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COMPARATIVE BEHAVIOR

Oxytocin-dependent consolation

behavior in rodents

J. P. Burkett,”*** E. Andari,">? Z. V. Johnson,"*? D. C. Curry,>

F. B. M. de Waal,>>* L. J. Young">>°*

Consolation behavior toward distressed others is common in humans and great apes,
yet our ability to explore the biological mechanisms underlying this behavior is limited
by its apparent absence in laboratory animals. Here, we provide empirical evidence that
a rodent species, the highly social and monogamous prairie vole (Microtus ochrogaster),
greatly increases partner-directed grooming toward familiar conspecifics (but not strangers)
that have experienced an unobserved stressor, providing social buffering. Prairie voles also
match the fear response, anxiety-related behaviors, and corticosterone increase of the
stressed cagemate, suggesting an empathy mechanism. Exposure to the stressed cagemate
increases activity in the anterior cingulate cortex, and oxytocin receptor antagonist infused
into this region abolishes the partner-directed response, showing conserved neural

mechanisms between prairie vole and human.

onsolation, which entails comforting con-
tact directed at a distressed party, is a com-
mon empathetic response in humans that
emerges in the second year of life (7). Until
now, consolation behavior has only been
documented in a few nonhuman species and
only in the context of naturally occurring ag-
gressive conflicts, as first described in great apes
(2, 3) and subsequently in canids (4, 5), corvids
(6, 7), and elephants (8). These observations have,
so far, been taken to mean that consolation be-
havior may require advanced cognitive capacities
(9). Nonetheless, rodents also manifest some of
the empathy-related capacities (10-16) thought
to underlie consolation in humans and chimpan-
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zees (1, 17). If consolation behavior were to be ob-
served outside of species with advanced cognition,
this would suggest that it rests on much older,
more widespread, and less cognitive capacities
and may be variably expressed because of species-
specific evolutionary context. Moreover, observing
consolation behavior in a laboratory rodent under
reproducible conditions would allow for empir-
ical research on causal biological mechanisms
relevant to human mental health.

Rodents in the genus Microtus display diverse
mating strategies and social structures. The prairie
vole (Microtus ochrogaster) is a socially monog-
amous, biparental rodent species in which both
males and females may participate in philopatric
cooperative breeding in the parental nest (I8).
These social traits frequently coevolve with other
cooperative or altruistic behaviors that increase
direct or indirect fitness, including social buffer-
ing among colony members (19). In contrast,
closely related meadow voles (M. pennsylvanicus)
are promiscuous breeders with no formal social
structure that show comparatively abbreviated,
uniparental care of pups (20). We hypothesized

that the prairie vole, but not the meadow vole,
would show consolation behavior under repro-
ducible laboratory conditions. Additionally, we
hypothesized that as suggested for humans and
great apes, consolation behavior in the prairie
vole would be based on an empathy mechanism.
Last, we hypothesized that consolation behavior
would be mediated by conserved neurobiological
and neurochemical mechanisms consistent with
those implicated in empathy in humans.
Consolation behavior has been defined as an
increase in affiliative contact in response to and
directed toward a distressed individual, such as a
victim of aggression, by an uninvolved bystander,
which produces a calming effect (2). This defi-
nition emphasizes victims of aggression due to
observational constraints in naturalistic studies.
In humans, the definition includes individuals
experiencing stress from other sources (I), a
strategy used in elephants (8) and suggested for
primates (9). On the basis of this research, we
first developed a set of laboratory conditions
under which unstressed male and female prairie
voles (“observers”) would respond spontaneously
and selectively to stressed conspecifics (“demon-
strators”) with a prosocial, other-directed be-
havior (the “consolation test”) (Fig. 1A). In this
protocol, an observer and a demonstrator housed
together are separated from each other, and the
demonstrator either sits alone in a home cage
compartment or is exposed to a stressor con-
sisting of five tones paired with light foot-shocks
(0.8 mA, 0.5 s) distributed over the course of
24 min (Pavlovian fear conditioning). The dem-
onstrator is then reunited with the naive ob-
server, and the natural response is recorded and
measured. Under these experimental conditions,
licking and grooming directed by observers toward
demonstrators (or “allogrooming”) was signifi-
cantly longer in duration (time-treatment inter-
action, Fyy; = 6.7, P < 0.025) and shorter in latency
(t;1 = 3.9, P < 0.003) after a separation during
which the demonstrator was stressed (Fig. 1B
and fig. S1). Prairie vole observers did not in-
crease allogrooming toward demonstrators after
a control separation, demonstrating the selectivity
of the response. Both male and female observers
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showed this behavioral response, differing only
in baseline allogrooming (sex-time interaction,
Fi73 = 6.4, P < 0.015) (fig. S2). Meta-analysis
across 13 experiments shows that observers ini-
tiate allogrooming within the first minute and
continue for at least the first 10 min of reunion
time (Fig. 1C, figs. S3 and S4, and table S1). Ad-
ditionally, stressed demonstrators that rested
alone in the home cage after the stressor sub-
sequently showed increased anxiety-like behav-
ior relative to unstressed controls, whereas those
that interacted with the observer for the same
period of time showed completely normalized
anxiety behavior (interaction effect, Fy 5 = 3.2,
P < 0.05) (Fig. 1D). This suggests that the ob-
server provided social buffering to the demon-
strator, which is consistent with other studies
showing stress reduction in rodents (21, 22) and
primates (3, 23). In contrast, meadow vole ob-
servers showed no differences in allogrooming
based on the stress state of the demonstrator
(fig. S5). The combination of a selective in-
crease in directed affiliation with a social buf-
fering effect supports the designation of the
prairie vole’s natural response as a consolation
behavior.

The observation that prairie voles detect the
stress state of conspecifics and form a directed
prosocial response raises the question of whether
the behavior is empathy-based. The empathy hy-
pothesis was tested by assaying for some of its
purported characteristics in human and other
mammalian species, including emotional con-
tagion, state matching, familiarity bias, and self-
other differentiation (24-26). In accordance,
prairie vole observers showed behavioral re-
sponses consistent with emotional contagion by
mimicking the anxiety- and fear-related behav-
iors of stressed demonstrators (Fig. 2). Observ-
ers interacting with a stressed demonstrator after
separation matched the increase in self-grooming
shown by the demonstrator (main effect of time,
Fio3 = 12.7, P < 0.002) (Fig. 2A). Additionally,
when observing a fear-conditioned demonstra-
tor freezing during presentations of the con-
ditioned stimulus (tones), the unconditioned
observers showed an increase in freezing (main
effect of time, F 5, = 22.2, P < 0.0002) (Fig. 2B)
concurrently with the demonstrator’s freezing
(Fig. 2C). Observers separated from stressed
demonstrators across a clear, perforated barrier
had significantly elevated plasma corticosterone
afterward (main effect of barrier, F5 o7 = 4.8, P <
0.017) (Fig. 3A), which strongly correlated with
that of the demonstrator (stressor, R> = 0.82, P <
0.001; separation, R> < 0.01, P > 0.98; difference
between correlations, Fisher’s transformation,
Z = 2.8, P < 0.006) (Fig. 3B), representing a clear
example of physiological state-matching similar
to that attributed to empathy in humans (27). Ob-
servers in full contact with demonstrators with-
out a barrier showed no increase, suggesting that
active performance of consolation behavior may
ameliorate the observer’s physiological stress re-
sponse. Consolation behavior was significantly
biased toward familiar individuals: Although
baseline allogrooming did not differ between
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groups containing mates, siblings, cagemates,
and strangers, observers directed consolation
behavior only toward familiar stressed demonstra-
tors and not toward stressed strangers (time-
relation interaction, F, 73 = 13.6, P < 0.0001; main
effect of relation, F,; = 26.6, P < 0.0001; cage-
mates, {(8) = -6.1, P < 0.0003) (Fig. 3C and figs.
S6 and S7). Last, although observers and stressed
demonstrators both showed signs of anxiety
and stress during reunion, observers increased
allogrooming toward demonstrators, whereas
demonstrators themselves did not alter their
allogrooming (time-subject interaction, Fy ;o =
35.6, P < 0.0001) (Fig. 3D). This differential re-
sponse dependent on the source of the individ-
ual’s stress (vicarious or personal) is an example
of self-other differentiation, which shows that
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The combination of behavioral and physiolog-
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the observer is not neutral to the stress state of
the demonstrator, as might be predicted if the
allogrooming response were purely information-
gathering behavior. Empathy-related responses
and behaviors are biased toward familiar in-
dividuals in many species, including humans
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prairie voles is also selective for familiar con-
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mates), representing a true social behavior rather
than reproductive or kinship-related. Addition-
ally, the lack of response toward strangers shows
that observers are not simply reacting to aversive
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Fig. 1. The consolation test. (A) The consolation test protocol. (B) Observer-demonstrator pairs (n =
12 pairs) underwent both control separations without a stressor, and separations in which the dem-
onstrator was stressed. Duration of allogrooming was nonparametric in these experiments and was
transformed to ranks, and the ranks normalized to a O-1 scale. Bars represent the mean £ SEM of the
ranked duration of allogrooming directed by the observer toward the demonstrator. (C) A meta-analysis
of results from 13 experiments shows the precise expected duration of observer-demonstrator allogrooming
over the course of 10 min. Points represent cumulative seconds with 95% confidence intervals. (D) After
resting alone in the home cage for 5 min, stressed demonstrators (n = 10 voles) showed a significant
decrease in open-arm time on the elevated plus maze test relative to unstressed controls (n = 11 voles).
Stressed (n = 11 voles) and unstressed (n = 11 voles) demonstrators reunited with the observer for 5 min
showed no differences in open-arm time. Bars represent the mean = SEM of the percent change in open-arm
time between stressed and unstressed demonstrators. **P < 0.005, ***P < 0.0005.
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cues. Whereas some empathy-related studies used
training or conditioning (15, 16, 29, 30), the con-
solation test in the present experiments was ad-
ministered only once to each set of subjects and
therefore captured unconditioned responses. The
focus on unconditioned responses means that the
consolation test does not assume or necessarily
require any particular cognitive capacities, includ-
ing conscious knowledge or perspective taking—
which, in a multilayered view of empathy, may
be included but are not required (24-26). Several
empathy-related paradigms require priming the
observer with direct exposure to the stressor
(12-15); in contrast, observers in the present pa-
radigm neither experienced nor witnessed the
stressor, and therefore self-referential anticipa-
tion of a threat can be ruled out as an expla-
nation. Last, a novel experience alone was not
sufficient to elicit a consolation response in ab-
sence of a stressor (time-treatment interaction,
Fi16 = 7.1, P = 0.017) (fig. S8). This confluence of
evidence and exclusion of alternative explana-
tions supports the interpretation that an empa-
thy mechanism underlies the increase in affiliative
behavior in prairie voles in response to a stressed
conspecific.

In humans, the oxytocin receptor (OTR) has
been linked to empathy, emotion recognition,
and socioemotional engagement (31-33). Observ-
ers that received an injection of an oxytocin an-
tagonist (OTA) into the cerebral ventricle before
the consolation test did not change their base-
line allogrooming but showed no consolation
response (time-treatment interaction, Fyo; =
5.0, P < 0.04) (Fig. 4A), demonstrating that OTR
activation in the brain is necessary for consola-
tion behavior. The prairie vole anterior cingulate
cortex (ACC), adjacent prelimbic cortex (PLC),
and nucleus accumbens shell (NACS) all express
high densities of OTR (Fig. 4B); in humans, the
ACC and homologous medial prefrontal cortex
have been linked to empathy (34), and the NACS
is typically linked to social and nonsocial reward
(35). Using immunohistochemistry targeting the
immediate early gene protein FOS, we deter-
mined that the ACC, but not PLC or NACS, is
differentially active in observers interacting with
stressed demonstrators as compared with un-
stressed demonstrators (treatment-region interac-
tion, F 34 = 6.7, P < 0.004; post-hoc ¢ test, P < 0.02
uncorrected) (Fig. 4, C and D, and fig. S9). This
result was validated in observers exposed to
stressed demonstrators across a clear perforated
barrier (¢ test, P < 0.04) (fig. S10), suggesting
that the difference in activity was due to expo-
sure to the stressed demonstrator rather than
caused by the observer’s behavior. Following
these results, we hypothesized that oxytocin may
act region-specifically on OTR in the ACC to en-
able consolation behavior. An injection of OTA
directly into ACC abolished the consolation
response in observers (time-treatment interac-
tion, Fy35 = 74, P < 0.02) (Fig. 4E and fig. S11A),
whereas injections into adjacent PLC had no
effect (Fig. 4F and fig. S11B); this shows that OTR
signaling within the ACC modulates consolation,
possibly by disrupting physiological, emotional,

377

22 JANUARY 2016 « VOL 351 ISSUE 6271

Downloaded from http://science.sciencemag.org/ on May 27, 2016


http://science.sciencemag.org/

RESEARCH | REPORTS

A C D
Icv 175% 1 A
:’5 19 . B Before —_ ,,CC
= O After PLC s
E 8- : 2 2 150%
g 88
g g 8 125%
g Acc £ “\f 100%
521 £
= NACS 759 : _
04 ACC PLC NACS Separation Separation
Vehicle OTA w/ stressor
Fig. 4. Neural mechanisms of consolation behavior. (A) Observers re- E F
ceived an intracerebroventricular (ICV) injection of OTA (n = 16 voles) or ACC PLC
vehicle (n = 12 voles) before the consolation test. Bars represent mean £ SEM. 11 " 17
(B) Receptor autoradiographs show the presence of OTR in prairie vole PLC, " &0 kol *
ACC, and NACS. (C) Observers were administered a consolation test with g _ 8 g _ 84
control separations (n = 10 voles) or separations with stressor (n = 9 voles). 83 273
Bars represent mean = SEM. (D) Images show FOS immunoreactivity in the _ED ':é 6 50"5 6
right ACC of observers representing the mean from each treatment group. 2 : 2 :
Dashed circles show the quantified area. cc, corpus callosum. (E) Observers .g % 44 ._% % 44
received a bilateral injection of OTA (n = 8 voles) or vehicle (n =7 voles) directly 5 _‘g 5 _§
into the ACC before the consolation test. Bars represent mean £ SEM. (F) £ = , | £~ 5.
Observers received a bilateral injection of OTA (n = 8 voles) or vehicle (n = & &
9 voles) directly into the PLC before the consolation test. Bars represent 0. 0. : .
mean + SEM. *P < 0.05, **P < 0.005, ***P < 0.0005. Vehicle OTA Vehicle OTA

and/or behavioral responses. This evidence dem- 2. F.B. M. de Waal, A. van Roosmalen, Behav. Ecol. Sociobiol. 5,
onstrates that the ACC is one node where activity 55-66 (1979).
. during int . ith a st d con- 3. Z Clay, F. B. M. de Waal, PLOS ONE 8, 55206 (2013).
1ncre'ases uring eIaCthI.I Wl ?S ressed con 4. E. Palagi, G. Cordoni, Anim. Behav. 78, 979-986
specific, and where OTR activation is necessary for (2009).
the expression of consolation behavior. These 5. A K. A. Cools, A. J. M. van Hout, M. H. J. Nelissen, Ethology
- - 114, 53-63 (2008).

neural S}lbstrates suggest. conserveq biological 6. 0. N. Fraser. T. Bugnyar. PLOS ONE 5. e10605 (2010).
mechanisms for consolation behavior between | 7. a w. Seed, N. S. Clayton, N. J. Emery, Curr. Biol. 17, 152-158
prairie vole and human. (2007).

The presence of consolation behavior in prairie g- é “B"- ;'Oénib\-/ F-l B}; "/A\- del_Waagv P 9;_” 2 :’Zﬁ (2%4)#7 i

. . . . b. M. ae Waal, r. Aurell, In Keaching into Ihought: Ihe Minds

VOles, demonstrates thaF .thls beha.w.or does not of the Great Apes, A. E. Russon, K. A. Bard, S. T. Parker, Eds.
require advanced cognitive capacities, and the (Cambridge Univ. Press, 1996).
conserved neurobiology of consolation between | 10. D. J. Langford et al., Science 312, 1967-1970 (2006).
prairie voles and humans suggests a deep ho- 11. D. Jeon et al., Nat. Neurosci. 13, 482-488 (2010).

mology of the underlying neural substrates. The 12. I(EZ(;lOK)lm E. S. Kim, E. Covey, J. J. Kim, PLOS ONE 5, 15077

ancestral biological mechanisms supporting mater- | 13, . Chen, J. B. Panksepp, G. P. Lahvis, PLOS ONE 4, e4387
nal care in mammals have likely served as the (2009).
basis from which many complex social behaviors 14. J. Sanders, M. Mayford, D. Jeste, PLOS ONE 8, 74609

) X ) (2013).
evolved, including empathy (24, 36) and Dair | 15 o '\"ehiccn s comp. Physiol. Psychol. 52, 132-134

bonding (37), both of which involve the reorient- (1959).
ing of parental behaviors toward adult con- 16. G. E. Rice, P. Gainer, J. Comp. Physiol. Psychol. 55, 123-125
specifics. Nonetheless, the confirmed absence (1962).

s 17. T. Romero, M. A. Castellanos, F. B. de Waal, Proc. Natl. Acad.
of consolation in the closely related meadow vole Sei. USA. 107, 12110-12115 (2010).

and in most macaques (9, 38) shows that con- | 1g | | Getz, B. Mcguire, T. Pizzuto, J. E. Hofmann, B. Frase,
solation behavior emerges only under particular J. Mammal. 74, 44-58 (1993).

social and evolutionary conditions. Understand- 19. S. Nuneg, in Rodent Societies: An Ecological & E\/.olutlonaljy
ing the neurobiology of oxytocin-dependent con- /;ffsi eCZ%‘g})J'C?]éyog' P. W. Sherman, Eds. (Univ. of Chicago
solation behavior in prairie voles may help usto | 20 | . Getz, J. Mammal. 53, 310-317 (1972).

understand the diverse deficits in detecting and | 21. T. Kikusui, J. T. Winslow, Y. Mori, Philos. Trans. R. Soc. London

responding to the emotions of others that are B Biol. Sci. 361, 2215-2228 (2006).
present in many psychiatric conditions, includ- 22. ?2'081'4; mith. Z. Wang, Biol. Psychiatry 76, 281-288
ing autism, schizophrenia, and psychopathy. 23. 0. N. Fraser, D. Stahl, F. Aureli, Proc. Natl. Acad. Sci. U.S.A.

105, 8557-8562 (2008).
24. S. D. Preston, F. B. M. de Waal, Behav. Brain Sci. 25, 1-20,
discussion 20-71 (2002).

REFERENCES AND NOTES 25. F. B. de Waal, Annu. Rev. Psychol. 59, 279-300 (2008).
1. C. Zahn-Waxler, M. Radke-Yarrow, E. Wagner, M. Chapman, 26. C. D. Batson, in The Social Neuroscience of Empathy, J. Decety,
Dev. Psychol. 28, 126-136 (1992). W. Ickes, Eds. (MIT Press, 2009).

378 22 JANUARY 2016 » VOL 351 ISSUE 6271

27. T. W. Buchanan, S. L. Bagley, R. B. Stansfield, S. D. Preston,
Soc. Neurosci. 7, 191-201 (2012).

28. E. Palagi, I. Norscia, E. Demuru, PeerJ 2, €519 (2014).

29. S. Watanabe, K. Ono, Behav. Processes 13, 269-277
(1986).

30. I. Ben-Ami Bartal, J. Decety, P. Mason, Science 334,
1427-1430 (2011).

31. G. Domes, M. Heinrichs, A. Michel, C. Berger, S. C. Herpertz,
Biol. Psychiatry 61, 731-733 (2007).

32. E. Andari et al., Proc. Natl. Acad. Sci. U.S.A. 107, 4389-4394
(2010).

33. R. Hurlemann et al., J. Neurosci. 30, 4999-5007 (2010).

34. C. Lamm, J. Decety, T. Singer, Neurolmage 54, 2492-2502
(2011).

35. K. C. Berridge, M. L. Kringelbach, Neuron 86, 646-664
(2015).

36. S. D. Preston, Psychol. Bull. 139, 1305-1341 (2013).

37. M. Numan, L. J. Young, Horm. Behav. 10.1016/
j.yhbeh.2015.05.015 (2015).

38. G. Schino, S. Geminiani, L. Rosati, F. Aureli, J. Comp. Psychol.

118, 340-346 (2004).

ACKNOWLEDGMENTS

This research was supported by grants from the National Institutes

of Health (IP50MH100023 and ROIMH096983) to L.J.Y. and by
predoctoral fellowships from the NIH (NIGMS T32GM08605-10,
F31 MH102911-01) and Emory University (Emory Neuroscience
Initiative Scholars Program in Interdisciplinary Neuroscience
Research) to J.P.B. Additional support was provided by a grant
from the NIH (OD P510D011132) to Yerkes National Primate
Research Center. We gratefully acknowledge colony management
by L. Mathews, cage design and assembly by G. Feldpausch,

and assistance from F. Haddad, L. Hearn, L. S. Jones, K. Kittelberger,

R. C. Pearcy, M. Reyes, and M. Carr-Reynolds.

SUPPLEMENTARY MATERIALS
www.sciencemag.org/content/351/6271/375/suppl/DC1l
Materials and Methods

Figs. S1 to S12

Table S1

References (39-47)

30 April 2015; accepted 18 December 2015
10.1126/science.aac4785

sciencemag.org SCIENCE

Downloaded from http://science.sciencemag.org/ on May 27, 2016


http://science.sciencemag.org/

Oxytocin-dependent consolation behavior in rodents

J. P. Burkett, E. Andari, Z. V. Johnson, D. C. Curry, F. B. M. de
Waal and L. J. Young (January 21, 2016)

Science 351 (6271), 375-378. [doi: 10.1126/science.aac4785]

AYAAAS

Editor's Summary

L et me comfort you

Consolation behavior promotes stress reduction of one by another. We know that consolation
occurs in humans and apes. Burkett et al. observed that within a pair of monogamous prairie voles, an
unstressed partner increased its grooming of a stressed partner. Furthermore, the unstressed partner
matched the stressed partner in its stress hormone response. Thus, consolation may be more common
than assumed in animals, and prairie voles may prove a useful model for understanding the physical and
neural mechanisms underlying consolation behavior.

Science, thisissue p. 375

This copy isfor your personal, non-commercia use only.

ArticleTools  Visit the online version of this article to access the personalization and
articletools:
http://science.sciencemag.org/content/351/6271/375

Permissions  Obtain information about reproducing this article:
http://www.sciencemag.org/about/permissions.dtl

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week
in December, by the American Association for the Advancement of Science, 1200 New Y ork
Avenue NW, Washington, DC 20005. Copyright 2016 by the American Association for the
Advancement of Science; all rights reserved. Thetitle Science isaregistered trademark of AAAS.

Downloaded from http://science.sciencemag.org/ on May 27, 2016


http://science.sciencemag.org/content/351/6271/375
http://www.sciencemag.org/about/permissions.dtl
http://science.sciencemag.org/

www.sciencemag.org/content/351/6271/375/suppl/DC1

RAVAAAS

Supplementary Material for
Oxytocin-dependent consolation behavior in rodents

J. P. Burkett,* E. Andari, Z. V. Johnson, D. C. Curry, F. B. M. de Waal, L. J. Young*
*Corresponding author. E-mail: jpburke@emory.edu (J.P.B.); lyoun03@emory.edu (L.J.Y.)

Published 22 January 2016, Science 351, 375 (2016)
DOI: 10.1126/science.aac4785

This PDF file includes:

Materials and Methods
Figs. S1 to S12

Table S1

Full Reference List



Supplementary Materials:

Materials and Methods:

Subjects. All animal subjects and stimulus animals were sexually naive, gonadally intact adult
male and female prairie voles (Microtus ochrogaster, originating from individuals wild-caught in
[llinois) or meadow voles (M. pennsylvanicus) that were raised in our breeding colony at Yerkes
National Primate Research Center. Voles were weaned at 21 days of age and socially housed in
same-sex duos or trios on a 14:10 light:dark cycle. Voles were provided with water and Purina
rabbit chow ad libitum at all times. Voles were used for experiments after reaching adulthood
(between 2 months and 6 months of age). All breeding, housing, and experimental procedures
were approved by the Institutional Animal Care and Use Committee at Emory University.
Before testing began, adult subjects to be tested as male-female mated pairs were co-housed for
2-5 days to allow for the formation of a bond. Adult subjects to be tested as same-sex siblings
were co-housed since birth and weaned together. Adult subjects to be tested as cagemates were
co-housed since weaning.

Drugs. The oxytocin antagonist (OTA) used in these studies was peptidergic ornithine vasotocin
analog desGly—NHz,d(CHz)S[Tyr(Me)z, Thr*]OVT (Bachem, Torrance, CA) (39). OTA was
dissolved in artificial cerebrospinal fluid (aCSF) at a concentration of 2.5 ng/ul.. Aliquots of
aCSF from the same batch were used for vehicle injections.

Consolation test protocol. Prior to the consolation test, pair-housed subjects (one “observer”
and one “demonstrator”) were housed together in standard Super Mouse 750 cages (Lab
Products Inc., Seaford, DE) that were cut in half and modified such that the two halves were held
together with magnetic braces (Fig. S12). Subjects were subsequently habituated to the testing
procedure (Fig. 1A) as follows. Home cages were moved into the testing room and all
obstructive enrichment was removed from the cage. Subjects were then left undisturbed and
digitally recorded for 90 minutes, the last 30 minutes of which was used for baseline behavioral
analysis. Following this baseline period, subjects were separated by introducing opaque magnetic
barriers into the cage seam and then splitting the home cage into two independent hemi-cages.
After 24 minutes, the two hemi-cages were merged and the barriers removed. Post-separation
behavior was digitally recorded for 10 minutes. This procedure was repeated for 2-4 days, and
data from all but the first day were used to determine pre- and post-separation behavior.

On the day following the habituation period, subjects underwent an identical procedure, except
as follows. For subjects in experimental stressor groups, the hemi-cage containing the
demonstrator was moved into a separate room and the demonstrator was transferred into a fear
conditioning chamber. Demonstrators habituated to the chamber for 5 minutes and then were
subjected to five tones (30 s, 6 kHz, 75-80 dB) preceding light foot shocks (0.5 s, 0.8 mA) which
occurred at 3-4 minute variable inter-trial intervals, for a total of 24 minutes (40). Demonstrators
were then returned to their hemi-cage and re-united with observers as above. Post-shock
behavior was digitally recorded for 10 minutes.

Behavioral Coding. Digital videos from all experiments were viewed by raters blind to the
experimental groups and treatments. Videos were coded for allogrooming or other behaviors
depending on the experiment, such as self-grooming and freezing. Allogrooming was defined as
head contact with the body or head of another individual, accompanied by a rhythmic head
movement. Grooming directed toward the genitals, anogenital region, or tail, or occurring during
mating bouts, was considered genital/sexual grooming and excluded. Raters coded all



experiments using either The Observer XT (Noldus, Wageningen, The Netherlands) or
Stopwatch+ (Emory University, Atlanta, GA). Each experiment was coded by a single rater
using a single software package, and all raters had a minimum of 80% inter-rater reliability.
Statistics. Statistical analyses are described within each experiment. Whenever possible,
ANOVAs were used as omnibus tests, with within-subjects factors analyzed as repeated
measures. Since the duration of allogrooming and self-grooming were non-parametric in our
experiments, these data were transformed within each experiment into ranks, where data points
from all groups are numbered (“ranked”) from lowest to highest and the ranks substituted for the
raw values. Ranked data were then normalized to a 0-1 scale by dividing by the number of data
points in the experiment. Post-hoc tests on duration also used the ranked data. All p-values
described as significant were below the Bonferroni-adjusted a after multiple-comparisons
correction, unless otherwise indicated.

Effect of Separation With Versus Without a Stressor. We tested whether male prairie and
meadow vole observers would show increased allogrooming toward their stressed female mates
(the “consoling response”). In separate experiments, male prairie (N=12) and meadow (N=12)
vole observers were paired with an age-matched female demonstrator for 2 days. In prairie voles,
this is sufficient time for a pair bond to form (4/). Mated pairs were then administered a
consolation test with 3 days of habituation and one day of stress as described above.
Rank-transformed data on duration of allogrooming from each species were analyzed using a
2x2 ANOVA, with time (before, after) and treatment (separation, shock) as within-subjects
factors. Post-hoc paired t-tests compared time points within each treatment condition. An
additional paired t-test compared the latency to groom the partner between treatment conditions
in the after time point. Results appear in Figs. 1B, S1, and S5.

Effect of Sex and Relationship. We tested whether consolation behavior would be shown
preferentially toward familiar individuals, and whether the response was equal among males and
females. Male and female prairie vole observers were divided into three groups: mates (male,
N=24; female, N=13), siblings (male, N=11; female, N=11), and strangers (male, N=10; female,
N=11). “Mates” were paired with an age-matched opposite-sex demonstrator for 3 days prior to
testing. “Siblings” were pair-housed with a same-sex sibling demonstrator with which they had
been continuously housed since birth. “Strangers” were pair-housed with a same-sex sibling or
cagemate with which they had been continuously housed since weaning. All subjects were
administered a consolation test with 3 days of habituation as described above, with the following
exception. Each day immediately prior to testing, observers in the “stranger” group were
separated from their cagemates and their hemi-cage was merged with a hemi-cage containing an
unfamiliar same-sex demonstrator. Unfamiliar pairs were subsequently treated identically to
other treatment groups, and therefore had 1 hour of habituation prior to collection of baseline
data. Each observer in the “stranger” group was exposed to a different unfamiliar demonstrator
on each testing day. Following testing each day, all unfamiliar demonstrators were separated
back into their original hemi-cages and returned to their cagemates. Prior to mating, male and
female prairie voles are generally not aggressive toward unfamiliar same-sex conspecifics (42);
nonetheless, voles in the “stranger” group were monitored for aggressive attacks and eliminated
if excessive fighting or injury occurred.

Rank-transformed data on duration of allogrooming from observers of both sexes were analyzed
using a 2x2x3 ANOVA, with time (before, after) as a within-subjects factor and sex (male,
female) and relationship (mate, sibling, stranger) as between-subjects factors. For the time-
relationship interaction, data from both sexes were combined and post-hoc paired t-tests



compared time points within each relationship group. For the time-sex interaction, data from all
relationships were combined and post-hoc paired t-tests compared sexes within each time point.
An additional 2x3 ANOVA was used to analyze latency to partner-groom in the after time point,
with sex (male, female) and relationship (mate, sibling, stranger) as between-subjects factors.
Data from both sexes were combined for post-hoc tests, which compared different levels of
relationship. Results appear in Figs. 3C, S2, and S6.

To test an independent hypothesis regarding whether prairie voles show a different response to
vicarious distress than they do to personal distress (self-other differentiation), a separate 2x2
ANOVA on rank-transformed data (with time (before, after) as a within-subjects factor and
subject (observer, demonstrator) as a between-subjects factor) compared allogrooming between
subjects (male and female) that had either been exposed to a stressed mate (observer group) or
received primary exposure to the stressor (demonstrator group). Post-hoc paired t-tests compared
time points within each subject group. Results appear in Fig. 3D.

To test an independent hypothesis regarding emotional contagion, a separate 2x2 Repeated
Measures ANOVA was used to analyze the rank-transformed duration of self-grooming before
and after separation between male observers and their female mate demonstrators. Post-hoc
paired t-tests compared time points within each subject group. Results appear in Fig. 2A.
Consolation in Unrelated Cagemates. We tested whether consolation behavior would be
observed between unrelated long-term cagemates. Male cagemates (N=9 pairs) were co-housed
since weaning and then administered a consolation test with 3 days of habituation as described
above, with one cagemate randomly selected as the observer. Rank-transformed data on duration
of observer allogrooming before and after separations with stressor were compared using a
paired t-test. Results appear in Fig. S7.

Emotional Contagion of Fear. Male prairie vole observers (N=12) were paired with age-
matched female demonstrators for 2 days prior to training. Subsequently, females were exposed
to 3 sessions of fear conditioning as described above over the course of 9 days. On the day
following the training, the male observer and female demonstrator were placed together into a
novel cage and given 90 seconds to habituate. Pairs were then given five exposures to the
conditioned stimulus (30 s tone, 6 kHz, 60 s inter-trial interval). Freezing duration in observers
and demonstrators during each of the first 3 tones was scored and averaged. Freezing duration
during the 30 seconds prior to each tone was scored and averaged to represent pre-tone behavior.
Freezing duration data were analyzed using a 2x2 Repeated Measures ANOVA, with time (pre-
tone, tone) as the within-subjects factor and subject (observer, demonstrator) as the between-
subjects factor. Post-hoc paired t-tests compared time points within each subject group.
Coordinated freezing was calculated in a separate analysis as the observed amount of concurrent
freezing by both the observer and the demonstrator during the tone presentations (as a percent of
total tone presentation time), minus the concurrent freezing expected by chance. The concurrent
freezing expected by chance was calculated within each subject pair as the percent of time the
observer spent freezing during the tones multiplied by the percent of time the demonstrator spent
freezing during the tones. Coordinated freezing scores were then tested against an expected value
of zero using a single-sample t-test. Results appear in Figs. 2B and 2C.

State Matching and Social Buffering. Male prairie vole observers (N=70) were paired with
age-matched female demonstrators for 3-5 days prior to testing. Mated pairs were then
administered a consolation test with either 2 or 3 days of habituation as described above, with the
following exceptions. After separation on all testing days, observers were subjected to one of
three different testing conditions: either the hemi-cages were merged as before and no barrier



was present; or the hemi-cages were merged but observers and demonstrators were separated
across a transparent, perforated barrier; or observers and demonstrators remained isolated in
separate hemi-cages. The post-separation reunion period in this experiment was restricted to 5
minutes. On the last day of testing, half of the demonstrators were stressed with tone-shock
pairings during separation, while the other half remained in the hemi-cage as a control. The
combination of these two factors, barrier and treatment, defined the six independent groups (no
barrier/separation, N=12; no barrier/shock, N=12; clear barrier/separation, N=12; clear
barrier/shock, N=12; solid barrier/separation, N=12; solid barrier/shock, N=10).

Following the 24-minute separation and 5-minute reunion on the last day of testing, all male and
female subjects were administered an elevated plus maze (EPM) test for 5 minutes as previously
described (43). The final data set excluded some subjects that jumped from the EPM prior to the
end of testing (no barrier/separation, observers: N=11, demonstrators: N=11; no barrier/shock,
observers: N=12, demonstrators: N=11; clear barrier/separation, observers: N=11, demonstrators:
N=12; clear barrier/shock, observers: N=11, demonstrators: N=11; solid barrier/separation,
observers: N=8, demonstrators: N=11; solid barrier/shock, observers: N=10, demonstrators:
N=10). Immediately after the EPM, trunk or heart blood was collected from male and female
subjects and processed for corticosterone radioimmunoassay as previously described (43). Some
subjects jumped from the EPM following the end of the test, resulting in the exclusion of their
plasma corticosterone data. Additionally, some plasma corticosterone measurements were
excluded for excessive variation between technical replicates (CV > 20%). These exclusions
resulted in smaller N’s for the plasma cort analysis in observers (no barrier/separation, N=11; no
barrier/shock, N=12; clear barrier/separation, N=11; clear barrier/shock, N=11; solid
barrier/separation, N=7; solid barrier/shock, N=9). Additionally, correlations included only
observer-demonstrator pairs where plasma cort data could be obtained for both observer and
demonstrator (clear barrier/separation, N=11; clear barrier/shock, N=9). An average of 12
minutes passed from the beginning of the reunion period to the start of euthanasia preceding
blood collection.

Plasma corticosterone data from stressor groups were divided by the average plasma
corticosterone concentration of the corresponding separation control group, and then analyzed
using a one-way ANOV A with barrier (none, clear, solid) as the between-subjects factor. Post-
hoc single-sample t-tests compared each barrier group with an expected value of 100%. Male
and female plasma corticosterone concentrations in the clear barrier groups (separation and
stressor) were compared using Pearson’s correlation, and the two correlations were compared
using Fisher’s transformation. Male and female open arm times on the EPM were analyzed with
separate 2x3 ANOV As, with treatment (separation, shock) and barrier (none, clear, solid) as
between-subjects factors. Post-hoc t-tests compared treatments within each barrier group. Results
appear in Figs. 1D, 3A, and 3B.

Novel Experience. Male and female prairie vole observers (N=18) were paired with opposite-
sex demonstrators for 4 days prior to testing. Mated pairs were then administered a consolation
test as described above, with the following exceptions. Pairs were housed in standard colony
caging rather than modified Super Mouse 750 cages. Pairs were not habituated to the testing
procedures prior to the day of consolation testing, and therefore all data was collected on the first
day of testing. The baseline period consisted of 60 minutes of digital recording, from which 10
minutes were used for baseline behavioral analysis. On the day of testing, the demonstrators
were separated from the observers and moved to a fear conditioning chamber by cup transfer.
Demonstrators habituated to the chamber for 5 minutes and then were subjected to five



presentations of one of two odors (30 s, either 50% eugenol or acetophenone), counterbalanced
within each group. Presentations occurred at 3-4 minute variable inter-trial intervals, for a total
of 24 minutes. In one treatment group (N=12), each odor presentation preceded a light foot shock
(0.5 s, 0.8 mA), while the other treatment group (N=6) experienced odors only. Demonstrators
were then returned to the home cage containing the observer by cup transfer.

Rank-transformed data on duration of allogrooming were analyzed using a 2x2 ANOVA, with
time (before, after) as a within-subjects factor and treatment (odor, odor with shock) as a
between-subjects factor. Post-hoc paired t-tests compared time points within each treatment
condition. Results appear in Fig. S8.

FOS Immunochemistry. Male prairie vole observers (N=20) were paired with age-matched
female demonstrators for 2 days prior to testing. Mated pairs were then administered a
consolation test with 3 days of habituation as described above. On the last day of testing, mated
pairs were divided into two groups: one in which demonstrators (N=10) were separated only, and
another in which demonstrators (N=10) were separated and exposed to the stressor as described
above. Observers and demonstrators were then reunited for exactly 5 minutes and then separated
again. Observers then rested alone in the home cage for another 70 minutes, at which time they
were euthanized and perfused as described below for FOS immunohistochemistry.

In a second experiment, an independent set of male prairie vole observers (N=20) were paired
and tested exactly as before in two groups (separated, N=9; separated with stressor, N=11)
except that, during the 5S-minute reunion period, observers and demonstrators were separated by
a clear, perforated barrier. Observers then rested alone as before for 70 minutes before being
euthanized and perfused as described below for FOS immunohistochemistry.

Perfusion. Prairie vole subjects were administered an overdose of isoflurane and were
immediately perfused transcardially with 40 mL of phosphate-buffered saline (PBS; Teknova,
Hollister, CA) followed by 40 mL of PBS containing 4% paraformaldehyde (Polysciences,
Warrington, PA) at 4 mL/minute using a perfusion pump (Easy-Load II Masterflex; Cole-
Palmer, Vernon Hills, IL). Brains were then removed, post-fixed overnight in PBS containing
4% paraformaldehyde, and finally transferred to PBS containing 30% sucrose until sectioning.
Sectioning. Perfused brains were cut into 40 um sections using a sliding microtome (Microm
HM 450, Microm International, Walldorf, Germany) with a freezing stage (Physitemp BFS-
30TC, Physitemp Instruments, Clifton, NJ) and were stored in 1x PBS with 0.5% sodium azide
until immunohistochemical staining.

Immunochemistry. Sections were washed 3 times in PBS, incubated for 10 minutes in PBS
containing 1% sodium hydroxide, and washed 3 times in PBS containing 0.5% Triton-X (PBST;
Sigma-Aldrich, St. Louis, MO) before incubating in PBST containing 5% normal goat serum
(Fitzgerald, Acton, MA) for 1 hour at room temperature. Sections then incubated for 48 hours in
PBS containing primary rabbit polyclonal anti-FOS antibody (PC38; Calbiochem) at a dilution of
1:20,000 on an orbital shaker at 4°C. Following primary incubation, sections were washed 5
times in PBS and once in PBST containing 5% normal goat serum before incubating in
secondary biotinylated goat anti-rabbit IgG antibody (1:500; Vector Labs BA-1000) for 2 hours.
After secondary incubation, sections were washed 5 times with PBS and treated with an avidin-
biotin peroxidase system (Vectastain ABC Kit, Vector Labs) and finally with a Nickel-DAB
peroxidase substrate kit (Vector Labs). Sections were washed 3 times in PBS and stored in PBS
containing 0.5% sodium azide until being mounted on slides (Superfrost Plus, Fisher Scientific,
Pittsburgh, PA). Mounted sections were dehydrated in a series of ethanol solutions followed by
Histo-Clear (5 minutes in 70% EtOH; 10 minutes in 95% EtOH; 10 minutes in 95% fresh EtOH;



10 minutes in 100% EtOH; 10 minutes in fresh 100% EtOH; 10 minutes in Histo-Clear; and 10
minutes in fresh Histo-Clear) and coverslipped using Krystalon (EMD Chemicals, Gibbstown,
NJ). Finally, sections were imaged at 4x magnification (Eclipse E800, Nikon, Tokyo, Japan) and
FOS-positive cells were counted bilaterally at three anatomical positions within the target brain
regions using MCID 7.0 (GE Healthcare Life Sciences, Marlborough, MA).

In the first experiment, the average of all FOS-positive cell counts within the ACC, PLC and
NACS were analyzed using a 2x3 ANOVA, with treatment (stressed, unstressed) as a between-
subjects factor and brain region (ACC, PLC, NACS) as a within-subjects factor. Post-hoc t-tests
looked at differences between groups within each brain region. Following a positive result in the
ACC, the second experiment counted only FOS-positive cells in the ACC and analyzed them
between groups using a t-test. As an exploratory analysis in each experiment, FOS-positive cell
counts were averaged separately for the three rostral-caudal anatomical positions measured
within ACC, and compared between groups using t-tests. Results appear in Figs. 4C, 4D, S8, and
S9.

Receptor Autoradiography. Brains from subjects in some experiments were collected and
processed for receptor autoradiography as previously described (44) targeting the oxytocin
receptor. Autoradiographs are presented in Fig. 4B.

ICV Injection of OTA. Male prairie vole observers (N=28) were surgically implanted under
isoflurane anesthesia with a unilateral guide cannula, dummy cannula and cap (PlasticsOne,
Roanoke, VA) as previously described (45) targeting either the left or right lateral ventricle (AP
+0.6 mm; ML + | mm; DV -1.2 mm from Bregma). After 3-4 days of recovery, observers were
paired with an age-matched female demonstrator for 3 days. Observers were then habituated to
the consolation test protocol for three days as described above. On the morning of the last day of
testing, observers were anesthetized and an ICV injection of either OTA (5 ng in 2 uL aCSF;
N=16) or vehicle (2 pL aCSF; N=12) was administered via injection cannula (PlasticsOne,
Roanoke, VA). Observers were allowed between 15 minutes and 2 hours to recover from
anesthesia before being moved to the testing room. All subjects were then administered a
consolation test as described above.

Following consolation testing, observers were euthanized and 2 pL of 3% India ink was injected
into the lateral ventricle using the same procedure as above. The brain was then immediately
harvested, cut in half with a razor blade, and photographed to verify the presence of ink in the
ventricles. Subjects with no ink present in the ventricles after this procedure were eliminated
from the analysis. One subject received no ink injection and cannula placement was confirmed
through histological location of the guide cannula on slide-mounted brain sections.

Data on rank-transformed duration of allogrooming were analyzed using a 2x2 ANOVA, with
time (before, after) as a within-subjects factor and treatment (vehicle, OTA) as a between-
subjects factor. Post-hoc paired t-tests compared time points within each treatment group.
Results appear in Fig. 4A.

Site-specific Injection of OTA. In separate experiments, male prairie vole observers were
surgically implanted under isoflurane anesthesia with bilateral guide cannulae, dummy cannulae
and cap (PlasticsOne, Roanoke, VA) as previously described (45) targeting either the pre-limbic
cortex (PLC; N=28; AP +2.4 mm, ML £+ 0.8 mm, DV -2.2 mm from Bregma) or anterior
cingulate cortex (ACC; N=28; AP +1.4 mm, ML + 0.8 mm, DV -1.3 mm from Bregma). After 3-
5 days of recovery, observers were paired with an age-matched female demonstrator for 1-3
days. Observers were then habituated to the consolation test protocol for three days as described
above. On the last day of testing, observers were anesthetized and given a bilateral injection of



either vehicle (0.2 pL aCSF/side) or vehicle containing OTA (0.5 ng in 0.2 pL aCSF/side) into
the targeted brain region (aCSF in PLC, N=12; OTA in PLC, N=16; aCSF in ACC, N=12; OTA
in ACC, N=16) using a bilateral internal cannula (PlasticsOne, Roanoke, VA). Infusions were
delivered slowly using a microsyringe pump controller (Micro4, World Precision Instruments,
Sarasota, FL) over the course of 5 minutes, an injection rate expected to limit diffusion to less
than 0.5 mm (46). Observers were allowed between 15 minutes and 2 hours to recover from
anesthesia before being moved to the testing room. Observers were then administered a
consolation test as described above.

Following consolation testing, cannula placement was confirmed using 1% methylene blue dye
as previously described (44). The location of each hit was then plotted on images from the mouse
atlas (47). Observers with no dye in the target brain region were eliminated from analysis. Some
observers did not receive dye injections and cannula placement was verified through histological
location of the guide cannula on slide-mounted brain sections.

Data on rank-transformed duration of allogrooming were analyzed in each experiment using a
2x2 ANOVA, with time (before, after) as a within-subjects factor and treatment (vehicle, OTA)
as a between-subjects factor. Post-hoc paired t-tests compared time points within each treatment
group. Results appear in Figs. 4E, 4F and S10.

Meta-Analysis. In order to represent the observed values for the behavioral measures used in
this study with the greatest possible degree of precision, a meta-analysis was performed using
Comprehensive Meta-Analysis 2.0 (Biostat, Englewood, NJ). To avoid publication bias, we
included all scored experiments in our laboratory where a consolation test using comparable
methods was administered. Individual groups from these experiments were included in the
analysis if observers were male or female prairie voles and demonstrators were familiar
conspecifics. Data from experimental groups containing meadow vole observers, prairie vole
observers paired with strangers, or where observers received an experimental manipulation, were
excluded from the analysis. In experiments where observers were administered more than one
consolation test, data from only the first test were included. These criteria resulted in the
inclusion of twenty groups of subjects from thirteen experiments (Table S1). The primary
measures included in the analysis were duration of allogrooming and latency to allogroom.
Duration of allogrooming was subdivided into baseline (pre-separation) duration, cumulative
duration per minute post-separation, and cumulative duration per minute post-separation with
stressor. Latency to allogroom was subdivided into post-separation and post-separation with
stressor. Groups were combined using a random-effects model to account for heterogeneity
across experiments. Raw values were used to calculate point estimates and 95% confidence
intervals of all outcome measures. The effect sizes and p-values of the within-experiment
differences between time points were determined using rank-transformed data only from
experiments where measurements were taken at each of the time points being compared. Results
appear in Table 1 and Figs. 1C, S3, and S4.
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Figure S1
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separations during which the demonstrator was stressed. Bars represent the mean £ SEM of the
observer’s latency to allogroom the demonstrator. ** p<0.005.
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Sex difference in allogrooming. Male and female observers differed only in baseline
allogrooming and not in their response to stressed demonstrators. Bars represent the mean +
SEM of the ranked duration of allogrooming performed by the observer. * p<0.007.
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Meta-analysis of duration. Forest plots show the effect sizes of the within-experiment
differences between the observer’s allogrooming at (A) baseline and after a separation with
stressor (Hedges’ g=1.3, p<3x107°), (B) baseline and after a control separation (Hedges’ g=0.22,
p>0.31), and (C) separation with and without a stressor (Hedges’ g=0.58, p<0.0001). Hedges’ g
for each study was calculated using ranked duration. The last row of each plot shows the overall
effect size and the lower and upper limits of the 95% confidence interval. Experiment numbers
refer to the experiments in Table S1.
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Meta-analysis of latency. (A) A meta-analysis of results from 13 experiments shows the
observer’s precise latency to groom the demonstrator after control separations and after
separations with a stressor. Lines represent the mean + 95% confidence interval. (B) A forest
plot shows the effect size of the within-experiment difference between the observer’s latency to
allogroom after control separations and after separations with stressor. The last row of the plot
shows the overall effect size (Hedges’ g=-0.72, p<0.0001) and the lower and upper limits of the
95% confidence interval. Experiment numbers refer to the experiments in Table S1.
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Consolation test in meadow voles. Meadow vole males (N=12) do not show an increase in
allogrooming toward stressed female mates. (A) Bars represent the mean + SEM of the ranked
duration of allogrooming performed by the male observer. (B) Bars represent the mean + SEM of
the male observer’s latency to allogroom the female mate.



Figure S6

500 - rAx
[ |
—_ ok ok
g 400 - —
5
e
5300+ %
=
2 200 -
Y
S
= 100 -
ol 1 ™1 |

Mate  Sibling Stranger

Familiarity bias in latency. Observers are faster to initiate allogrooming toward stressed mates
and siblings than toward stressed strangers. Bars represent the mean + SEM of the observer’s
latency to allogroom the demonstrator. *** p<0.0001.
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Cagemates. Unrelated same-sex cagemates, housed together since weaning, underwent
separations where one cagemate was stressed. Bars represent the mean + SEM of the ranked
duration of allogrooming directed by the observer toward the demonstrator. *** p<0.0005.
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Novel Experience. Observer-demonstrator pairs underwent separations where the demonstrator
was moved into a chamber and either exposed to odors alone, or to odors paired with light foot
shocks. Bars represent the mean = SEM of the ranked duration of allogrooming directed by the
observer toward the demonstrator. *** p<(0.0005.
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FOS in ACC by coordinates. Observers (from Figs. 4C-D) were administered a consolation test
with either control separations or separations with stressor. An exploratory analysis looked at the
relationship between FOS-positive cell counts in both groups at the three rostral-caudal
anatomical positions within the ACC that were averaged for the primary analysis. The largest
statistical difference occurred at +1.4 from Bregma, the coordinates targeted for drug injections.
Data points represent the mean = SEM of the count of FOS-positive cells. * p=0.03, ** p=0.01.



Figure S10

A B

200% - *
LY
—_ gy . f
) 0 -= o LA
EE 175% - l o -\\ AETTR
) 5 ‘I'.'. 'f ? Y : ' _. \
o O o p \ e gk . \\.
2 g 150% | , Wl B
= 2 : :
8 o S ‘.
2 = 1 I : |
@ 125% - 1 1 (O :
v = ' . 1 £ o
O o \ $ ! v “
m © - ) v 7
¥ 100% . | \ ot SR
S l \ ’ - /
e 8 7’ :
M cC SNET e
75% - .
Separation Separation Separation Separation
w/ stressor w/ stressor
160
= 120 - i
)
=3 *
ov]
=
Z 80
=]
2 | ™~
P T
o 1
= 40 . 1
Separation
4 Separation w/ stressor
0 T T 1

+1.6 +1.4 +1.2

ACC activation during observation of stressed demonstrator. Observers were administered a
consolation test where they were exposed to either stressed (N=10) or unstressed (N=10)
demonstrators across a clear, perforated barrier for 5 minutes. (A) Observers exposed to stressed
demonstrators (relative to those exposed to unstressed demonstrators) showed increased activity
in the ACC. Bars represent the mean = SEM of the count of FOS-positive cells as a percent of
the unstressed control. (B) Representative brain sections showing FOS immunostaining in the
ACC from both treatment groups. Dotted circles show the quantified area. cc: corpus callosum.
(C) An exploratory analysis looked at the relationship between FOS-positive cell counts in both
groups at the three rostral-caudal anatomical positions within the ACC that were averaged for the
primary analysis. The largest statistical difference occurred at +1.4 from Bregma, the coordinates
targeted for drug injections. Data points represent the mean + SEM of the count of FOS-positive
cells. * p<0.05, ** p<0.005.



Figure S11

Cannula plé{éé;r_lent. The location of intracranial injections into (A) ACC and (B) PLC is shown
by bars representing the 0.5 mm path of the injection cannula, from the end of the implanted
guide cannula to the target brain region. Injections occurred at the bottom of the bar. Open bars

(left) show vehicle injections; solid bars (right) show drug injections.



Figure S12

The consolation testing cage. (A) The cage with the two halves connected together to form a
single space. In this configuration, the cage can be used as standard housing. Cage lids and
feeders not shown. (B) The two cage halves pulled apart to show the braces with embedded
magnets. (C) The cage with a clear, perforated barrier inserted in between the cage halves. The
clear barrier has embedded magnets matching the cage magnets. (D) The two cage halves pulled
apart with solid barriers inserted to form two independent hemi-cages.



Table S1

Latency - Latency - Duration - Baseline Cumulative duration (by minute) - Separation Cumulative duration (by minute) - Separation w/stressor
Groups Observer Sex N Mean SD Mean SD Mean SD M1 Mean M1SD M2 Mean M2SD M3 Mean M3 SD M4 Mean M4 SD M5 Mean M5SD M6 Mean M6 SD M7 Mean M7 SD M8 Mean M8 SD M9 Mean M9 SD M10 Mean M10SD M1 Mean M1SD M2 Mean M2SD M3 Mean M3 SD M4 Mean M4 SD M5 Mean M5SD M6 Mean M6 SD M7 Mean M7 SD M8 Mean M8 SD M9 Mean M9 SD M10 Mean M10 SD

Experiment1 | 1 Male | 6|  108.03] 241.0§] 18.77 2154 273 476 635 6.88] 71 832 114] 1129] 1152 11.18]  1227] 1052] 12.95] 10.76]  13.22 1047 13.77] 9.99 15.17] 11.19 9.53[ 13.56] 164] 285 22.5[ 39.80) 25.3[ 42.21] 253[ 4221]  33.15] 50.69]  35.07] 60.00]  36.25] 59.74 37.4[ 59.35] 41.48] 58.06]
Experiment2 | 1 Male |12 359| 23216 79.07 83.45 314 4.40 075 0.93] 158| 2.32 393 807 4.83| 1024 5.55| 12.20) 7.46| 1602  10.07| 17.66| 1198 2039  12.93 21.08 1378 2180 4.08| 726 7.22| 11.76) 10| 1652) 12.72| 1652|  17.72| 26.72|  17.72| 2672  21.37| 28.64|  22.32| 28387 24.1| 30.79) 266 32.02
Experiment3 | 1 Male |7 2409 177.56] 124.51] 211.58| 262 333 034| 037, 133| 185 223 2.59) 7.6 14.27 97| 1868|  1054| 1892|  10.54| 1892  10.89| 18.72|  10.89| 18.72 1107|192 680 7.09| 16.49| 16.27|  21.11| 16.78 23.2| 17.68 232| 17.68 2403 1899  25.83| 2217|  28.06| 26.79|  28.29| 26.51] 32| 2558
Experiment4 | 1 Male [12|  360.27] 2525 60.83 69.73 672| 1030 0.26| 0.89) 033 089 08| 1.23 265| 6.27] 265| 6.27] 273 6.28 423 6.89 423 689 47| 691 479 685 465 4.42 849 97| 11.99| 16.68|  1661| 2525 21.17| 39.97|  2571| 47.35|  29.74| 5537|  35.08| 62.79 35.3| 62.80) 35.96| 62.73
Experiment5 | 1 Male |16 3217 36.8 241 432 14.84 15.40|  2211| 20.82| 2651 28.95|  27.82| 29.98|  28.91| 30.26|  29.41| 30.52] 33.1| 32.93] 38| 4127|  42.76| 51.77 43.64| 5420
Experiment6 | 1 Male |12  142.48) 136.49) 202| 2.94 5.46| 8.56) 6.93| 12.73] 7.87| 15.70) 9.56| 19.10)

2 Male |12 22.43 3035 6.11| 4.44 958 693 11.86| 7.69|  16.47| 1358  17.45| 14.93
Experiment7 | 1 Male |9 132.94 89.61)  11.52) 1059 627| 869 1202 15.94|  1858| 24.78|  19.41| 24.36|  2037| 2507| 28.64| 29.75|  3358| 3341  33.76| 33.64|  37.09| 3132 3953 3118
Experiment8 | 1 Male |7 55.46 27.98 368 5.69 886 7.37| 2243 2215  2531| 2533  31.97| 23.54 373| 2671  40.27| 24.13 432[ 2356|  5081| 34.34]  59.14| 30.89 65.93| 35.67
Experiment9 | 1 Male |9 61.96 96.51 4.26 5.16 6.64| 6.26) 924 925 1124 13.22 12| 14.48|  12.49| 1576| 1518 14.97|  15.62| 14.81 17.6| 15.96|  22.26| 20.38 25.06| 23.97
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Experiment 11| 1 Male |24 50.33 52.18 222 4557 13.13 1438  18.71| 20.54|  23.18| 25.05| 2819 32.21|  29.62 32.92| 3234 34.81)  3531| 3761 38.72| 42.05|  42.76| 45.47 4331 45.11]

2 Male |11 7.74 5.47 098 1.63) 9.20| 11.13|  21.26| 17.96|  34.07| 31.23|  39.43| 33.15|  49.26| 4044| 57.98 54.49|  62.64| 6218  67.75| 67.19|  67.75| 67.19) 69.29| 67.91

3 Female |13 43.48) 15.76 6.03 9.81 599 525 1272| 117| 2332| 1861|  27.53| 18.76|  30.06| 2229  32.29| 23.03|  35.98| 2596  36.08 25.91|  36.28| 25.99) 37.87| 26.68

4 Female |11 52.01 20.49 1.59) 252 11.20] 1280  17.45 16.81|  23.19| 2042|  25.58| 20.29|  29.32| 27.09|  32.39| 30.64|  36.92| 31.80  38.67| 33.69|  38.98| 33.92| 4118 36.08)
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