies have investigated the social regulation of affect in a neuroimaging environment.
In one study of threat regulation, adult women were subjected to the threat of electric shock
and had their hand held by their husband, a stranger or did not have their hand held by
anyone (Coan, Schaefer, & Davidson, 2006). Higher marital quality reported by the woman
was related to lower threat-related activation in the right anterior insula, superior frontal
gyrus, and hypothalamus during the husband but not the stranger hand-holding condition.
These findings suggest some of the circuitry involved in dampening responses to threat, but
unfortunately cortisol measures were not taken thus we can only infer that this is one
possible pathway that may be involved in reducing HPA axis output, particularly with the
finding regarding the hypothalamus.

Neuroimaging Studies of Pain and Social Pain Regulation Tasks
Another rapidly expanding area of research is assessment of the social buffering of pain.
These studies (particularly those of social pain or exclusion) could shed some light on the
neural circuitry activated by social support. They can also show that social buffering applies
to non-social stressors as well, for instance thermal pain. One study found that images of the
participant’s romantic partner are sufficient to dampen thermal pain experiences, concurrent
with the activation of reward and limbic circuitry including the caudate head, nucleus
accumbens, lateral orbitofrontal cortex, amygdala, and dorsolateral PFC (Younger, Aron,
Parke, Chatterjee, & Mackey, 2010). Importantly, this experimental manipulation had a
more powerful analgesic effect than a simple distraction task. While this study seemed to
emphasize the reward-like qualities of images of romantic partners, another study proposed
that attachment figures serve as safety signals. Specifically, Eisenberger et al. (2011b)
showed that women exposed to images of their long-term romantic partners reported less
pain in response to heat stimuli and exhibited lower levels of pain-related neural activation
(dACC and anterior insula) as well as increased vmPFC activation, which correlated with
relationship duration and perceived partner support. Given previous studies linking vmPFC
activation to cues which signal safety through conditioned learning and also to the extinction
of conditioned fear (Phelps, Delgado, Nearing, & LeDoux, 2004; Quirk, Garcia, &
Gonzalez-Lima, 2006; Schiller, Levy, Niv, LeDoux, & Phelps, 2008), this finding can be
interpreted as providing evidence that attachment figures serve as safety signals or stimuli
that neutrally prime subsequent responses with safety cues.

Turning to social pain experiments, individuals undergoing the Cyberball social exclusion
paradigm who received emotional support by text message showed reduced ventral ACC
activity (associated with social pain in previous experiments with adults –e.g., Eisenberger
et al., 2003) and increased left lateral and medial PFC activation that seems to be associated
with decreased negative affect (Onoda et al., 2009). Developmental differences must be
noted here, as studies using similar exclusion paradigms with adolescents involve not only
the same regions described above but also a positive relationship between ventral striatum
activation and decreased social pain (Masten et al., 2009).

Self-esteem seems to be an important factor in determining the magnitude of the social pain
response. Eisenberger et al. (2011a) showed that individuals with low self-esteem exhibit
higher dACC and anterior insula activation in response to negative feedback, and individuals
whose self-esteem changes from pre- to post-scan also show activity in mPFC, arguably
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reflecting changes in self-referential thoughts. Onoda et al. (2010) also found that low trait
self-esteem correlates with higher dACC activation during a Cyberball task. One fMRI study
found that individuals with low self-esteem show a positive linear relationship between
ventral ACC and medial PFC activation and the level of positive versus negative feedback
received from others, whereas individuals with high self-esteem did not show any
relationship between activation in these areas and feedback type (Sommerville, Kelley, &
Heatherton, 2010).

Interestingly, one of the most recent studies using this paradigm (DeWall et al., 2011)
reported that adult attachment style modulates the neural response to social rejection, such
that individuals with anxious attachment styles show increased activation in the dACC and
insula, whereas individuals with avoidant attachment show reduced activation in these
regions. Unfortunately, the Cyberball social exclusion paradigm does not elevate cortisol in
women, who have been deemed to be more vulnerable to social stressors than men in the
first place (Zöller, Maroof, Weik, & Deinzer, 2010). Thus, this paradigm cannot be used to
test the social buffering of the HPA axis, but it does highlight the importance of the ACC in
signaling social pain and its relationship to self-esteem, which has been associated with
social support measures. Given the previously mentioned links between the ACC and the
HPA axis, it will be important to find paradigms that can both activate the ACC and elevate
cortisol.

To summarize, adult neuroimaging studies implicate increased PFC activation (with specific
regions differing by task –mPFC, dlPFC, vlPFC, OFC) and decreased limbic activity
(amygdala, hippocampus) in negative affect regulation tasks (including pain, fear) that in
some cases correlated with HPA axis reactivity. Even though no study to date has used
neuroimaging to examine neural activity during the stressor and measure cortisol output to
the same stressor, these are biologically plausible pathways given what is known about HPA
axis physiology (see Fig. 2).

A Developmental Working Model of the Stress-Dampening Effects of Social
Support

Almost two decades have passed since the discovery that support from a romantic partner
before a laboratory stress task can dampen cortisol reactivity in adult males (Kirschbaum et
al., 1995) and we are still lacking an integrated psychobiological model that explains the
social buffering of stress in humans. In this review we highlight many empirical gaps that
prevent a definitive description of the mechanisms involved in this complex process and
suggest future experiments and directions to address these gaps. Additionally, we propose a
working model to guide future research in this area drawing upon the studies of human and
non-human animals described thus far. The model (Fig. 1, Table 1) postulates that early
social experiences shape the psychobiological efficacy of social support in containing HPA
axis responses, and as a consequence the tendency to seek support as a strategy for coping
with stress. We propose that two of the biological factors that underpin this efficacy are
parameters of oxytocinergic function (levels of OT release, changes in receptor expression
and binding across the brain throughout development) and neural priming by attachment
figures which involves activation of PFC areas frequently associated with successful
emotion regulation and extinction of conditioned fear in adult neuroimaging studies. The
neural wirings which facilitate biological interactions between neural systems subserving
social behavior and those implementing stress responses (e.g., synaptic contacts between
OT- and CRH-expressing neurons in the PVN, as well as the presence of OT receptors on
CRH-producing neurons in the PVN and BNST, Dabrowska et al., 2011) are likely to be
evolutionarily selected characteristics of humans and other species, given the importance of
conspecifics for survival (Carter, 1998; 2003). Thus, the fact that attachment figures can
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serve as stress buffers is likely a product of both experience-expectant and experience-
dependent neurobehavioral development. Evidence that this is an experience-expectant
process consists of the fact that attachment to caregivers and retreating to them for safety is
a nearly universal phenomenon, with human infants having strong propensities to form
attachments even when caregivers are abusive (Bowlby, 1969). However, forming an
attachment to a specific caregiver is experience-dependent and requires learning (likely
including classical conditioning, but also more complex forms of learning) about the
availability of a specific adult in times of distress, with studies showing that the quality of
infant attachment is predicted by observations of consistent and sensitive responding to the
infants’ needs and especially distress signals (Ainsworth, Bell, & Stayton, 1974).
Furthermore, neuroimaging studies show that images of significant others activate the
vmPFC (Eisenberger et al., 2011b), which has been implicated in learning safety cues and
the extinction of fear conditioning, suggesting a neural basis for the experience-dependent
process of associating specific individuals with anti-threat and anti-stress cues. As shown in
our model (Table 1), early caregiving experiences lay the foundation for later social
competence with peers and romantic partners who can become attachment figures in their
own right, which in turn promotes positive emotional outcomes and higher levels of self-
esteem and personal control. Models of abnormal rearing (peer rearing in primates, child
maltreatment or orphanage-rearing in humans) support the experience-dependent
characteristics of the social buffering of stress, given some evidence for an absent social
buffering in these instances as well as evidence of co-occurring alterations in OT levels and
in the coupling between the PFC and the amygdala (inferences 6, 9 in Table 1). A final point
is that there are likely developmental changes in the types of cues triggering the social
buffering of stress and by inference also in the neurobiology involved. During early
development, sensory cues and homeostatic regulators (e.g., feeding, warmth, tactile
stimulation) seem to play an important role in buffering the HPA axis in both human infants
and rodents. With brain development and the maturation of the PFC, the simple presence of
caregivers or peers seems to be enough in many instances for both human and nonhuman
animals. In humans, there is increased complexity with cognitive development, as social
partners can provide coping assistance, coach the cognitive reappraisal of stressors, and
support the development of self-esteem. Furthermore, experiencing the stress-relieving
effects of caregivers early on may teach the organism to seek social partners and may entrain
certain neural activation patterns that promote affiliative behaviors across development, thus
serving as positive feedback signals in the process of becoming disposed to exhibit a
buffering of stress by social stimuli. The core inferences for our model and the
corresponding evidence for each is presented below in Table 1 (selected studies from those
described in previous sections).

Conclusions and Future Directions
The working model we propose is incomplete due to gaps in empirical research highlighted
throughout this review, but we suggest several directions for future research that could help
illuminate the contingencies associated with the social buffering phenomenon.

Behavioral Assays of Social Support
Behavioral studies in humans need to expand their measurement of different dimensions of
social support in order to better understand which ones are beneficial in which context. Most
prior studies have instructed significant others to provide support, without objectively
assessing the content or nature of the social support provided in the laboratory (for a recent
exception, see Meuwly et al., 2012). Dyadic coding of affect, communication patterns, and
the nature of supportive interactions would benefit this area of research. Observational
measures of both conflict and support elicited in the laboratory need to be combined with
existing self-report measures to better understand the “active ingredients” of relational
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support as it relates to stress reactivity. We predict that encouragement, validation, cognitive
restructuring, and instrumental help all likely facilitate reduced stress reactivity, but based
on our model we also predict that once we control for the quality and history of the
relationship these effects would be reduced, as it is likely that the stress-buffering conferred
by the presence of a consistently supportive partner prevails even when their momentary
support behavior in the laboratory might not exhibit the same qualities. Conversely, we
predict that displays of supportive behavior in the laboratory will be ineffective against the
backdrop of an inconsistently supportive or conflicted relationship history. However,
studying the specific behaviors of supportive partners that are associated with both a positive
relationship history and stress buffering in the laboratory would be useful for future
interventions promoting relationship quality.

Cultural Context
There is insufficient information at this time for incorporating cultural context in our model,
despite some emerging evidence for its role in predicting the effectiveness of supportive
actions and individual differences in types of support provided or desired (see section on
Social Support Dimensions above). Measurement of these aspects needs to be more
consistently embedded in future research designs, as it is likely that culture plays a major
role in the socialization and transmission of culturally-accepted stress-coping strategies.

Other Possible Biological Mediators
There are additional neurobiological systems that could be involved in the social buffering
of stress, but their role is currently poorly understood. For instance, dopamine may play a
role in human pair bonding, given animal models showing concurrent activation of OT and
dopamine in the nucleus accumbens being associated with pair bonding in prairie voles
(Young & Wang, 2004). In humans, one study found that images of the participant’s
romantic partner activated regions considered critical for reward learning, including the
caudate head, nucleus accumbens, lateral orbitofrontal cortex, amygdala, and dorsolateral
PFC (Younger et al., 2010). However, to our knowledge no studies have investigated links
with the social regulation of HPA axis responses in humans. Furthermore, it seems that
social-affiliative behaviors share neurochemical control with other behavioral systems,
being influenced by endogenous opioids, ascending serotonin and norepinephrine systems,
as well as fear neural systems that can be observed during separation distress in older
infancy as one example (Panksepp, Nelson, & Bekkedal, 1997). There is a rich animal
literature on the role of opioids in distress associated with social isolation (Eisenberger,
2012), but it has been difficult to study parallel processes in humans.

Beyond the HPA Axis
Studies have also shown that social partners can decrease stress-responses mediated by the
autonomic nervous system, with much of the early work in this area showing significant
effects of experimentally-provided social support on heart rate, systolic blood pressure,
diastolic blood pressure, and skin conductance measures collected during a stressor
paradigm (Lepore, 1998; Thorsteinsson & James, 1999). These studies are informative for
our current review on the HPA axis, as they expose some pitfalls in this area of research. For
instance, some of these experimental studies have caused increased cardiovascular reactivity
by having the friend or stranger present during the stress task, thus potentially increasing the
social-evaluative threat to the participant. Furthermore, even though social support provided
before the stressor by a stranger or best friend can diminish cardiovascular reactivity in
women (Fontana, Diegnan, Villeneuve, & Lepore, 1999), the quality of the relationship with
the friend moderates the effect (Uno, Uchino, & Smith, 2002). Studies of the HPA axis need
to incorporate this insight and measure relationship quality in these experimental set-ups.
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Developmental Questions
Future studies would also benefit from applying a developmental framework to the study of
social support and its stress buffering effect. We need to begin to developmentally track the
quality of participants’ relationships over time, and how they impact later HPA axis
reactivity, analyzing their bidirectional connections at different time points. It is likely that
there will be significant associations between social relationships and HPA responsiveness
across development, with moderate continuity from early caregiving experiences to later
stress reactivity given relations between early and later social development (see Table 1).
There is a striking dearth of information on the social HPA-buffering effect in middle
childhood and adolescence, and no information on the developmental precursors of the
effect observed in adults. For instance, we do not understand how social experiences across
the lifespan may lead to the noted associations between positive self-esteem and lower
cortisol responses to social stressors in adults, but we expect that these associations are
mediated by a sense of personal control/predictability that should be positively correlated
with consistent parenting early in life. These studies are crucial if we are to understand how
individual differences in receptivity to the benefits of social support emerge.

Sex Differences
Despite sexually dimorphic effects in neuropeptide actions, HPA axis functioning, as well
patterns of support-seeking and coping with stress based on differential socialization of the
two genders, this area of research remains perhaps the most poorly understood of all
reviewed here. We reported several studies in humans which examined buffering effects
only in males or only in females, making it difficult to draw direct comparisons. One of the
challenges hindering this area of research is that we need sample sizes large enough to study
these processes in both males and females. The second challenge is that it has been more
convenient to exclude one of the genders than to include physiological measures of sex
steroids or to control for stage of menstrual cycle. However, we propose that a
developmental approach may help further this area. By investigating when these divergences
among the sexes emerge, we expect that we may be more prepared to understand sex
differences in the social buffering of stress. For instance, we predict that differences in
social support behavior due to socialization should already be notable in early childhood,
while some of the effects of sex steroids would become more prominent starting with
puberty.

Neuroimaging Studies
In order to better understand the neurobiology of the social buffering of the HPA axis,
neuroimaging studies in adults need to experimentally expose participants to a laboratory
stressor with social support provided by a stranger, significant other, or no social support
provided. This has yet to be done in a neuroimaging context with measurement of
glucocorticoids, even though we now have stress tasks appropriate for this environment
(e.g., the Montreal Neuroimaging Stress Test –Dedovic et al., 2005) and there is the
possibility of text messaging, vocal or physical support provided by a partner while in the
scanner. Additionally, we need better mapping of the timing of the activation of different
neural regions, as some of the studies reviewed measure activation over very short periods
(Wang et al., 2005) and may tap into anticipatory cognitive processes pre-stressor, while
others measure activation over longer timeframes (Kern et al., 2008), capturing negative-
feedback processes after the production of GCs and their binding to PFC or limbic receptors,
thus specific regions activated sometimes differ across studies. We also need to expand our
arsenal of stressor paradigms that activate the HPA axis in the scanner, in order to
investigate whether social support has a general buffering effect of both social and non-
social stressors.
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Animal models will remain essential in testing cellular and molecular mediators, as well as
more conclusive probes into underlying neural function. The largest gap in this literature
concerns the effect of early rearing on later predisposition to social buffering effects, as most
studies have focused on the effects of rearing on later stress reactivity but not on its social
regulation (for an exception, see Winslow et al., 2003).

The Role of Genetics
In humans, there is increasing evidence that genetic variations in the oxytocin receptor gene
may underlie some individual differences in human social behavior and receptivity to social
support under stress. For instance, Chen et al. (2011) have shown that an oxytocin receptor
gene (OXTR) polymorphism moderates the magnitude of the social buffering effect in adult
human males, such that only individuals with one or two G alleles on the rs53576
polymorphism of the OXTR gene showed lower salivary cortisol levels in response to a
social evaluative stressor task when receiving support, compared to individuals receiving no
support. Furthermore, parents with two copies of the G allele on the rs53576 polymorphism
of the OXTR gene or at least one copy of the long allele of the serotonin transporter gene (5-
HTT) displayed more sensitive behavior to their 2-year-olds (Bakermans-Kranenburg & van
Ijzendoorn, 2009). The exact functionality of these genes is not fully known, and more
studies are needed to link genetic variations to neural function and to receptivity to this
effect.

The studies described above are essential for developing a more complete and integrated
model of the stress buffering effect of social support that incorporates neuroendocrine,
genetic, behavioral, and social levels of analysis. Given widely recognized benefits of social
support for broader health outcomes (Cassel, 1976; Cobb, 1976; Cohen, 1988, 2004; Cohen
& Wills, 1985; Kiecolt-Glaser, Gouin & Hantsoo, 2010; Reblin & Uchino, 2008; Taylor,
2007; Thoits, 1995, 2011; Uchino, Caccioppo, & Kiecolt-Glaser, 1996) and an increasingly
rich knowledge base concerning the deleterious effects of stress on health (McEwen, 2008;
McEwen & Gianaros, 2011; Miller, Chen, & Parker, 2011), examining the regulation of the
HPA axis by social relationships across the lifespan may prove informative. With an
understanding of both behavior and the underlying biology, interventions that deploy social
support to relieve stress would be able to select the most effective behaviors and use
biomarkers to evaluate their effectiveness in relation to the goal of reducing the burden of
stress and mental or physical illness.
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Figure 1. A Developmental Working Model of Social Buffering of the HPA Axis in Humans
OT = oxytocin, vmPFC = ventro-medial prefrontal cortex, Epi = epinephrine, NE =
norepinephrine.
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Figure 2. Neurobiology of Stress
The primary sensory and association cortices relay information to the medial and orbital
prefrontal cortex. The anterior cingulate cortex (ACC), medial prefrontal cortex (mPFC) and
orbital prefrontal cortex (OFC) then transmit signals to subcortical structures involved in the
stress response. The ACC, mPFC and OFC are reciprocally interconnected with each other
and with the amygdala. Both the hippocampus and the amygdala also maintain connections
to the locus coeruleus (LC) which releases norepinephrine (NE) to brain areas involved in
alerting. The ACC, mPFC, OFC, and amygdala, as well as the hippocampus, all provide
inputs to the hypothalamus. Nuclei in the lateral hypothalamus activate highly
interconnected nuclei in the brainstem, that regulate the sympathetic (norepinephrine, NE
and epinephrine, EPI) and parasympathetic (acetylcholine, ACH) nervous system via
pathways traveling through the spinal cord to preganglionic nuclei or to target organs (e.g.
the adrenal medulla). In the paraventricular region of the hypothalamus, corticotropin
releasing hormone is produced, which travels through the hypophysial portal system to the
anterior pituitary gland, stimulates the production and release of adrenocorticotropic
hormone (ACTH). ACTH stimulates cells in the adrenal cortex to produce glucocorticoids
(GC, cortisol in humans). Adapted from Gunnar and Davis (2003, p. 117). This material is
reproduced with permission of John Wiley & Sons, Inc. (Copyright © 1999–2012).
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Table 1

Core inferences for the proposed developmental working model of social buffering.

Inference Evidence

1. Sensitive early caregiving predicts later positive self-esteem, emotion regulation, and competent
peer/romantic relationships.

a) Children who are securely attached to their parents in infancy exhibit higher emotion regulation,
positive affect, self-esteem, and self-reliance in the classroom.

○ Sroufe, Fox, and Pancake
(1983); Sroufe et al. (1984);
Sroufe, 2005

b) Securely attached infants are more likely to have competent peer relations across childhood and report
higher levels of social support in late adolescence.

○ Carlson et al. (2004);

c) Quality of caregiving received in the first years of life is related to positive, secure representations of
one’s romantic partner in young adulthood (ages 26–28).

○ Haydon et al. (2012);

2. Conversely, abnormal rearing (e.g., child maltreatment) is related to impaired social development.

a) Child maltreatment is associated with insecure attachment patterns in infancy and preschool. ○ Cicchetti & Barnett (1991);
Cicchetti et al. (2006);

b) Maltreated children exhibit lower social effectiveness, greater aggression, often eliciting higher peer
rejection.

○ Bolger et al. (1998); Rogosch et
al. (1995);

c) Adolescents with maltreatment histories show poor emotional regulation, higher rates of drug use,
depression, and self-harm.

○ Scott et al. (2003);

d) However, maltreated children who have a close friend show increasing slopes in self-esteem over
time.

○ Bolger et al. (1998);

3. Animal models and human studies show that social input can dampen HPA axis reactivity.

a) Rat pups’ corticosterone responses to mild stressors (e.g., electric shock) are blocked if the mother is
present.

○ Shionoya et al. (2007); Stanton
& Levine (1990); Suchecki et al.
(1993); Wiedenmayer et al. (2003);

b) With maturation, other conspecifics (cohabitating companions) begin to show buffering effects in
rodents.

○ Terranova et al. (1999);

c) In squirrel monkeys, the presence of familiar and unfamiliar conspecifics dampens corticosterone
responses to stressful conditions.

○ Hennessy (1984, 1986); Vogt,
Coe, & Levine (1981);

d) Behaviorally inhibited infants who are securely attached to their parents show lower cortisol reactivity
to stressors.

○ Gunnar et al. (1996); Nachmias
et al. (1996);

e) Men display a reduced salivary cortisol response to a public speaking stressor with support from their
romantic partner. Women show the same reduction with the addition of massage.

○ Ditzen et al. (2007); Kirschbaum
et al. (1995); Heinrichs et al.
(2003);

f) Individuals high in psychosocial resources (including high self- esteem) show lower HPA-axis
reactivity to stressors.

○ Taylor et al. (2008);

4. Oxytocin release is stimulated by social contact.

a) OT increases are associated with mating and pair-boding in diverse species (e.g., prairie voles). ○ Carter (1998, 2003);

b) Increases in human participants’ plasma or urinary OT have been associated with maternal/paternal
play behaviors with infants, mother-daughter communication by telephone post- stressor in older
children.

○ Gordon et al. (2010); Feldman et
al. (2010); Seltzer et al. (2010);

c) Expression of trust and generosity towards strangers is associated with increases in plasma OT in
laboratory economic games.

○ Zak et al. (2005);

d) Massage increases OT release in adult humans. ○ Morhenn et al. (2008);

5. Oxytocin has stress-reducing properties based on animal models and human studies.

a) Central administration of OT inhibits the HPA axis response in prairie voles and rats. ○ DeVries et al. (1997); Neumann
et al. (2000); Windle et al. (1997);

b) Treating socially isolated hamsters with OT eliminates stress- induced increases in glucocorticoids
(post-injury) and facilitates wound healing.

○ Detillion et al. (2004);
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Inference Evidence

c) Intranasal administration of oxytocin paired with the provision of social support dampens HPA axis
responses in human males.

○ Heinrichs et al. (2003);

d) Lactating women who breastfed before a laboratory stress task showed blunted ACTH, plasma total
cortisol, and salivary free cortisol in response to the task.

○ Heinrichs et al. (2001);

6. Early social experience is associated with profiles of later OT release and OT, AVP receptor
expression and binding.

a) Communal rearing in female mice results in higher OT receptor binding in the dorsal and ventral
lateral septum, BNST, agranular insular cortex, and endopiriform cortex, while AVP V1a binding is
reduced in the dorsal lateral septum.

○ Curley et al. (2009);

b) High maternal licking/grooming behavior in rodents is associated with increased OT receptor binding
in the medial preoptic areas, BNST, lateral septum, PVN, and CEA for females, and increased AVP V1a
binding in the CEA in male offspring.

○ Champagne & Meaney (2007);
Francis et al. (2000, 2002);

c) Adult women who have experienced childhood maltreatment exhibit lower levels of OT in
cerebrospinal fluid.

○ Heim et al. (2009);

7. Some instances of abnormal rearing in primates and humans are associated with an absent social
buffering of the HPA axis.

a) Peer-reared monkeys did not show reductions in cortisol responses to a novel cage in the presence of a
social companion.

○ Winslow et al. (2003);

b) Children reared in orphanages did not show the same increases in levels of urinary OT and decreases
in cortisol that non-adopted children showed after an interaction with their mothers.

○ Wismer Fries et al. (2005);

8. Prefrontal cortex activation is implicated in stress-buffering studies in animals and in human adult
neuroimaging studies of negative affect regulation.

a) Juvenile rhesus monkeys that are socially buffered by their mother while being exposed to a novel
environment show increased activity in the PFC.

○ Rilling et al. (2001);

b) Participants high in psychosocial resources show greater right ventrolateral PFC activation and lower
amygdala activation during a threat regulation task and diminished salivary cortisol reactivity to the Trier
Social Stress Test.

○ Taylor et al. (2008);

c) Individuals reporting frequent interactions with supportive others (across 10 days) show both reduced
salivary cortisol reactivity to the TSST and diminished dACC and Brodmann’s Area 8 activation (frontal
cortex) in response to social rejection.

○ Eisenberger et al. (2007);

d) Women presented with images of their long-term romantic partner show decreased pain-related neural
activation (dACC, anterior insula) and increased vmPFC activation, which correlates with relationship
duration and perceived partner support.

○ Eisenberger et al. (2011b);

9. Early caregiving experiences may shape connections between PFC and limbic areas that have
excitatory inputs to the HPA axis (e.g., amygdala).

a) Previously institutionalized children show reduced white matter between the PFC and amygdala,
enlarged amygdalas, and reduced glucose metabolism in the orbito-frontal gyrus and infralimbic PFC.

○ Chugani et al. (2001); Govindan
et al. (2010); Tottenham et al.
(2010);

b) Adults who have grown up with harsh parenting and conflict show both elevated right vlPFC and
increased amygdala activation in response to angry/fearful faces, whereas participants from non- risk
homes showed increased right vlPFC activity coupled with decreased amygdala activation to these faces.

○ Taylor et al. (2006);

c) Animal models show that chronic stress induces dendritic atrophy and decreased GR expression in the
medial PFC and the hippocampus (which typically have inhibitory input on the HPA axis), as well as
increased dendritic branching in the basolateral amygdala and enhanced CRH expression in the central
amygdala.

○ Ulrich-Lai & Herman (2009);

Psychol Bull. Author manuscript; available in PMC 2015 January 01.


