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Abstract

Social buffering, which is the attenuation of stress hormone release by a social partner, occurs in
many species throughout the lifespan. Social buffering of the infant by the caregiver is particularly
robust, and animal models using infant rodents are uncovering the mechanisms and neural
circuitry supporting social buffering. At birth, the hypothalamic-pituitary-adrenal (HPA) stress
system is functional but is suppressed via extended social buffering by the mother: the profound
social buffering effects of the mother can last for one to two hours when pups are removed from
the mother. At 10 days of age, pups begin to mount a stress response immediately when separated
from the mother. The stimuli from the mother supporting social buffering are broad, for tactile
stimulation, milk, and an anesthetized mother (no maternal behavior) all sufficiently support social
buffering. The mother appears to produce social buffering by blocking norepinephrine (NE)
release into the hypothalamic paraventricular nucleus (PVN), which blocks HPA activation. Since
the infant amygdala relies on the presence of corticosterone (CORT), this suggests that social
buffering of pups by the mother attenuates the neurobehavioral stress response in infancy and
prevents pups from learning about threat within mother-infant interactions.
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Social buffering refers to a phenomenon where a social partner can attenuate the release of
stress hormones in response to a threatening or challenging situation. Social buffering occurs
throughout the lifespan of social species, including in human, nonhuman primates, and
rodents, and there are profound positive effects of social buffering on health and well-being
(Ditzen & Heinrichs, 2014; Gee et al., 2014; Hennessy, Kaiser, & Sachser, 2009; Hostinar,
Sullivan, & Gunnar, 2014; Uchino, Cacioppo, & Kiecolt-Glaser, 1996). The effective
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socially buffering partner changes with development. For example, in early life the caregiver
is an effective partner for socially buffering the infant, while a friend or a rodent’s cage mate
is a more appropriate source of social buffering in later life (Hostinar & Gunnar, 2013;

Sandi & Haller, 2015). Using a rodent model, our goal is to describe the supporting neural
mechanisms of social buffering and the profound effect of social buffering on behavior and
learning during early life.

Characteristics of social buffering are remarkably similar across species and development
(Gee et al., 2014; Kikusui, Winslow, & Mori, 2006). The HPA axis is functional at birth but
goes through maturational changes over early life before acquiring a stable circadian rhythm
and reliable response to stressful events (Klein & Romeo, 2013; Levine, 2001). In altricial
species, such as the infant rat, prolonged separation of the infant from the caregiver appears
stressful since the infant mounts a stress response, which is decreased by reuniting the infant
with the caregiver or stimuli associated with the caregiver (Gunnar & Donzella, 2002;
Levine, 2005; Sanchez, 2006). Stress hormones are also activated by traumatic events, and
maternal presence (social buffering) attenuates this CORT release, although the infant still
responds behaviorally to the pain or trauma producing the stress (Nachmias, Gunnar,
Mangelsdorf, Parritz, & Buss, 1996).

Social buffering is complex and the degree of social buffering that occurs from one
individual to another is influenced by the type of social relationship, previous experience
with that individual, gender, and the developmental period (Hennessy et al., 2009). Learning
and experience play a critical role in determining the socially buffering partner, with recent
evidence suggesting that social buffering functions through a learned safety signal
(Christianson et al., 2012; Moriceau, Roth, & Sullivan, 2010). The effectiveness of the
caregiver to socially buffer its offspring decreases with maturation, and individuals from
other relationships acquire the ability to socially buffer (Hostinar & Gunnar, 2013; Sandi &
Haller, 2015). Finally, the quality of care received from the caregiver determines the
effectiveness of social buffering (Nachmias et al., 1996; Sanchez, 2006). Together, this
suggests that multiple social buffering circuits exist. However, identifying circuits that
causally support social buffering, but are distinct from circuits supporting social behavior,
stress, and learning is challenging, particularly due to the dramatic changes that all of these
circuits make throughout development.

The Ontogeny of Rodent Social Buffering

Social buffering of the stress response is dependent on the infant’s ability to mount a stress
response to a stressful situation. In the infant rat, and other altricial species, the HPA axis is
functional, but not completely mature (Levine, 2001). While pups mount a stress response at
birth, within a day, most stressors fail to elicit an increase in CORT (i.e. cold, endotoxin)
and pups enter a developmental phase termed the Stress Hyporesponsive Period (SHRP)
(Walker, Scribner, Cascio, & Dallman, 1991). This post birth suppression of the HPA axis
appears to be controlled by strong, extended social buffering by social stimuli and behavior
from the mother (Levine, 2000). Insights into the role of the mother as a powerful regulator
of CORT came from maternal deprivation/separation research, which used a procedure
where pups are removed from their mother for many hours, resulting in an increase in the
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pups’ blood CORT levels, as well as an increase of CRF mRNA expression in the
hypothalamic PVN of the HPA axis (Plotsky et al., 2005). Also, the concept of the mother as
a “hidden regulator” of infant neurobehavioral responses emerged when it was discovered
that stimulation from the mother maintains pups’ physiological systems at homeostasis, with
the intensity and patterning of different stimuli controlling different physiological systems
(Hofer, 1973). For instance, the mother’s tactile stimulation of the pups maintains their
levels of growth hormone, whereas, maternal odor maintains behavioral activity and arousal
at optimal levels (Hofer, 1984; Kuhn, Butler, & Schanberg, 1978). Indeed, when the mother
is removed and replaced by artificial stimulation of pups’ sensory systems, social buffering
is reinstated. Specifically, mimicking maternal care (licking) with just tactile stimulation in
the form of stroking, intubating pups to fill their stomach with milk, or presenting an
anesthetized mother can reinstate low CORT levels in pups (van Oers, de Kloet, Whelan, &
Levine, 1998). These results enabled the reconceptualization of the maternal separation
paradigm as the removal of the maternal care that controls infant homeostasis. Furthermore,
the discovery of the mother’s role in maintaining infant homeostasis clearly indicates the
power of maternal control over infant CORT (i.e. social buffering) and reveals that social
buffering is mediated through myriad sensory systems in pups.

The social buffering system seems to change around postnatal day (PN) 10, when pups
begin to mount a stress response immediately following removal from the mother. That is,
the mother’s ability to socially buffer her pups no longer extends into the period of pup
separation from the mother. Specifically, when removed from the mother and immediately
given a 0.5mA shock or exposure to a predator odor, an 8 day old pup does not mount a
CORT increase, but an 11 day old pup does (Moriceau, Wilson, Levine, & Sullivan, 2006;
Shionoya, Moriceau, Bradstock, & Sullivan, 2007; Stanton & Levine, 1990; Wiedenmayer,
Magarinos, McEwen, & Barr, 2003). However, social buffering is reinstated in these older
pups if the mother is present during the shock (Moriceau & Sullivan, 2006). The mother’s
ability to socially buffer pups continues through weaning. As her ability to socially buffer
begins to diminish with pup maturation, peers become potent sources of social buffering
(Hennessy et al., 2009; Terranova, Cirulli, & Laviola, 1999). For example, the presence of
familiar and unfamiliar conspecifics attenuates the CORT response to stressful conditions in
developing squirrel monkeys (Hennessy, 1984, 1986; Vogt, Coe, & Levine, 1981). Social
buffering by peers and cage-mates continues into adulthood (Kiyokawa, Kikusui, Takeuchi,
& Mori, 2004).

Maternal social buffering and blockade of pup fear expression and learning

Social buffering of pups by the mother has profound effects on pup behavior, which is
illustrated by the maternal control of infant amygdala-dependent threat (fear) learning. We
have known for decades that infant rats show a sensitive period of attenuated aversion/threat
learning (Camp & Rudy, 1988; Haroutunian & Campbell, 1979; Roth & Sullivan, 2005).
Specifically, pairing an odor with either 0.5mA shocks or tail pinches causes a learned odor
preference, rather than the aversion or threat (fear) learning that occurs in older pups and
adults. The infant rat’s pain system is functional and hind paw threshold to shock does not
appear to change during this period of development, thus odor preference learning is not due
to differences in infant pain detection (Barr, 1995; Fitzgerald, 2005). We have shown that
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the functional emergence of the amygdala (basolateral complex) at PN 10 supports the onset
of threat (fear) learning, which suggests that this learning requires a mature amygdala
(Sullivan, Landers, Yeaman, & Wilson, 2000). Indeed, this threat (fear) learning is
dependent upon the amygdala in both pups and adults (Fanselow & Gale, 2003; Johansen,
Cain, Ostroff, & LeDoux, 2011; Maren, 2003; Moriceau et al., 2010).

However, with continued assessment of the development of amygdala-dependent learning,
an understanding of the critical importance of CORT in this learning emerged. We have
induced amygdala-dependent threat (fear) conditioning in pups as young as PN6 (still in the
SHRP, when shock does not increase CORT) by artificially increasing amygdala or systemic
CORT. Conversely, blocking systemic or amygdala CORT in older pups (between PN10-
PN15) blocks threat (fear) learning (Moriceau & Sullivan, 2004, 2006; Moriceau et al.,
2006; Roth & Sullivan, 2005; Shionoya et al., 2007; Shionoya et al., 2006; Wiedenmayer &
Barr, 2001). Next, we took insight from the social buffering literature to produce naturalistic
modifications of CORT via the mother during threat (fear) learning. Social buffering of pups
via maternal presence during odor-shock conditioning blocks amygdala-dependent threat
(fear) learning (Moriceau & Sullivan, 2006). While CORT can modify learning in adults, it
modifies the strength of learning and is not required for amygdala plasticity (Corodimas,
LeDoux, Gold, & Schulkin, 1994; Hui et al., 2004; Thompson, Erickson, Schulkin, &
Rosen, 2004).

Presumably, the mother’s ability to block CORT, and thus block amygdala-dependent threat
(fear) learning in early infancy, is to ensure pup attachment to the mother despite the quality
of caregiving. In early infancy, the pup is solely dependent on the mother for survival, and
must attach to her, even if she is abusive or neglectful. Even typical maternal behaviors
sometimes involve brief painful stimuli, such as trampling or rough handling that may occur
as the mom leaves and enters the nest (Hofer & Sullivan, 2001). Thus, social buffering may
have evolved to prevent pups from avoiding or inhibiting responses toward the mother,
despite the occurrence of pain. Furthermore, social buffering by the mother imparts an
important context- dependency of threat (fear) learning. Following the emergence of threat
(fear) learning at PN 10, pups only learn threat (fear) outside of the presence of the mother,
thus the mother extends the sensitive period for attachment learning up until PN 15 (Upton
& Sullivan, 2010). Overall, social buffering via the mother provides a mechanism that
allows a pup to learn a preference for and attach to even the lowest quality caregiver (Perry
& Sullivan, 2014). However, there are unfortunate consequences of poor caregiving on the
pup’s development, including on the pup’s ability to be socially buffered by their mother
(Raineki, Lucion, & Weinberg, 2014).

Early life adversity compromises maternal social buffering of pups

Infant rearing in adverse conditions compromises development of the HPA axis and
increases CORT levels during early life, but also produces ubiquitous deleterious effects on
neural development (Sanchez, 2006; Struber, Struber, & Roth, 2014). In humans and
nonhuman primates, the quality of parental care is important for the effectiveness of social
buffering, which indicates the strong role of learning in social buffering. For example, the
primary caregiver is the most potent source of social buffering, regardless of biological
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relatedness of the father, mother, or sibling (Hennessy et al., 2009; Winslow, Noble, Lyons,
Sterk, & Insel, 2003). Importantly, there is increasing evidence that adverse rearing
conditions attenuate a caregiver’s ability to socially buffer their young, as well as other
important social partners in humans (Nachmias et al., 1996; Wismer Fries, Ziegler, Kurian,
Jacoris, & Pollak, 2005). Experiencing high CORT and low social buffering from the
caregiver as a result of early life adversity particularly impacts development of the
amygdala, as has been demonstrated via animal models of attachment and threat (fear)
learning (Perry & Sullivan, 2014; Rincon-Cortes & Sullivan, 2014). Specifically, early life
adversity produces a precocious end to the SHRP as indicated by shock-induced CORT
release and early emergence of amygdala-dependent threat (fear) learning (Moriceau,
Shionaoya, Jakubs, & Sullivan, 2009). Early life adversity also attenuates the ability of pups
to be socially buffered by the mother (Raineki et al., 2014). An exploration of mechanisms
suggests that early life adversity increases CORT and amygdala activity, but also produces
increased corticotropin-releasing factor (CRF) release from the amygdala to the locus
coeruleus (LC), which disrupts attachment learning to the mother (Moriceau et al., 2009).

Early life adversity also appears to produce precocious functional emergence of the
prefrontal cortex (PFC), producing an early onset of adult-like fear retention and extinction
(Cowan, Callaghan, & Richardson, 2013). While this may improve the individual’s ability to
detect threat, the early onset of adult-like threat (fear) systems can lead to maladaptive
behavior when threat is not immediate. For example, the persistent activation of threat (fear)
systems, which can occur following early life adversity, can result in a maladaptive chronic
state of fear. Such activation leads to hypervigilance and a focus on threat-associated cues,
as well as increased anxiety and impulsivity. While this is often adaptive in the face of a
threat, this state becomes maladaptive when the threat has passed (Perry & Pollard, 1998;
Teicher et al., 2003). Furthermore, the overactivation of stress responses that occurs in this
chronic state of fear leads to increased obesity, type Il diabetes, hypertension, a multitude of
psychiatric problems, and accelerated aging of brain structures (McEwen, 2003). Overall,
early life adversity produces enduring changes in brain areas that regulate stress, cognition
and emotion, with the alteration of these areas likely underlying the emergence of
psychiatric disorders and other health complications (McEwen, 2003). Together, these
results suggest that early life adversity produces early emergence of brain areas supporting
threat (fear) learning, and diminishes the caregiver’s effectiveness at socially buffering pups,
which together produces aberrant attachment and social behavior that will further
compromise development.

The Hypothalamic-Pituitary-Adrenal Axis and Social Buffering in Pups

Defining the neural basis of social buffering relies heavily on the well-defined neural control
of the HPA axis (Figure 1). As documented in the stress literature on rodents, and verified in
humans and nonhuman primates, the HPA axis is typically initiated and attenuated at the
level of the hypothalamus, via neurons in the medial parvocellular region of the
paraventricular nuclei of the hypothalamus (PVN). When activated, the PVN secretes
corticotrophin-releasing factor (CRF) and vasopressin (AVP), both of which travel to the
anterior pituitary to independently and synergistically stimulate adrenocorticotropic
hormone (ACTH) secretion into the blood stream. ACTH then activates the adrenal cortex
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of the adrenal gland for release of CORT into the blood stream. As we consider where along
the HPA axis social stimuli might block this CORT release, we first consider direct PVN
afferents, and then indirect PVN afferents (Rincon-Cortes & Sullivan, 2014; Sandi & Haller,
2015; Smith & Vale, 2006; Ziegler & Herman, 2002).

Understanding the site of social buffering is complex because different stressors activate the
HPA system differently, and different types of social buffering likely interact with the HPA
system either directly at the level of the PVN or indirectly through one of the many PVN
afferents. However, overall, the HPA system uses the parvocellular PVN CRF/AVP neurons
as major integrators of this diverse excitatory and inhibitory input for the neuroendocrine
control of the HPA axis (Sandi & Haller, 2015; Smith & Vale, 2006; Ziegler & Herman,
2002). Also to consider, CORT is a major subclass of steroid hormones and has very broad,
complex roles in regulating metabolism, cardiovascular function, and immune system
regulation and behavior, including social buffering. Together this provides an
overwhelmingly complex system in which to attempt to identify mechanisms controlling
social buffering (Beijers, Buitelaar, & de Weerth, 2014).

Innervation of the PVN hypophysiotropic neurons is diverse and derived from myriad brain
regions, although the major afferent inputs are more limited (Smith & Vale, 2006; Ziegler &
Herman, 2002). Cell groups include: 1) the brainstem, including the nucleus of the solitary
tract (NTS-A2) and ventral medulla (C1), which relay visceral and stress information (via
NE, epinephrine (E), and glucagon-like peptide 1(GLP-1)), 2) extra-PVN hypothalamic
nuclei, which relay information from the endocrine system (via GABA), and 3) the lamina
terminalis, which relays blood osmotic information (via glutamate (Glu) and angiotensin
(Ang)). A host of other more minor inputs have been implicated in the activation of the HPA
axis, which involves serotonin (5-HT), acetylcholine (Ach), and myriad neurohormones,
directly altering HPA function (Makino, Hashimoto, & Gold, 2002; Ziegler & Herman,
2002). However, minor inputs can sometimes have profound effects on brain function.
Lastly, hypothalamic-basal forebrain pathways can serve as local modulation of
neuroendocrine messengers to interface and integrate information from higher brain areas.

Neurobiology of Social Buffering in Pups

Social buffering attenuates stress-induced activation of the brain. For example, being placed
in a context associated with shock produces an increase in PVN c-Fos activity, but this is
attenuated if the rat is accompanied by a conspecific partner (Kiyokawa et al., 2004). In
pups, the enhancement of c-Fos and CRF-R2 expression in the ventromedial hypothalamus
caused by maternal deprivation can be returned to control levels if maternal stimulation is
mimicked (such as stroking the pup’s entire body with a brush) (Eghbal-Ahmadi, Avishai-
Eliner, Hatalski, & Baram, 1999; van Qers et al., 1998).

It should be noted that when assessing the neurobiology of social buffering, the level of
assessment utilized can produce varying interpretations of the mechanisms by which social
buffering works (Figure 1). Some measures suggest that social buffering works simply via
the attenuation of the response to stress, while other measures suggest that social buffering
produces unique brain activation. For example, while shock produces an increase in PVN
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neural activity, maternal presence (anesthetized) during the shocks (social buffering)
completely eliminates this response in the medial PVN (Maken, Weinberg, Cool, &
Hennessy, 2010; Shionoya et al., 2007). However, microarray analyses of amygdala activity
during shock with and without maternal presence shows unique neural responses, suggesting
social buffering is working not simply via the elimination of stress responses, but likely by
producing a unique neural signature (Barr et al., 2009).

Social buffering of the Stress Response via Modulation of Direct PVN

Afferents

The paraventricular nucleus (PVN, PVA, or PVH) is a hypothalamic nucleus that serves as a
major integrator of the brain’s stress system. Its activation is complex and extensive reviews
of this topic already exist (Herman, Tasker, Ziegler, & Cullinan, 2002; Makino et al., 2002;
Ziegler & Herman, 2002). Here we review only the major afferents to the PVN and their
potential roles in mediating social buffering (Figure 1). Within the rodent animal literature,
the search for the social buffering neural circuitry has primarily focused on the role of NE
within the PVN. The rationale for this approach is based on the fact that NE has a major role
in initiating HPA axis activation in the PVN (Plotsky, Cunningham, & Widmaier, 1989).
Indeed, microinfusions of NE into the PVVN activate CORT release (Leibowitz, Diaz, &
Tempel, 1989; Pacak, Palkovits, Kopin, & Goldstein, 1995). Via direct afferent projections
to the PVN, various stressful stimuli robustly increase NE release in the PVN, including
shock used during threat (fear) conditioning (Otagiri, Wakabayashi, & Shibasaki, 2000;
Pacak et al., 1992). Microdialysis of the PVN has verified stress-induced NE increase and
microinfusions of NE receptor agonists into the PVN can activate the HPA axis, while
infusions of NE receptor antagonists greatly attenuate this HPA activation in adults (Pacak,
MccCarty, Palkovits, Kopin, & Goldstein, 1995; Pacak, Palkovits et al., 1995; Plotsky, Otto,
& Sutton, 1987; Shionoya et al., 2007; Szafarczyk, Malaval, Laurent, Gibaud, &
Assenmacher, 1987).

The PVN’s major noradrenergic input come from direct projections from Al and A2
noradrenergic cell groups, and additional minor direct input comes from the locus coeruleus
(LC, also known as A6 noradrenergic cell group) (McKellar & Loewy, 1981; Pacak et al.,
1992; Plotsky et al., 1989; Szafarczyk et al., 1987). Stress-dependent modulation of NE in
the PVN is thought to primarily occur via modulation of Al and A2 afferents, with possible
contribution from the LC. However, while the LC is critically involved in arousal and stress,
it appears to have a secondary role in HPA activation. LC lesions reduce stress-induced
CORT secretion following restraint, but the connection of the LC to the PVN is primarily
indirect via the nucleus tractus solitarius (NTS) of the brainstem (Cunningham &
Sawchenko, 1988; Ziegler, Cass, & Herman, 1999). Interestingly, there appears to be direct
input of pain information to the PN that travels via noradrenergic neurons of the ventral
medulla (C2), A2, and LC (Palkovits, Baffi, & Pacak, 1999). Overall, NE release within the
PVN in response to stress is robust and represents one of the most significant PVN inputs,
suggesting that the suppression of NE in the PVN is likely a neural mechanism underlying
social buffering.
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We assessed the role of PVN NE in the infant stress response to shock and social buffering
by the mother. Using a threat (fear) conditioning paradigm, pups received odor-0.5mA
shock pairings, either without the mother present where pups learn amygdala-dependent
fear, or with the mother present which prevents CORT increase, blocks threat (fear)
learning, and activates attachment learning (Moriceau & Sullivan, 2006; Shionoya et al.,
2007). We explored whether maternal modulation of CORT altered PVN activity
(autoradiography) and noradrenergic activity in the PVN (microdialysis), and finally asked
if we could override maternal social buffering of pups and reinstate threat (fear) learning via
microinfusions of NE al receptor agonists and antagonists into the PVVN. As expected,
following odor-0.5mA shock conditioning without maternal presence, pups learned an odor
aversion and mounted a stress response, whereas maternal presence during odor-0.5mA
shock conditioning permitted the odor preference learning and a blunted stress response.
Furthermore, pups receiving shock without the maternal presence had significantly enhanced
parvocellular PVN activity, while pups shocked in the presence of their mother looked
similar to non-shocked control pups. This PVVN activity was mirrored by PVN NE levels
measured by microdialysis, with shock increasing PVN NE and maternal presence blocking
NE release to a level similar to non-shocked controls. Finally, intra-PVN infusion of NE al
antagonists blocked the aversion learning in absence of maternal presence, while infusion of
NE al agonists prevented the effects of maternal presence and permitted pups to learn the
odor threat conditioning (Shionoya et al., 2007).

A complementary social buffering system exists in the mother rat. The mother rat was long
viewed as having a blunted stress response. However, in a set of experiments assessing the
mother’s stress response with and without pups, it was noted that the presence of pups
activates the mother’s stress response (Deschamps, Woodside, & Walker, 2003; Walker et
al., 2004). That is, the mother has an SHRP in the absence of her pups and a robust stress
response when in the presence of her pups. However, the mechanism for social buffering is
the same in mother and infant, which is via modulation of NE in the PVN (Toufexis &
Walker, 1996). The mother’s robust stress response in the presence of her pups presumably
enables her to protect her pups, and underlies the maternal aggression phenomenon.

Social buffering of the Stress Response via Indirect PVN Afferents

Indirect afferent inputs to the PVN are extremely wide spread. Indirect inputs first receive
information from sensory systems, which is typically then relayed and processed within
other brain areas, such as the hippocampus, amygdala, and PFC. The indirect activation of
the PVN is complex and extensive reviews of this topic already exist (Ferguson, Latchford,
& Samson, 2008; Herman et al., 2003; Swanson & Sawchenko, 1980). Here we review only
the major indirect afferents and their potential roles in mediating social buffering.

Sensory pathways are critical for the processing of sensory cues that mediate social
buffering. Olfactory cues have been highlighted as particularly important in allowing social
buffering in rodents, while humans and nonhuman primates appear to also rely on additional
sensory systems (Kiyokawa, Wakabayashi, Takeuchi, & Mori, 2012; Parma, Bulgheroni,
Tirindelli, & Castiello, 2014; Takahashi et al., 2013). Various brain areas known to
indirectly modulate the HPA axis are also critical in permitting social buffering effects and
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have been clearly documented as vital for information processing and integration (Figure 1).
Such areas include the amygdala, bed nucleus of the stria terminalis (BNST), PFC, and
hippocampus, among others. For example, social buffering by a cage mate increases c-Fos
expression in numerous brain areas, most of which have indirect connections with the PVN,
including the PFC, the nucleus accumbens (NA), BNST, and medial, lateral, basal, cortical
and central nuclei of the amygdala. These results suggest that indirect afferents to the PVN
are part of the circuitry involved in inducing social buffering from a cage mate.

The amygdala in particular is important in modulating neuroendocrine functions, especially
in response to threat, with each of the nuclei (medial, lateral, basolateral, central) performing
specific functions (Fanselow & LeDoux, 1999; Ulrich-Lai & Herman, 2009). Thus, the
amygdala is likely part of the circuitry underlying social buffering. Indeed, stressors activate
the amygdala, and social buffering decreases amygdala activity related to threat and threat
(fear) conditioning throughout the lifespan (Kiyokawa et al., 2012; Moriceau & Sullivan,
2006). The amygdala also has indirect connections to the PVN, with the central amygdala
and basolateral complex projecting to the PVN via the NTS, BNST, and PFC (Schwaber,
Kapp, Higgins, & Rapp, 1982). Furthermore, direct connections from the olfactory bulb to
the amygdala are well documented, which could be important for allowing social buffering
via olfactory cues (Prewitt & Herman, 1998; Schwaber et al., 1982). Social buffering by a
familiar peer also reduces anxiety, and is dependent upon inhibitory interneurons within the
basolateral complex of the amygdala, which are believed to be activated by the medial PFC
(Truitt et al., 2007). Interestingly, different stressors appear to activate the PVN via
divergent pathways. For example, physical stressors such as shock, increase NE within the
PVN for HPA activation, while psychological stress may activate the PVN through the
amygdala and potentially the BNST (Cunningham & Sawchenko, 1988; Herman, Cullinan,
Ziegler, & Tasker, 2002; Prewitt & Herman, 1998; Roozendaal, Koolhaas, & Bohus, 1991).
It should also be noted that although these findings implicate that the amygdala is involved
in the neural circuits mediating social buffering, it is still unclear whether the amygdala
plays a role in initiating social buffering, or shows altered neural activity simply as a result
of low CORT levels induced by social buffering.

Work from the Hennessy lab, using guinea pigs, has provided one of the more
comprehensive neural assessments of stress and social buffering (Hennessy et al., 2009;
Hennessy et al., 2015). Specifically, separating guinea pig pups from their mother produces
a stress response and a pharmacological inflammatory response, both of which can be
buffered by maternal presence. A path from the medial amygdala through the BNST to PVN
has been identified in driving HPA activation (Maken et al., 2010). However, reunion of the
mother and pups following separation decreases neural activity of the PVN in pups, but does
not reduce activity within the amygdala and BNST, suggesting suppression of the HPA axis
during social buffering could be occurring via inhibition from another brain area (Maken et
al., 2010). The Hennessy lab suggests that an inhibitory pathway from the prelimbic PFC
may play a role in the initiation of social buffering via suppression of the HPA axis. Indeed,
stimulation of the prelimbic PFC has been shown to inhibit the HPA stress response to
forced restraint (Jones, Myers, & Herman, 2011). A recent study found activation of the
prelimbic PFC to be associated with social buffering from an adult male, but not with
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maternal buffering, suggesting that prelimbic PFC may play a role in only certain types of
social buffering (Hennessy et al., 2015).

In general, the PFC appears to be crucially involved in the modulation of the stress response
and its attenuation by social buffering. The ventromedial PFC (vmPFC) has extensive
connections with the amygdala and HPA axis, with dorsal regions inhibiting the HPA axis,
and ventral regions exciting the HPA axis (Sullivan & Gratton, 1999). The anterior cingulate
cortex (ACC) of the PFC is activated in response to social pain and rejection in adult
humans (Eisenberger, Lieberman, & Williams, 2003). Furthermore, viewing pictures of
one’s partner during a painful stimulation reduced pain-related activation of the ACC, and
activated the vmPFC which is a neural region associated with safety signaling (Eisenberger
etal., 2011). Similarly, maternal presence activates the PFC in children, and rodent studies
in adults suggest there may be a causal link between PFC activation and social buffering
(Gee et al., 2014). Specifically, lesioning prelimbic or anterior cingulate subareas of the PFC
blocked social buffering effects of an adult partner (Herman, Ostrander, Mueller, &
Figueiredo, 2005). While it is still unclear how the PFC is processing social information, the
PFC has strong connections with the amygdala and BNST, which then connected to the
PVN, possibly through the NTS (Figueiredo, Bodie, Tauchi, Dolgas, & Herman, 2003;
Hennessy et al., 2009; Stefanacci & Amaral, 2002; Vertes, 2004).

An additional brain region that may be involved in social buffering is the NTS of the brain
stem. The NTS appears to be a major relay station for the integration of stress and threat
information, with afferents originating in the BNST and PFC (van der Kooy, Koda,
McGinty, Gerfen, & Bloom, 1984; Zardetto-Smith, Moga, Magnuson, & Gray, 1988). The
BNST afferents to PVN via the NTS are complex, with the anteroventral regions of the
BNST controlling HPA excitation and the posterior regions controlling HPA inhibition
(Choi et al., 2007). Lastly, 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).

Putative biological mediators of social buffering also include hormones and
neurotransmitters, such as oxytocin, dopamine, serotonin, and opioids, which has been
largely reviewed (Hostinar et al., 2014). However, the review of these biological mediators
span beyond the scope of this review.

Conclusion

Social buffering is a powerful, beneficial phenomenon that occurs throughout the lifespan in
many species. Social buffering via a caregiver in early life is particularly robust, and impacts
subsequent infant development. The quality of parental care determines the effectiveness of
social buffering. Within a secure attachment, caregivers impart strong protection from the
neurobiological consequences of stress to their infants, and in doing so prevent infant threat
(fear) learning within the context of caregiver-infant interactions. Thus, through social
buffering, high-quality parental care reduces infant distress, buffers their stress physiology,
and regulates their learning about the environment.
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Unfortunately, low-quality parental care is associated with poor social buffering of
offspring, which causes early functional emergence of brain regions that allow threat (fear)
learning. Therefore, removing powerful stress buffering, as occurs in the face of early life
adversity, has profound consequences on the infant’s social, emotional, cognitive
development.

Given the importance of social buffering on development, and the widely recognized
benefits of social buffering on health and well being, understanding the neurobiology of
social buffering is of vital importance. Further research is needed to fully understand the
neural mechanisms of social buffering, which will inform interventions to provide social
support to relieve stress and ameliorate the negative effects of early life adversity.
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Figure 1.

This is a schematic diagram of proposed circuits underlying social buffering. Stressors
activate the nucleus of the solitary tract (NTS/A2) and locus coeruleus (LC/A6), which
provide noradrenergic input to the hypothalamic paraventricular nucleus (PVN).
Parvocellular neurosecretory cells of the PVN activate the hypothalamic pituitary adrenal
(HPA) axis in response to stress. Parvocellular axons project to the median eminence to
release peptides (corticotrophin-releasing factor (CRF) and vasopressin (AVP)) into
hypothalamic-pituitary portal system blood vessels to the anterior pituitary, where
adrenocorticotropic hormone (ACTH) is released to act upon the adrenal cortex to release
corticosterone (CORT) into the bloodstream. The PN receives diverse excitatory and
inhibitory inputs, particularly from the brainstem, including the NTS/A2, which provides
major noradrenergic input to the PVN, as well as the LC which provides major
noradrenergic input indirectly to the PVN via the NTS. The excitatory transmitter
norepinephrine (NE) input is a major activator of the HPA axis, and is known to be
disrupted by social buffering. Social buffering may occur via circuits directly disrupting the
major noradrenergic input to the PVN, thus leading to dampening of the HPA axis to reduce
the saliency of stressors. However, evidence also exists suggesting that the effects of social
buffering may be mediated by unique activation of brain regions that provide indirect
afferents to the PVN, including areas of the prefrontal cortex (PFC), nuclei of the amygdala,
the bed nucleus of the stria terminalis (BNST), and the hippocampus, among others.
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