UC Davis
UC Davis Previously Published Works

Title
Convergent neuroendocrine mechanisms of social buffering and stress contagion

Permalink
https://escholarship.org/uc/item/2ht2j438

Authors

Peen, Natanja F
Duque-Wilckens, Natalia
Trainor, Brian C

Publication Date
2021-03-01

DOI
10.1016/j.yhbeh.2021.104933

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2ht2j438
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Horm Behav. Author manuscript; available in PMC 2022 March 01.

-, HHS Public Access
«

Published in final edited form as:
Horm Behav. 2021 March ; 129: 104933. doi:10.1016/j.yhbeh.2021.104933.

Convergent neuroendocrine mechanisms of social buffering and
stress contagion

Natanja F. Peenl:2 Natalia Duque-Wilckens2:3, Brian C. Trainor?

1Department of Neurobiology, Groningen Institute for Evolutionary Life Sciences (GELIFES),
University of Groningen, Groningen, the Netherlands 2Department of Psychology, University of
California, Davis, CA. U.S.A. 3Departments of Physiology and Large Animal Clinical Sciences,
Michigan State University, East Lansing, MI. U. S. A.

Abstract

Social interactions play a key role in modulating the impact of stressful experiences. In some
cases, social interactions can result in social buffering, the process in which the presence of one
individual reduces the physiological and behavioral impact of stress in another individual. On the
other hand, there is growing evidence that a key initiating factor of social buffering behaviors is
the initiation of an anxiogenic state in the individual that was not directly exposed to the stress.
This is referred to as stress contagion (a form of emotion contagion). Both processes involve the
transmission of social information, suggesting that contagion and buffering could share similar
neural mechanisms. In general, mechanistic studies of contagion and buffering are considered
separately, even though behavioral studies show that a degree of contagion is usually necessary for
social buffering behaviors to occur. Here we consider the extent to which the neuropeptides
corticotropin releasing hormone and oxytocin are involved in contagion and stress buffering. We
also assess the importance that frontal cortical areas such as the anterior cingulate cortex and
infralimbic cortex play in these behavioral processes. We suggest that further work that directly
compares neural mechanisms during stress contagion and stress buffering will be important for
identifying what appear to be distinct but overlapping circuits mediating these processes.

Introduction

Communication is an essential function in social species. Individuals communicate to
protect themselves and others from environmental threats like predators (Kikusui et al.,
2006). In the context of danger, individuals of social species communicate with other group
members to inform them of threats using vocal, visual, and pheromone cues (Owings et al.,
2001). Indeed, this form of communication provides protection from these threats and favors
group living in many species (Kikusui et al., 2006). An additional beneficial effect of social
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interactions is social buffering, a phenomenon by which the presence of affiliative social
partners mitigates the physiological responses to stressors (Kiyokawa and Hennessy, 2018).
This can be observed between parents and offspring, mates, conspecifics, and sometimes
even between species (e.g. between a dog and its owner), and can facilitate faster recovery
from stressors (Kikusui et al., 2006). Social buffering appears to be evolutionarily
conserved, as it has been observed in non-human primates, rodents, birds, fish and even
invertebrates (Oliveira and Faustino, 2017). In humans social support reduces risk for several
mental illnesses including depression, anxiety, and substance use disorder (Cobb, 1976;
Ozbay et al., 2007). The broad presence of social buffering across species suggests that the
neural mechanisms underlying this phenomenon are also shared across taxa (Beery and
Kaufer, 2015).

While stressed individuals can benefit from the presence of a partner, what does this mean
for the partner? Multiple studies have shown that partners of stressed individuals exhibit
behavioral and endocrine changes indicating that stress parameters can be transmitted from
one individual to other members of the group (Carnevali et al., 2017; Dimitroff et al., 2017;
Sterley et al., 2018). This phenomenon is called stress contagion or emotional contagion,
which is the ability of a subject to match its emotional state to that of a conspecific in pain or
distress (Briefer, 2018; Engert et al., 2019). From an evolutionary perspective, being able to
transfer information from a stressed individual to naive partners could have important
adaptive value. Cooperation and vigilance to potential threats among group members can
reduce exposure to danger (De Waal and Preston, 2017), therefore increasing chances of
survival. However, frequent and long-lasting attunement to the emotional state of a stressed
partner could have a cost. For example, increased pain sensitivity (hyperalgesia) in one
individual can be transferred to a naive conspecific (Ueda and Neyama, 2017) and post
traumatic stress disorder (PTSD) has been reported in individuals that did not experienced
trauma first hand, but know someone who has (Blanchard et al., 2004; Perlman et al., 2011;
Wingen et al., 2011).

A common thread between social buffering and stress contagion is that both use social
information in the context of threat perception to adapt to dynamic contexts (Oliveira and
Faustino, 2017). This suggests that buffering and contagion may be complementary
processes, sharing some of the same sensory and cognitive mechanisms related to social
information processing and decision making. Indeed, stress contagion is thought to be a key
first step in promoting behaviors that lead to social buffering (De Waal and Preston, 2017).
New rodent models have allowed for investigations of the neuroendocrine mechanisms of
stress contagion and related behaviors (Sterley and Bains, 2021). Here we review rodent
models of stress contagion and social buffing with their corresponding neural mechanisms.
The current evidence shows an intriguing degree of overlap in these processes and several
exciting new avenues for inquiry.

Rodent models of stress contagion

Two general strategies have been used to assess the impact of observing a demonstrator that
has been exposed to stress. The most widely used is the witness stress model, in which an
observer animal witnesses a demonstrator that is directly exposed to a stressor. This model
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allows for the study of psychological stress without the component of physical harm, which
can activate the immune system and have indirect effects (Carnevali et al., 2020; Warren et
al., 2020). An important caveat of witness approaches is that it is unclear what elicits distress
in observers — mirroring the affective state of the demonstrator (so called vicarious stress) or
observing the stressful event itself. An alternate approach is the crossover stress approach, in
which the observer is not exposed to the authentic stressor that the demonstrator experiences
(Wethington, 2000; Carnevali et al., 2020). Here, because the observer has no direct
exposure to the stressor, effects of demonstrator exposure on the observer should be solely
based on the behavioral and physiological states of the demonstrator (Adriaense et al.,
2020). Both witness and crossover stress models have been very useful for outlining the
mechanisms through which affective states are transmitted between individuals.

2.1 Witness stress

The witness defeat paradigm has been successfully applied in several species for both males
and females (Warren et al., 2020). In a typical study, a clear perforated plexiglas barrier is
used to separate an observer from a demonstrator during stress exposure (e.g. footshocks or
social defeat). The observer has visual, auditory, and olfactory experiences of the event,
without direct exposure to the stressor (Sial et al., 2016). Effects of witness defeat are
abolished if an opaque, non-perforated divider is used to separate the observer from the
demonstrator during episodes of defeat. In both male (Warren et al., 2013) and female
(Ifiiguez et al., 2018) mice, witness stress exposure reduces social approach to an unfamiliar
individual in a novel context. In females witness defeat also increases social vigilance
(Duque-Wilckens et al., 2020), an anxiety-like behavior in which individuals avoid but
attend an unfamiliar stimulus mouse. Increased anxiety-related behaviors were also observed
in pregnant mice that witness defeat of a male cagemate (Miao et al., 2017). Witness defeat
can also affect motivated behavior. In male mice, witness defeat enhances morphine
preference in a two-bottle choice paradigm (Cooper et al., 2017). In female rats witness
stress decreases sucrose preference (Finnell et al., 2018).

Witness defeat induces a broad range of physiological and neurobiological responses. Both
male and female witnesses show acute stress responses such as increased corticosterone
(Warren et al., 2013) and increased blood pressure (Finnell et al., 2017, 2018). Most
investigations of the impact of witness defeat have focused on the mesolimbic dopamine
system including the ventral tegmental area (VTA) (Warren et al., 2013) and nucleus
accumbens (NAc) (Warren et al., 2014), in which males and females show distinct
transcriptional responses to witness defeat. While this pathway can have important effects on
social behavior and is stress sensitive, its role in stress contagion or buffering is unclear.
Witness defeat can affect expression of corticotropin releasing hormone (CRH) (Finnell et
al., 2018), a neuropeptide that has key effects on the hypothalamic-pituitary-adrenal (HPA)
axis and anxiety related behavior (Flandreau et al., 2012). Importantly, CRH signaling has
an important role in promoting passive coping responses (Bosch et al., 2008) and has been
found to play a key role in modulating stress contagion (see section 3).

Horm Behav. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peen et al.

Page 4

2.2 Crossover stress

Crossover stress effects have been observed across numerous species using different
experimental designs. Some of the earliest descriptions of crossover stress was described in
fish, in which chemicals released by skin can function as a signal of predator danger
(Pfeiffer, 1977). When male and female zebrafish were exposed to skin extract in the home
tank, they showed antipredator behavior, such as swimming faster, moving to deeper water,
and remaining immobile (Fernandes Silva et al., 2019). Simply observing these defensive
responses in demonstrators in another tank could also induce these responses in observers
who were not directly exposed to the skin extract. The effects on observers were stronger if
the demonstrators were familiar. Crossover stress effects have also been observed in rodents.
In one study, male demonstrator rats were separated from their cagemates and repeatedly
exposed to social defeat (Carnevali et al., 2017). After the socially defeated demonstrator
returned to the homecage, within minutes the male cagemate’s heart rate increased,
coinciding with increased sympathetic and decreased vagal nervous system output. These
changes were absent in cagemates of control (stress naive) demonstrators. In a social
interaction test, both stressed demonstrators and their observers showed reduced social
approach responses. Baseline corticosterone levels were also elevated in observers of
stressed demonstrators compared to observers of control demonstrators. Interestingly, if an
auditory cue was presented before each episode of social defeat, demonstrators but not
observers exhibited conditioned freezing responses.

There is also evidence that there can be long-term effects of exposure to a stressed
individual. An analysis of previously published data in male and female California mice
suggests that social defeat stress exposure can impact the behavior of cagemates. The
standard experimental design in adults is to randomly assign males or females to three
episodes of social defeat on consecutive days. Two to four weeks later, a social interaction
test is performed with a same-sex unfamiliar target mouse. In adults, social defeat reduces
social approach (time within 8 cm of the caged target mouse) in female but not male
California mice (Trainor et al., 2013; Duque-Wilckens et al., 2018). An analysis of 239 mice
showed that social defeat reduced social approach to a greater extent in females than in
males (Fig. 1A, F1 231=13.1, p<0.001). Interestingly, stressed mice that had at least one
cagemate that was also exposed to social defeat showed stronger reductions in social
approach compared to stressed mice housed with only unstressed cagemates (Fy 116=4.0,
p<0.05). There was no sex x cagemate interaction (F1 116=0.03, p =0.8), suggesting that this
effect was present in both males and females. The impact of a stressed cagemate was limited
to social contexts, as there were no differences in approach behavior in an acclimation
phase, when the cage for the target mouse was empty (Fig. 1B). Consistent with the results
reviewed above, these data suggest that negative affective states can be transferred across
cagemates, but do not identify the underlying neural mechanisms. A series of studies
indicate that hypothalamic neuropeptides and frontal cortex regions play a key role in stress
contagion.
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3. Neuroendocrine circuits of stress contagion

To be influenced by the affective state of another, an individual first needs to notice the
altered state. The detection and discrimination of affective states has an important impact on
whether an individual shows avoidance or approach behavior. Two hypothalamic peptides,
CRH and oxytocin, have been found to play a key role in modulating these responses. While
CRH is best known for its role in controlling the release of glucocorticoids, this
neuropeptide also has important effects on anxiety-related behaviors (Bangasser and
Kawasumi, 2015; McCall et al., 2015). Oxytocin is usually considered to have anxiolytic
properties, but emerging evidence suggests that its behavioral effects are more nuanced and
often context-dependent (Shamay-Tsoory and Abu-Akel, 2016; Steinman et al., 2019). In
addition to engaging the hypothalamus, observing a stressed demonstrator often leads to the
recruitment of cortical regions that modulate decision making. The medial prefrontal cortex
(mPFC) and insular cortex (IC) have emerged as key regions modulating behavioral
responses in distressed individuals.

3.1 Corticotropin releasing hormone

Corticotropin releasing hormone neurons in the paraventricular nucleus of the hypothalamus
(PVN) play a key role in facilitating stress contagion between a demonstrator and observer
(Sterley et al., 2018). Male demonstrator C57BL6/J mice were randomly assigned to receive
foot shocks or a novel environment as a control condition. Demonstrators were then returned
to the homecage with an unstressed cagemate (observer). Male observers paired with
stressed demonstrators showed enhanced investigation of the head and torso region
compared to control demonstrators. However, there was no difference in allogrooming
behavior between observers paired with stressed demonstrators and controls. This is a
curious result, as allogrooming of demonstrators by observers is considered a stress-
buffering response (see section 4.2). The lack of a difference in allogrooming between stress
and control groups could be due to the less social C57BL6/J (compared to species like
prairie voles), or because the control condition (novel environment, handling, etc) may have
been more stressful than anticipated. Indeed, routine cage changes for husbandry can
generate physiological stress responses (Rasmussen et al., 2011). Regardless, demonstrator
exposure to foot-shock had strong effects on observer behavior.

Slice electrophysiology analyses of the PVVN showed that in male and female observers
paired with demonstrators previously exposed to footshock, CRH neurons were more
sensitive to excitatory input than controls. One possible consequence of this enhanced
sensitivity (potentiation) is enhanced release of CRH in mildly stressful contexts. Although
this effect was observed in both males and females, the potentiation of CRH neurons to
excitatory input was brief in females relative to males, suggesting that female cagemates
may have had a stress buffering effect (see section 4.2). The potentiation of CRH neurons in
observers was blocked by optical inhibition of CRH neurons in demonstrators. Potentiation
of CRH neurons in observers could also be induced through optical activation of CRH
neurons in an unstressed demonstrator. Together, these results suggest that enhanced CRH
signaling across multiple brain regions may contribute to generating anxiogenic states in
observers.
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In male observers, inhibition of CRH type 1 receptors (CRHR1) blocked stress-induced
potentiation of CRH neurons. This suggests that locally released CRH binds to CRHR1,
creating a positive feedback loop that enhances sensitivity to excitatory input. An alternative
possibility is that CRH synthesized outside of the hypothalamus could activate CRHR1
receptors. The extended amygdala encompasses both the amygdala and bed nucleus of the
stria terminalis (BNST) (Alheid and Heimer, 1988), and plays a key role in modulating
behavioral responses to threat (Shackman and Fox, 2016). Within the central nucleus of the
amygdala (CeA), there is a population of CRH producing neurons that can facilitate
anxiogenic states (Pomrenze et al., 2019), and witness defeat exposure increases CRH
content in the CeA (Finnell et al., 2018). One of the many actions of CRHR1 activation is an
enhancement of brain derived neurotrophic factor (BDNF) signaling (Hauger et al., 2009),
which is also enhanced by witness defeat. Upregulations in CRH-BDNF signaling likely
contribute to stress contagion, as BDNF has anxiogenic effects in the extended amygdala
(Greenberg et al., 2014). Together, these results show that enhanced CRH signaling across
multiple brain regions contributes to generating anxiogenic states in observers.

3.1 Oxytocin

Multiple lines of evidence suggest that oxytocin enhances the salience of both positive and
negative social contexts (Shamay-Tsoory and Abu-Akel, 2016; Steinman et al., 2019), and
that oxytocin plays a key role on stress contagion. For example, male and female mice that
observe a demonstrator exposed to footshock showed exaggerated freezing behavior but this
effect was blocked by systemic oxytocin receptor (OTR) antagonist administration (Pisansky
et al., 2017). Oxytocin neurons in the PVN projecting to the CeA appear to be particularly
important for discriminating affective states. In one study male or female observer mice
were given a choice to interact with a stressed (exposure to a conditioned stimulus that was
paired with foot shock) or relieved (23 hr water restriction +1 hr water access) demonstrator
versus a neutral one (Ferretti et al., 2019). Here, both males and females showed preferences
for demonstrators in altered emotional states (stress or relief) versus neutral demonstrators.
However, these preferences were blocked by chemogenetic inhibition of PVN oxytocin
neurons projecting to CeA. In contrast, chemogenetic inhibition of PVN oxytocin neurons
projecting to NAc, mPFC, or the CA2 region of the hippocampus had no effect on
performance in the affective discrimination task. However, the CeA is not the only region in
which oxytocin can facilitate recognition of affective states.

The insular cortex has dense expression of OTR and is extensively connected with sensory
regions as well as frontal and limbic structures (Levy and Yizhar, 2018). In a study on adult
male rats, unstressed individuals were given a choice to interact with stressed or non-
stressed demonstrators (Rogers-Carter et al., 2018b). Interestingly, observer responses to
demonstrators were age dependent. Observers approached stressed juveniles more than naive
juveniles, but stressed adults were avoided in favor of naive adults. Optogenetic inhibition of
excitatory neurons or pharmacological inhibition of OTR in the insular cortex of observer
rats disrupted this selective behavior toward both juveniles and adults. This suggests that
oxytocin signaling in the insular cortex plays an important role in either recognizing stress
related cues or choosing whether to approach or avoid stressed animals (Rogers-Carter et al.,
2018b). In a follow-up study, a projection from insular cortex to NAc was necessary for
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observers to show a preference for stressed male juveniles, but not for the avoidance of
stressed male adults. Chemogenetic stimulation of insular cortex terminals in the NAc
increased exploration toward juveniles that are naive, but not toward adults (Rogers-Carter et
al., 2019). Interestingly, activation of OTR within the NAc also plays an important role in
promoting social approach in both male and female rodents (Délen et al., 2013; Williams et
al., 2020). Together the studies by Rogers-Carter and colleagues indicate that exposure to a
stressed individual leads to oxytocin release in the insular cortex, which affects the
excitability of insular cortex output neurons, resulting in an age-dependent approach or
avoidance response toward stressed individuals (Rogers-Carter et al., 2018b, 2019). The
insular cortex is not the only cortical region that has an important function for the evaluation
of affective states.

3.2 Medial Prefrontal Cortex

The medial prefrontal cortex (mPFC) plays an important role in behavioral responses in an
affective state discrimination task in which observer male or female mice chose to interact
with demonstrators in different affective states (Scheggia et al., 2020). In one comparison,
observers could choose between a non-stressed control mouse (neutral) or a mouse that
experienced 23 hrs of water deprivation with 1 hr of ad /ibitum water access immediately
before testing (relieved). In a second comparison, observers could choose between a non-
stressed mouse or a stressed mouse that experienced 15 min of restraint stress immediately
before the test. The authors found that observers initially spent more time exploring the
demonstrators in the stress or relief conditions versus control mice, showing that observes
could discriminate altered affective states. Olfactory cues, but not visual or auditory cues,
were sufficient for this discrimination. Investigative responses were similar toward cotton
balls scented with body odors from the stressed or relieved animals, though the stress odor
was now avoided instead of approached. Importantly, these findings were observed in both
male and female mice. Recording of neural activity in the mPFC of observers during the task
showed increased firing during interactions with stressed or relieved demonstrators,
compared to neutral ones. Somatostatin-expressing (SOM+) interneurons in mPFC had
increased activity when mice were evaluating demonstrator mice, and optogenetic inhibition
of these SOM+ cells specifically during the emotional-discrimination task abolished the
preference for the emotionally altered demonstrator. General sociability was not changed by
inhibition of SOM+ neurons. Activating mPFC SOM+ cells in the observer when interacting
with one of two neutral demonstrators caused increased time spent with the activation-paired
neutral demonstrator, thus inducing discrimination where there should be none. This
suggests that top-down control from the mPFC over other limbic brain areas plays a key role
for identifying affective states (Yasui et al., 1991). Recent work has demonstrated that
CRHR1 receptors in the mPFC have important effects on cognitive function (Hupalo and
Berridge, 2016), but the role of these receptors in modulating social behavior has not been
considered. This would be worth investigating in light of findings that observers paired with
stressed demonstrators had more reactive CRH neurons in the PVN (Sterley et al., 2018).
The source of CRH in the mPFC is likely local (Swanson et al., 1983), so it would also be
interesting to examine the extent to which different populations of CRH neurons coordinate
activity.
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The mPFC also has strong projections to the insular cortex (Yasui et al., 1991), but this
specific circuit has not yet been tested in an affective state recognition task. It’s interesting
that strong effects of the mPFC SOM+ were observed when optogenetic inhibition of PVN
neurons projecting to mPFC were found to have no effect on affective state recognition in
mice (Ferretti et al., 2019), especially since OTR is expressed in neurons within the mPFC
(Nakajima et al., 2014). Although it is possible that OTR in the mPFC do not modulate
affective state recognition, another possible explanation for these results is that oxytocin
release in the mPFC may not be activity dependent (Johnson and Young, 2017). Thus, future
study is needed to determine whether OTR in the mPFC are unnecessary for the
discrimination of affective states.

4. Social buffering of stress

In the previous section, the impact of a stressed demonstrator on stress-naive observers was
considered. Here we consider the other side of this interaction, how a stress-naive observer
could impact the affective state of a stressed demonstrator, often referred to as social
buffering. Interestingly, it has been suggested that stress contagion is a first step toward
social buffering behaviors (De Waal and Preston, 2017). One form of social buffering is
consolation behavior, defined as increased affiliative contact in response to, and directed
toward a distressed individual that produces a calming effect (Clay and Waal, 2013; Burkett
et al., 2016). These actions of the observer are elicited by the demonstrator and a major
consequence of these interactions is reduced physiological and behavioral responses to stress
in the demonstrator. The primary method for studying mechanisms of buffering behavior in
observers and demonstrators is the cross over stress design reviewed above.

4.1 Mechanisms underlying stress buffering by observers

Several lines of evidence suggest that induction of anxiogenic states in observers by
demonstrators is a key step in social buffering. In a common paradigm observer male or
female rats were given an opportunity to either free a trapped cagemate from a restrainer or
receive a food reward (Bartal et al., 2011). Typically observers choose to free the cagemate,
but when observers were treated with the anxiolytic drug midazolam, helping behavior
toward the trapped cagemate decreased without impairing the instrumental act to receive the
food reward (Bartal et al., 2016). This suggests that the induction of an anxiogenic state in
observers is important for initiating stress-buffering behaviors. Similar results were seen in
prairie voles. When male or female demonstrator voles were exposed to a fear conditioning
paradigm, both demonstrators and observers exhibited increased autogrooming behavior in
response to exposure of the tone (Burkett et al., 2016). Conditioned autogrooming is an
anxiety-related behavior that is kappa opioid receptor dependent (Williams et al., 2018).
Importantly, demonstrator voles exposed to foot-shock received more allogrooming from the
observer than control demonstrators, which were not exposed to foot-shock. Similar results
were found in male and female mandarin voles, which are also monogamous (Tai et al.,
2001). Males and females were exposed to social defeat or control conditions and then
returned to their home cage with an unstressed mate (Li et al., 2019a). In both male and
female observers, exposure to a stressed partner increased c-fos immunoreactivity in circuits
important for anxiety including the BNST, PVN, basolateral amygdala (BLA), and CeA.
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Together, these results suggest it is necessary for observers to experience some degree of
stress contagion in order to induce helping or allogrooming behavior.

Several lines of evidence suggest that oxytocin plays an important role in establishing the
salience of a distressed demonstrator. For example, exposure to a stressed demonstrator
increases the activity of PVN oxytocin neurons in male and female mandarin vole observers
as measured by oxytocin/c-fos colocalizations (Li et al., 2019a). At least some of the effects
of oxytocin on observer behavior is mediated by cortical regions. One of these regions is the
anterior cingulate cortex (ACC), which human imaging data suggests is a key node in neural
circuits related to empathy (Lamm et al., 2011). Observer prairie voles exposed to a stressed
demonstrator had increased immediate early gene expression in the ACC compared to
controls (Burkett et al., 2016). Similar results were observed in mandarin voles (Li et al.,
2019a). Site-specific infusions of an OTR antagonist showed that inhibition of OTR in ACC
but not NAc or prelimbic cortex reduced demonstrator-directed grooming by observers in
prairie voles (Burkett et al., 2016). Work in mandarin voles also showed that oxytocin
infusions into the ACC promote allogrooming by observers and also indicated a role for
D2/D3 dopamine receptors (Li et al., 2019b). Interestingly, OTR/D2 receptor interactions in
the NAc have also been shown to be important for the formation of pair bonds (Liu and
Wang, 2003). Finally, in mandarin voles infusions of the GABA receptor antagonist
bicuculline into ACC also reduced allogrooming by male observers of stressed female
demonstrators (Li et al., 2019a). These studies show an important role for oxytocin in the
ACC in promoting consolation related behavior, but it’s less clear whether these effects are
driven by increasing salience of a distressed demonstrator or a more direct effect on
consolation-related behaviors. Either way, exposure to a stressed demonstrator has important
effects on an observer’s physiological stress responses and behavior.

4.2 Effects of stress buffering on demonstrators

After consolation-related behaviors are initiated by observers, these interactions have
important effects on the stressed demonstrator. Some of the most in depth analyses of these
effects have been performed in prairie voles (Lieberwirth and Wang, 2016). Females
exposed to a 1 hour restraint stress had significantly lower corticosterone levels 30 minutes
later if they recovered with a pair bonded partner compared to females that recovered alone
(Smith and Wang, 2014; Donovan et al., 2018). Females that recovered with a partner also
showed reduced anxiety-related behavior both in the home cage and in an elevated plus
maze. Hypothalamic infusions of oxytocin could mimic effects of social buffering in females
recovering alone while infusions of an OTR antagonist blunted effects of social buffering in
females that recovered with a partner (Smith and Wang, 2014). Pair housing also blunted
corticosterone responses in male rats exposed to social defeat compared to single housed rats
(Patki et al., 2014). In mice however, effects of recovering in a familiar social context are
stronger in females than males (Sterley et al., 2018). This stronger effect of stress buffering
in females was found to be mediated by enhanced vasopressin signaling (Loewen et al.,
2020). While vasopressin has been found to exaggerate HPA activity in males, these effects
are generally weaker or absent in females (Viau et al., 2005). Overall, the effects of
consolation-related behavior on HPA responses are consistent with prior findings showing
that both group housing (Blume et al., 2008) and hypothalamic oxytocin infusions (Windle
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et al., 2004) decreased stress-induced PVN CRH neuronal activation in rats. Interestingly,
the effects of oxytocin on the HPA axis may be indirect.

In male rats and mice, OTR are not expressed in the majority of parvocellular CRH-positive
neurons (Dabrowska et al., 2013; Winter and Jurek, 2019). This suggests that oxytocin may
act primarily on neurons that regulate CRH neurons. Supporting this hypothesis, intra-
hypothalamic infusions of oxytocin increased c-fos/fGABA colocalizations while decreasing
c-fos/CRH colocalizations in the PVN of female prairie voles (Smith et al., 2016). However,
in slice preparations of the hypothalamus from male and female mice, oxytocin bath had no
effect on inhibitory post-synaptic currents (Jamieson et al., 2017). Although it is possible
that there could be species differences in inhibitory inputs of CRH regulation, an alternate
possibility is that oxytocin acts on inhibitory neurons within the BNST to inhibit CRH
neurons. Since these neurons would not be present in a hypothalamus slice preparation, this
could explain the lack of effects of oxytocin on inhibitory inputs (Dong et al., 2001). While
there are still some uncertainties in the exact mechanisms of action, it seems clear that while
recovering from a stressor, oxytocin released from the hypothalamus functions as an
anxiolytic and promotes negative feedback in the HPA axis (Neumann et al., 2000).

At least some of the behavioral effects of social buffering appear to be mediated by the
infralimbic subregion of the frontal cortex (IL). An intriguing study used an activity-
dependent molecular tagging system that allowed for selective optogenetic control of
neurons that respond to social stimuli (Gutzeit et al., 2020). In ArcCreET 2 mouse line, the
promoter for the immediate early gene Arc is used to drive the expression of a Cre construct
that contains an estrogen receptor (ER) ligand binding domain (Denny et al., 2014). Thus, to
induce Cre recombination, the cell must be active and in the presence of a strong ER ligand.
This allows the experimenter precise control over when and where Cre is expressed. By
infusing a Cre-dependent virus expressing channelrhodopsin, socially responsive neurons in
the IL could be tagged with channelrhodopsin by combining an injection of tamoxifen (a
selective estrogen receptor modulator) with a social interaction test. Those neurons could
subsequently be reactivated using optical stimulation. Male and female demonstrator mice
that were exposed to foot-shock had increased c-fos expression in the IL when recovering
with a familiar cagemate versus a novel object. Demonstrators that recovered with a
cagemate also showed reduced anxiety-related behaviors. Neurons in the IL were tagged
with channelrhodopsin, and were then optically re-activated after stress exposure in the
absence of a cagemate. Interestingly, reactivating these neurons reduced anxiety-related
behaviors in both conditioned and unconditioned contexts. This suggest that IL neurons play
a key role in translating social experiences into an anxiolytic effect. This effect showed some
specificity to stress-related contexts, as activating these neurons in a real-time place
preference revealed no evidence for rewarding or aversive properties of these neurons.
Currently the cellular phenotypes of these IL neurons are unknown, so it is unclear whether
oxytocin acts directly or indirectly to modulate the activity of IL neurons that mediate
effects of social buffering in demonstrators.
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5. Overlap in Mechanisms of Contagion in Observers and Buffering in
Demonstrators

To assess the extent to which neuroendocrine mechanisms of stress contagion and social
buffering overlap, a useful starting point is to compare findings from observers that engage
in consolation related behaviors and demonstrators receiving social buffering. Table 1
presents an overview of the brain regions identified in the currently reviewed literature.
Below we focus on mechanisms that have received the most attention to date, oxytocin
signaling and neural circuits within the frontal cortex.

5.1 Oxytocin in observers versus demonstrators

An intriguing theme is that oxytocin signaling plays key role in both the initiation of
consolation-related behaviors by observers and the stress-buffering effects induced by this
behavior in demonstrators. In observers, the role of oxytocin is usually assumed to be a key
factor in promoting social approach to the demonstrator. However, this occurs while
observers are in an anxiogenic state, as anxiolytics reduce consolation-related behaviors. At
present, it is unclear whether oxytocin facilitates the salience of a negative social context (a
distressed demonstrator) or whether oxytocin specifically promotes consolation behaviors.
An additional possibility is that oxytocin may promote behavioral coordination between the
observer and demonstrator (Spengler et al., 2017; Jiang and Platt, 2018; Monari et al., 2020).
It is also unknown whether the behavioral effects of oxytocin in demonstrators are mediated
by effects on the HPA axis or by increasing the salience of interactions with the stress naive
observer. It’s likely that behavioral effects of oxytocin in observers and demonstrators occur
through multiple mechanisms (Carter et al., 2020). An emerging finding is that oxytocin
acting within different neural circuits can have virtually opposing effects on behavior. One
reason for this is that oxytocin appears to increase the salience of positive and negative
social experiences.

One goal of the social salience hypothesis is to reconcile apparently disparate findings that
oxytocin administration can sometimes promote anxiety while at other times reduce anxiety
(Bartz et al., 2011; Shamay-Tsoory and Abu-Akel, 2016). Increasing evidence suggests that
this capability is mediated by different neural circuits (Grinevich et al., 2016; Steinman et
al., 2019). Oxytocin acting within the medial PFC (Sabihi et al., 2014) and CeA (Viviani et
al., 2011; Knaobloch et al., 2012) generally reduces measures of anxiety whereas oxytocin
acting in the BNST (Duque-Wilckens et al., 2018, 2020; Martinon et al., 2019) or LS
(Guzman et al., 2014) (but see (Zoicas et al., 2014)) increase measures of anxiety. This
raises the possibility that oxytocin release could occur in different brain circuits to enhance
the salience of a distressed demonstrator or a helping observer. Optogenetics (Knobloch et
al., 2012) or antisense knockdown (Duque-Wilckens et al., 2020) can be used to determine
the source of behaviorally active oxytocin. However, stressors often increase the activity of
multiple populations of oxytocin neurons (Steinman et al., 2016; Nasanbuyan et al., 2018)
and microdialysis analyses often show that oxytocin release is elevated in multiple brain
regions (Nishioka et al., 1998; Engelmann et al., 1999). This suggests that oxytocin release
may be widespread across the brain in both demonstrators and observers. If this is true, how
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could such a similar neuroendocrine signal produce such different behavioral effects in
demonstrators and observers?

A potentially important mechanism for diverse behavioral actions of oxytocin is through its
role as a neuromodulator (Stoop, 2012). Unlike neurotransmitters that directly increase or
decrease the excitability of a neuron, neuromodulators alter the effects of other events within
the neuron (Kupfermann, 1979). While activation of OTR can enhance excitatory input in
neurons in the MeA (Terenzi and Ingram, 2005) and lateral CeA (Huber et al., 2005), in
deep layers of the spinal cord OTR can have inhibitory effects on neural activity (Eliava et
al., 2016). This diversity in the effects of OTR is possible because of its diverse signaling
capacity, as OTR can lead to coupling through excitatory Gq pathways or inhibitory Gi/Go
pathways (Busnelli and Chini, 2018). The majority of our understanding of the molecular
transduction of OTR comes from cell culture experiments that allow precise assessments of
the downstream effects of OTR activation (Busnelli et al., 2012; Passoni et al., 2016), which
are currently impossible /n vivo. However the in vitro approaches allowed for the
identification of biased agonists, which can selectively induce OTR-Gq coupling or OTR-Gi
coupling (Busnelli et al., 2013). Future studies could use these biased agonists to assess the
extent to which OTR uses different signaling pathways in different neural circuits to increase
social salience, initiate consoling behaviors, or reduce anxiety related behaviors.

5.2 Do neural circuits of stress buffering overlap in observers and demonstrators?

Whereas there is good evidence that similar brain regions are activated in demonstrators and
observers during stress contagion, it is less clear whether similar overlap occurs during stress
buffering. Studies of the neural circuits of social buffering have focused primarily on
observers of stressed demonstrators. There is strong evidence for an important role of the
ACC in promoting consolation related behavior in both male and female observers (Burkett
etal., 2016; Li et al., 2019a) and the insular cortex is also important for driving context-
dependent approach behaviors in observers (Rogers-Carter et al., 2018b). However, the
extent to which activity in the ACC or insular cortex is affected in demonstrators on the
receiving end of these interactions is unknown. On the other hand, the few studies focusing
on neural circuits in demonstrators have focused on the action of hypothalamic oxytocin
(Smith and Wang, 2014). While oxytocin neurons appear to be activated in observers of
stressed demonstrators (Li et al., 2019a), the extent to which other mechanisms are activated
in both observers and demonstrators is unclear. There is some evidence that unlike stress
contagion, there may be important differences in the neural circuits activated in
demonstrators and observers during social buffering.

For example, optogenetic activation of neurons in the IL mimicked the effects of stress
buffering by an observer in stressed male and female demonstrators (Gutzeit et al., 2020). In
contrast, in mandarin voles, male and female observers did not show increased c-fos in IL
upon exposure to a stressed partner (Li et al., 2019a). Similarly, prairie vole observers of
stressed demonstrators showed no increases in c-fos in the adjacent prelimbic cortex
(Burkett et al., 2016). Although it’s possible that distinct neural mechanisms are activated in
observers and demonstrators during social buffering, the temporal resolution of c-fos
analyses may not be fine enough to detect subtle, time-dependent patterns. For example, it’s
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likely that after consoling behaviors reduce distress in demonstrators, a similar effect could
occur in observers. Brain imaging studies in humans showed increased synchrony in brain
activity in parents and children while playing a cooperative game (Reindl et al., 2018). The
simultaneous use of fiber photometry to assess neural activity in regions such as ACC, IL,
and insular cortex in both observers and demonstrators would be an ideal approach to
determine whether similar synchrony occurs during social buffering. The improved temporal
resolution of photometry over immediate-early gene analysis could also help for discerning
whether changes in activity within the ACC of observers occur before matching with the
emotional state of the partner or after consolation behaviors are initiated. An addition issue
is that changes in neural activity may be limited to specific cell types or projections.
Implementing fiber photometry would allow for activity monitoring of specific cell types or
groups of neurons that project to a specific location. This could be especially useful for
understanding oxytocin-CRH interactions. Studies reviewed above indicate that stressed
demonstrators induce enhanced release of both CRH and oxytocin in observers, yet most
research indicates that activation of OTR has inhibitory effects on the CRH system (Winter
and Jurek, 2019). One possible explanation for these results is that exposure to a stressed
demonstrator triggers an initial surge in CRH release which is followed by release of
oxytocin in the observer. Finer temporal resolution in the activity of these neurons could
help resolve this conundrum.

6. Future Directions

The development of new experimental paradigms in animal models and humans has opened
new doors for the study of the neuroendocrine mechanisms of the complex behavioral
processes associated with stress contagion and stress buffering. Groundbreaking studies
reviewed above have detailed how the hypothalamic neuropeptide CRH mediates stress
contagion in observers and how oxytocin contributes to stress buffering in demonstrators
(Figure 2). In a few cases, preliminary neural circuits have been identified, primarily in
frontal cortex regions and IC. In many respects these pioneering discoveries have raised as
many questions as answers. Exactly which behavioral processes oxytocin modulates to
promote consoling behavior (social salience, approach, motor patterns) is still unknown,
suggesting that additional innovation in behavioral tasks is needed. The simultaneous
quantification of neural activity in demonstrators and observers could provide key insights
into potential overlap in neural circuits for consolation and stress buffering. These types of
studies could have high translational value for interpreting human imaging data, and could
set the stage for manipulation-based studies that could determine the extent to which these
circuits modulate behavior. However, there are some significant barriers to applying results
from rodent mechanistic studies. While CRH and oxytocin are clearly important
mechanisms in rodents, it is extremely difficult to measure these neuropeptides in humans,
particularly within the brain. Indeed, the methods to accurately quantify OTR protein in
post-mortem human brain have only recently become available (Freeman et al., 2017).
Innovative approaches for combining post-mortem gene expression with imaging data can
provide clues to oxytocin (and eventually CRH) sensitive brain circuits in the human brain
(Quintana et al., 2019), but new methods are needed to assess the extent to which these gene
networks are activated during specific affective states. Finally, preclinical studies indicate
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that aspects of a demonstrator’s identity such as age or familiarity are important factors
affecting an observer’s behavior (Rogers-Carter et al., 2018b, 2018a), yet the mechanisms
that modulate these responses have not been identified. Although these processes likely
involve cortical circuits discussed above such at ACC and IC, other systems are likely
involved. For example, vasopressin and V1a receptors play an important role in social
recognition (Albers, 2012), and so are well situated to modulate context-dependent
responses. Continued cooperation between basic scientists and neuroscientists working with
human subjects will be needed to gain a better understanding of the evolutionary conserved
social neural systems in vertebrate brains. This could lead to new approaches for promoting
social interactions that could have a profound improvement on our general health.
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Highlights

Social contagion and social buffering are behavioral processes that require social
communication

Recent evidence suggests that at least some neuroendocrine mechanisms are shared

Oxytocin and corticotropin releasing hormone play important roles in social contagion
and buffering
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Figure 1:
Effects of cagemates on the impact of social defeat on social interaction behavior in male

and female California mice. A) Experimental design. B) Effects of defeat on social approach
to an unfamiliar, same-sex target mouse in males and females were stronger when focal mice
were housed with at least one stressed cagemate. C) There were no differences in time spent
interacting with an empty cage when the target mouse was absent. * p < 0.05 main effect of
cagemate.

Horm Behav. Author manuscript; available in PMC 2022 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Peen et al.

oxytocin
neuron

=
.

=S

- ae®

insular
cortex

oxytocin PVN

neuron

neuron

CRH
neuron g _ »

observer demonstrator

Figure 2:
Neuroendocrine mechanisms of social contagion and stress buffering. In demonstrators

stress-exposure increases the sensitivity of CRH neurons to excitatory input and increased
activation of CRHRL1 receptors. Observers exposed to stressed demonstrators show a similar
increase in CRH activity. Increased activity of oxytocin neurons results in the activation of
OTR within the insular cortex to drive consolation related behaviors. These behaviors can
blunt physiological stress responses and induce anxiolytic effects in demonstrators. At least
some of these effects are mediated through the actions of oxytocin or activation of neurons
within the infralimbic cortex. Currently it is unknown whether oxytocin acts specifically
within the infralimbic cortex.
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Table 1:

Overview of the effects found in the currently reviewed literature.
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Emotional Change/Function Animal Reference

recognition and

approach

mPFC 1 firing of inhibitory SOM+ cells during Observer mouse Scheggia et al., 2020
interaction with stressed or relieved
conspecifics
Proposed | top-down prefrontal control

PVN a CeA OT projection necessary for Observer mouse Ferretti et al., 2019
discriminating unfamiliar conspecifics
based on emotional state

IC 1 activity and signaling via OTRs to Observer rat Rogers-Carter et al., 2018a
recognize stress signals or choosing to
interact with stressed individuals

IC a NAcc T OT activity to investigate stressed Male observer rat Rogers-Carter et al., 2019

juveniles

Stress contagion

PVN-CRH neurons

T activity and STP of glutamate synapses

Demonstrator and observer
mice

Sterley et al., 2018

Striatum and dorsal | c-Fos positive cells Male CSDS and WDS Cooper et al., 2017

hippocampus mice

Dorsal hippocampus T AFosB positive cells Male CSDS and WDS Cooper et al., 2017
mice

Dorsal and ventral
striatum and PFC

T AFosB positive cells

Male CSDS mice

Cooper et al., 2017

NAcc | AFosB positive cells M_ale CSDS and WDS Warren et al., 2014
T ERK2 transcription fice

NAcc 1 dendritic spine density Male CDSD mice Warren et al., 2014

CeA * CRF and i nterleukin-13 Female WDS mice Finnell et al., 2018

Hippocampus and | BDNF Pregnant female WDS Miao et al., 2017

mPFC mice

Amygdala T BDNF Pregnant female WDS Miao et al., 2017

mice
ACC I neuronal activity and OTR, D2R and Male demonstrator mice Lietal., 2019b

5HT1AR expression

Social buffering

PVN | c-Fos expression as indication of HPA Demonstrator mice Takahashi et al., 2013; Kiyokawa et al.,
axis activity 2014; Smith and Wang, 2014;
Lieberwirth and Wang, 2016; Smith et
{ level of OT al., 2016
1 extracellular OT release during stress
recovery
T GABA neuronal activity after intra-
PVN OT injection
| CRH neuron activity
NAcc Inhibition of I OT receptor binding Demonstrator mice Donovan et al., 2018
LA | Fos expression and activity Demonstrator rats Fuzzo et al., 2015; Kiyokawa et al.,

2014
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Emotional Change/Function Animal Reference
recognition and
approach
IL-PFC 1 c-Fos when interacting with conspecific | Demonstrator mice Gutzeit et al., 2020

leading to reduced freezing

Social buffering
provider (partner/

observer)
ACC 1 ¢-Fos and OT + GABA colocalization Observer prairie and Burkett et al., 2016; Li et al., 2019a
OTR signaling in ACC to mediate mandarin voles
consolation to distressed partners
PVN * c-Fos and OT + GABA colocalization Observer mandarin voles Lietal, 2019a
BNST/PVN/BA/BLA/ 1 c-Fos expression Observer mandarin voles Lietal, 2019a
CeA/habenular after consoling partner
nucleus
Medial preoptic area 1 c-Fos activity Female observer mandarin | Lietal., 2019a
vole after consoling
partner
MeA 1 c-Fos activity Male observer mandarin Lietal., 2019a

vole after consoling
partner
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