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INTRODUCTION: Empathy, the adoption of
another’s sensory and emotional state, plays a
critical role in social interactions. Although,
historically, empathy was often considered to be
an affective-cognitive process experienced solely
by humans, it is now appreciated that many
species, including rodents, display evolutionarily
conserved behavioral antecedents of empathy
such as observational fear. It is therefore possible

to begin to define the neural mechanisms that
mediate behavioral manifestations of empathy
in species that are optimal for application of
modern circuit neuroscience tools.

RATIONALE: In both humans and rodents, the
anterior cingulate cortex (ACC) appears to en-
code information about the affective state of
others. However, little is known about which

downstream targets of the ACC contribute to
empathy-related behaviors. To address this
topic, we optimized a protocol for the social
transfer of pain behavior inmice and compared
the ACC-dependent neural circuitry responsible
for this behavior with the ACC neural circuitry
required for the social transfer of two related be-
havioral states: analgesia and fear. These behav-
iors exhibit a key component of empathy, the
adoption of another’s sensory and affective state.

RESULTS: A 1-hour social interaction between
a bystander mouse and a cagemate experienc-
ing inflammatory pain led to mechanical hyper-
algesia in the bystander mouse, which lasted
4 hours but not 24 hours. This social transfer
of pain was also evident after thermal testing
and led to affective changes that were detected
by a conspecific. The social interaction led to
activation of neurons in the ACC and several
downstream targets, including the nucleus ac-
cumbens (NAc), which was revealed by mono-
synaptic rabies virus tracing to be directly
connected to the ACC. Bidirectional manipu-
lation of activity in ACC-to-NAc inputs influ-
enced the acquisition of socially transferred
pain but not the expression of the mechanical
sensitivity used to assay pain thresholds. A
behavioral protocol revealed the rapid social
transfer of analgesia, which also required ac-
tivity in ACC-to-NAc inputs. By contrast, ACC-
to-NAc input activity was not required for the
social transfer of fear, which instead required
activity in ACC projections to the basolateral
amygdala (BLA).

CONCLUSION:We established that mice rapidly
adopt the sensory-affective state of a social
partner, regardless of the valance of the in-
formation (that is, pain, fear, or pain relief).
We find that the ACC generates specific and
appropriate empathic behavioral responses
through distinct downstream targets. Specifi-
cally, ACC-to-NAc input activity is necessary
for the social transfer of pain and analgesia
but not the social transfer of fear, which instead
requires ACC-to-BLA input activity. Elucidating
circuit-specific mechanisms that mediate vari-
ous forms of empathy in experimentally acces-
sible animal models is necessary for generating
hypotheses that can be evaluated in human sub-
jects usingnoninvasive assays.More sophisticated
understanding of evolutionarily conserved brain
mechanisms of empathy will also expedite
the development of new therapies for the
empathy-related deficits associated with a
broad range of neuropsychiatric disorders.▪
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Distinct ACC neural circuits mediate social transfer of pain states and fear. Complete Freund’s
adjuvant (CFA)–induced pain is transferred from cagemates to bystanders after a 1-hour social interaction.
Bystanders also exhibit pain relief after interacting with cagemates that are experiencing pain and
morphine analgesia. The social transfer of pain and analgesia both require ACC-to-NAc projections, whereas
the social transfer of fear requires ACC projections to the BLA. Data represent mean ± SEM; dashed line
indicates mean baseline threshold for all groups; **P < 0.01 and ****P < 0.0001.
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Empathy is an essential component of social communication that involves experiencing others’ sensory
and emotional states. We observed that a brief social interaction with a mouse experiencing pain or
morphine analgesia resulted in the transfer of these experiences to its social partner. Optogenetic
manipulations demonstrated that the anterior cingulate cortex (ACC) and its projections to the nucleus
accumbens (NAc) were selectively involved in the social transfer of both pain and analgesia. By contrast,
the ACC→NAc circuit was not necessary for the social transfer of fear, which instead depended on
ACC projections to the basolateral amygdala. These findings reveal that the ACC, a brain area strongly
implicated in human empathic responses, mediates distinct forms of empathy in mice by influencing
different downstream targets.

E
mpathy plays an essential role in social
communication and involves integrated
behavioral, cognitive, and affective pro-
cesses that facilitate the adoption of a
sensory or affective state that is more

appropriate to another’s situation than one’s
own (1–3). Evolutionarily conserved behavioral
antecedents of human empathy have been
identified in a range of species (2–5), includ-
ing rodents, which display emotional conta-
gion (6, 7), socially transferred pain (8–11),
observational fear (3, 5, 12), and prosocial be-
haviors such as consolation (13) and “helping”
(14, 15).
The anterior cingulate cortex (ACC) is a

principal node in the neural circuitry thought
to mediate empathy (16–18). In both humans
and rodents, the ACC is particularly critical for
affective and motivational responses to direct
and observed pain aswell as the social transfer
of pain (10, 13, 19, 20). The ACC is thought to
communicate with a broad range of brain
regions that regulate emotional and moti-
vational states, including the thalamus, in-
sula, amygdala, and nucleus accumbens (NAc)
(16, 21–23). However, the roles of these specific
ACC circuit elements in empathy-related behav-
iors are unknown.

Rapid transfer of pain behavior to
bystander mice

The presence of a conspecific in pain can mod-
ulate the expression of pain behavior in a test
animal already experiencing pain (6) and cause
hyperalgesia in “bystander” (BY) mice that
have not been subjected to any pain-inducing
stimuli (9, 10), a phenomenon known as the
“social transfer of pain.”We examined wheth-

er a brief (1 hour), direct social interaction be-
tween a male BY mouse and a male cagemate
experiencing inflammatory hyperalgesia [owing
to intraplantar injection of complete Freund’s
adjuvant (CFA), which induces long-lasting
arthritis-like pain, (24, 25)] would lead to the
social transfer of pain (Fig. 1A). After this
1-hour social interaction, BY mice exhibited
mechanical hypersensitivity [as measured by
stimulation with von Frey hairs using the “up-
down” technique (26)] equivalent to that of
CFA mice, whereas control mice subjected to
the same procedures (in the absence of a no-
ciceptive stimulus in either mouse) exhib-
ited no change in mechanical thresholds (Fig. 1,
B and C). After von Frey testing, all mice were
separated and housed with treatment-matched
cagemates (fig. S1). Repeated mechanical test-
ing revealed that the hyperalgesia in BY mice
lasted 4 hours but not 24 hours (Fig. 1B), was
not influenced by prolonging the social inter-
action to 2 hours (fig. S2A) or by delaying the
start of the social interaction to 24 hours after
CFA injection (fig. S2B), and still occurred
when capsaicin was used to induce pain and
the social interaction was limited to 30 min
(fig. S2C). Females demonstrated similar so-
cial transfer of pain (fig. S3A), although they
expressed lower basal mechanical thresholds
and enhanced CFA-induced hypersensitivity
(fig. S3, A to C).
Whereas CFA mice exhibited hyperalgesia

only in the ipsilateral, CFA-injected hindpaw,
BY mice exhibited hyperalgesia in both hind-
paws (Fig. 1D), suggesting the involvement of
higher brain regions in mediating the pain
transfer. Both CFA and BYmice also displayed
thermal hypersensitivity to tail immersion in
hot water (Fig. 1E) and thermal place aversion
when given the choice between a warm (40°C)
or room temperature (30°C) floor in a thermal
place test (TPT; Fig. 1F). To determinewhether

the socially transferred pain experienced by
BY mice led to affective changes that could
be detected by a conspecific, we conducted
an emotional discrimination task (27), which
demonstrated that a stranger mouse spent
more time exploring both CFA and BY mice
compared with controls (Fig. 1G).

Activation of an ACC-to-NAc core circuit by
the social transfer of pain

To elucidate the brain regions potentially con-
tributing to the social transfer of pain, we
identified neurons activated during the social
interaction using a reporter line generated
by crossing FosCreERT2 (TRAP2) mice with
the Ai14-TdTomato reporter line (28, 29).
Administering 4-hydroxytamoxifen (4-OHT)
immediately before a 4-hour social interaction
between BY and CFAmice (Fig. 2A) generated
activated neurons in BY mice in brain regions
previously associated with empathy and social
motivation, such as the ACC and NAc, as well
as regions associated with pain transmission,
such as the thalamus, central amygdala, and
periaqueductal gray (Fig. 2, B and C). Because
the numbers of activated neurons in the ACC
and NAc were greater in BY mice than in both
control and CFA mice (Fig. 2C) and because
the ACC and NAc are important for social
behaviors (30–33), we hypothesized that ACC
neurons synapse onto NAc cells that are ac-
tivated during the social transfer of pain.
Thus,we first injectedAAV-CaMKIIa-YFP (AAV,
adeno-associated virus; YFP, yellow fluorescent
protein) into the ACC and verified that ACC
pyramidal neurons send projections to the
NAc, preferentially in its core region (Fig. 2D).
To determine if there are direct synaptic con-
nections between ACC neurons and activated
NAc neurons during social transfer, we ap-
pliedmonosynaptic rabies virus tracing (34, 35)
in TRAP2-BY and -CFAmice. Injection of AAVs
expressing Cre-dependent rabies glycoprotein
(RG) and avian tumor virus receptor A (TVA)
into the NAc core followed by injection of EnvA-
pseudotyped RG-deleted rabies virus express-
ing green fluorescent protein (GFP) (Fig. 2E),
resulted in similar levels of GFP expression
throughout the ACC in both CFA and BY mice
(Fig. 2F and fig. S4).

ACC-to-NAc projections bidirectionally control
social transfer of pain

To investigate if the ACC→NAc pathway is
required for the social transfer of pain, we
first tested the necessity of the ACC itself by
injecting AAVs expressing the inhibitory opsin
halorhodopsin (NpHR; AAV–DJ-CaMKIIa-
NpHR) or enhanced YFP (eYFP) as a control
(YFP; AAV–DJ-CaMKIIa-eYFP) and placing
an optical fiber directly above theACC (Fig. 3A).
Activating NpHR during the social interaction
between BY and CFAmice (Fig. 3A) attenuated
the hyperalgesia in BY mice but not CFA mice,
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whereas YFP-expressing BY and CFA mice
exposed to the same light stimulation displayed
the expected mechanical hypersensitivity (Fig.
3B).Acute light exposure in the samemiceduring
themechanical testing had no consistent effect
on mechanical thresholds (Fig. 3C), suggesting
that acute inhibition of ACC neurons does not
directly alter mechanical sensation.
To determine if the subset of ACC neurons

activated during an initial social interaction
is necessary for subsequent socially transferred
pain, TRAP2:Ai14 mice that had received ACC
injections of AAV-DIO-NpHR or AAV-DIO-
eYFP were given 4-OHT before the social
transfer of pain. One week later, optogenetic
inhibition of the TRAPed ACC neurons during
a second social interaction prevented BY mice
from developing mechanical hypersensitivity

compared with control YFP-BY mice, which
expressed robust hyperalgesia (Fig. 3D).
Immediately after the initial light-off test,
the same mice were given light stimulation of
the TRAPed neurons during the mechanical
testing, and this manipulation had no consist-
ent effect (Fig. 3E).
We next tested the necessity of ACC→NAc

projections specifically by bilaterally injecting
NpHR- or YFP-expressing AAVs in the ACC
and placing optical fibers immediately above
the NAc core. Similar to the effects of inhibit-
ing the ACC, inhibition of ACC→NAc projec-
tions during the 1-hour social interaction strongly
impaired the social transfer of mechanical
hypersensitivity to BY mice but had no effects
on CFA mice or YFP-expressing BY and CFA
mice (Fig. 3F). Furthermore, repeated inhibition

of the ACC→NAc projections during mechani-
cal testing in the same mice had no consistent
effect on mechanical thresholds (Fig. 3G).
To further evaluate the role of the ACC→

NAc pathway in the social transfer of pain,
we expressed channelrhodopsin-2 (ChR2)
in the ACC and activated ACC→NAc projec-
tions during the 1-hour social transfer. This
caused a robust prolongation of the duration
of hyperalgesia in the BY mice, which lasted
>72 hours as opposed to the expected 4 to
24 hours, as seen in YFP-expressing BY mice
(Fig. 3H). Before any nociceptive stimulation,
acute activation of ACC→NAc projections
during mechanical testing had no consistent
effect onmechanical sensitivity (fig. S5A) and
also did not have acute aversive or reinforcing
effects, as assayed by a real-time place prefer-
ence test (fig. S5B).

Distinct ACC projections control the social
transfer of pain and fear

To examine the generalizability of ACC→NAc
control over socially transferred behaviors,
we examined the role of ACC→NAc projec-
tions in the well-established phenomenon of
the social transfer of fear (5, 12). BY mice were
exposed to shock 24 hours before placement in
a distinct context, which allowed observa-
tion of a demonstrator (Shock) mouse being
repeatedly shocked (Fig. 4A). Shock pre-
exposure enhances the magnitude of freezing
behavior in BY mice and is thought to more
closely model human empathy (12, 20, 36).
During the short observation period, BY mice
exhibited significant increases in freezing (Fig.
4B), and this was maintained 24 hours later
during reexposure to the shock observation
context (“retrieval”; Fig. 4C). Inhibition of
ACC→NAc projections in BY mice during
the conditioning phase (Fig. 4D) had no
effect on their acquisition of freezing behavior
(Fig. 4E) and also did not affect freezing
during the context-induced retrieval (Fig.
4F), where light was applied every other
minute (fig. S6A). However, when the same
mice were subjected to the social transfer of
pain, inhibition of the ACC→NAc projections
during a 1-hour social interaction between
CFA and BY mice impaired the acquisition of
hyperalgesia in the BY mice (Fig. 4G), thereby
providing evidence that the optogenetic inhi-
bition of ACC→NAc input activity was effec-
tive in these mice.
ACC projections to the basolateral amygdala

(BLA) are necessary for cue-induced retrieval
of socially transferred fear (36). To evaluate
if ACC→BLA projections are also necessary for
context-induced retrieval of socially transferred
fear behavior, we inhibited this pathway during
acquisition of socially transferred fear and
intermittently during retrieval (Fig. 4D). Inhi-
bition of ACC→BLA projections in BY mice
had no effect on their acquisition of freezing
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Fig. 1. Rapid social transfer of pain to bystander mice. (A) Timeline of social transfer of pain protocol.
h, hour(s). (B) Time course of mechanical von Frey (VF) sensitivity at 0, 4, 24, and 48 hours after 1-hour
social interaction in Control-Control (Con-Con) and CFA-BY pairs. (C) Mechanical thresholds immediately
after the 1-hour social interaction. (D) Mechanical thresholds of the ipsilateral versus contralateral hindpaws.
(E) Tail withdrawal latencies in the tail immersion test. (F) Time spent on the warm floor (40°C) in the TPT.
(G) Time a stranger conspecific spent sniffing each group. For (B) to (G), data are means ± SEM. In (B) to
(D), dashed lines represent mean baseline thresholds for all groups. In (F), the dotted line represents 50% time on
warm floor. Statistical tests included two-way repeated measures (A), one-way [(B) and (E) to (G)], and two-way
(D) analysis of variance (ANOVA) with Holm-Sidak post hoc tests; *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001 representative of post hoc comparisons. All statistical measure details are presented in table S1A.
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behavior (Fig. 4H) but did attenuate freezing
behavior during retrieval (Fig. 4I), regardless
of whether the light was on or off (fig. S6B). By
contrast, when the same mice were tested for
the social transfer of pain, there was no effect
of ACC→BLA input inhibition during the social
interaction on their mechanical thresholds
(Fig. 4J).

ACC-to-NAc projections regulate the social
transfer of analgesia

Although the social transfer of pain and fear
in rodents is well established, it is unknown
if the experience of pain relief [i.e., analgesia
(Analg)] can be transferred socially. To exam-
ine this possibility, all mice were administered
CFA to induce pain and then one-quarter of
mice were also given an analgesic dose of
morphine [10 mg per kg of body weight (mg/
kg)] at which time mice were paired for a
1-hour social interaction (Fig. 5A). Despite
prior administration of CFA, CFA-Analg-BY
mice paired with morphine-treated mice
(CFA-Mor) exhibited diminished reductions
in mechanical threshold (i.e., lessened pain
responses) compared with CFA-CFA control
pairs (CFA-Con; Fig. 5B). After separation
from CFA-Mor partners, the social transfer
of analgesia in CFA-Analg-BY mice lasted
4 hours but not 24 hours (Fig. 5B). Because
morphine causes hyperlocomotion, which
prevents measurement of mechanical thresh-
olds in CFA-Mor mice, we used the TPT to
directly compare the magnitude of the anal-
gesia in CFA-Analg-BY and CFA-Mor mice. In
contrast to mechanical hyperalgesia, thermal
place aversion was not present 1 hour after
CFA injection but was robust 1 week later
(Fig. 5C), at which point one-quarter of CFA
mice were again administered morphine im-
mediately before a 1-hour social interaction
with CFA-Analg-BY partners (Fig. 5A). CFA-
induced thermal aversion (CFA-Con)was reduced
in the CFA-Analg-BYmice to the same extent as
morphine administration (CFA-Mor; Fig. 5D).
We next tested the necessity of ACC activity

for the social transfer of analgesia. Optoge-
netic inhibition of ACC neurons using NpHR
during the 1-hour social interaction (Fig. 5E)
prevented the social transfer of analgesia in
CFA-Analg-BY mice, as assayed by both mech-
anical sensitivity (Fig. 5F) and the TPT (Fig. 5G),
but had no effect on acute mechanical thresh-
olds, thermal place aversion, or the analgesic
action of morphine during the testing of CFA-
ConandCFA-Mormice. Inhibitionof ACC→NAc
input activity specifically had essentially iden-
tical effects, also preventing the social transfer
of analgesia without affecting mechanical or
thermal sensitivity directly (Fig. 5, H and I).

Discussion

We investigated the neural mechanisms of
simple forms of empathy inmice by establishing
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a protocol that results in the rapid social transfer
of two types of pain behavior: hyperalgesia
and analgesia. Although the definition of
“empathy” is subject to debate (37), the BYmice
in this bidirectional behavioral model appear
to fulfill one critical feature of the expression
of empathy, the adoption of another’s sensory
and affective state (1–3, 37). The social transfer

of hyperalgesia toBYmice requiredonly 1 hour
of social interaction, lasted 4 to 24 hours, and
generalized to several different pain modal-
ities.Notably, analgesia could also be transferred
to a mouse in pain and lasted at least 4 hours.
These results provide further evidence for the
critical importance of the social environment
to the experience of pain, including an inno-

vative model for socially induced pain relief,
which can be tested in human subjects.
The social interactions in mice resulted in

increased activity in the ACC and several of its
downstream targets, such as the NAc, a key
node of the circuitry involved in a range of
affective and motivated behaviors, including
those triggered by pain (38–41). A critical role
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(VF) of YFP- and NpHR-injected mice immediately after 1-hour social transfer
with ACC inhibition. (C) Mechanical sensitivity during averaged (n = 2) light-off
and light-on sessions of ACC inhibition. (D) Schematic shows fiber optic
implant above the ACC. First light-off test of mechanical sensitivity of YFP-
and NpHR-injected TRAP2 mice immediately after 1-hour social transfer with
ACC-TRAP inhibition. (E) Mechanical sensitivity during averaged (n = 2) light-off
and light-on sessions of ACC-TRAP inhibition. (F) Schematic of bilateral fiber

optic implants above the NAc core. First light-off test of mechanical sensitivity of
YFP- and NpHR-injected mice immediately after 1-hour social transfer with
ACC→NAc input inhibition. (G) Mechanical sensitivity during averaged (n = 2)
light-off and light-on sessions of ACC→NAc input inhibition. (H) First light-off test
of mechanical sensitivity at 0, 4, 24, 48, and 72 hours and 1 week after 1-hour social
interaction with ACC→NAc input inhibition. Data are means ± SEM. Dashed lines
represent mean baseline thresholds for all groups. One-way ANOVA with Holm-
Sidak post hoc tests comparing YFP to matched NpHR groups [(B) to (G)] and
two-way repeated measures ANOVA with Holm-Sidak post hoc tests comparing
treatment groups to baseline at each time point, where notation is the least
significant P value of all comparisons (H); *P < 0.05, **P < 0.01, and
***P < 0.001. All statistical measure details are presented in table S1C.
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for ACC-to-NAc communicationwas established
by demonstrating that bidirectional manipu-
lation of activity in ACC→NAc inputs influen-
ces the acquisition of socially transferred pain
but not the expression ofmechanical sensitivity
itself. Specifically, inhibiting this activity

during the 1-hour social interaction reduced
hyperalgesia in BY mice, whereas increasing
activity in ACC→NAc inputs prolonged the
duration of the hyperalgesia evoked by the
brief social interaction. ACC→NAc input
activity was also necessary for the social

transfer of analgesia but not for the social
transfer of fear, which requires activity in ACC
projections to the BLA (36).
These results suggest that the ACC, which

has been proposed to be a key brain area for
mediating the emotional aspects of pain as
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Fig. 4. Distinct ACC projections control the social
transfer of pain and fear. (A) Schematic and timeline
of social transfer of fear (shock experience: two at
0.7 mA, 2-s duration, 1-min intervals; shock conditioning:
24 at 0.7 mA, 2-s duration, 10-s intervals, total of 4 min).
hab, habituation. (B) Freezing behavior of Shock and
BY mice during conditioning phase of socially transferred
fear. (C) Freezing behavior of BY mice during retrieval
phase of socially transferred fear. (D) Schematic of
YFP and NpHR injection and experimental timeline of
optogenetic stimulation in NAc or BLA. Light stimulation
(~10 to 15 mW, 8-s on and 2-s off) periods are
represented by yellow-green boxes. (E) Conditioning
session with inhibition of ACC→NAc projections in
YFP- and NpHR-BY mice during shock observation.
(F) Freezing behavior of YFP- and NpHR-BY mice during
retrieval phase. (G) First light-off session measuring
mechanical sensitivity after NpHR inhibition of ACC→NAc
projections during social transfer of pain in the same
mice from (E) and (F). Dashed line represents mean
baseline of all groups. (H) Conditioning session with
inhibition of ACC→BLA projections in BY mice during
shock observation. (I) Freezing behavior of YFP- and
NpHR-BY mice during retrieval phase. (J) First light-off
session measuring mechanical sensitivity after NpHR
inhibition of ACC→BLA projections during social
transfer of pain in the same mice from (H) and (I).
Dashed line represents mean baseline of all groups.
Data are means ± SEM. Two-way repeated measures
ANOVA with Holm Sidak post hoc tests comparing
freezing to the first minute, where notation is the least
significant P value of all comparisons [(B), (E), and (H)];
paired t test (C) or unpaired t test [(F) and (I)]
comparing average baseline to average freezing during
retrieval; or one-way ANOVA with Holm-Sidak post
hoc tests [(G) and (J)]; *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001. All statistical measure
details are presented in table S1D.
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well as encoding information about the affec-
tive state of others (23, 30, 42), generates a
specific and appropriate empathic behavioral
response by accessing distinct downstream
targets. The specificity of the neural circuit
and behavioral response generated during
socially transferred pain and fear may be, at
least in part, due to the sensory modalities re-
quired for these two forms of social transfer.

The social transfer of pain does not require
visual or auditory stimuli but can be generated
by exposure to used bedding from mice ex-
periencing pain, suggesting that olfactory cues
are sufficient for this form of social transfer
(9). By contrast, the social transfer of fear
requires visual and/or auditory cues (3, 12).
Further elucidation of the mechanisms by
which this specificity in empathic neural and

behavioral responses occurs will be important
for developing interventions that promote
social context–appropriate empathic responses.
Furthermore, a better understanding of the
neural circuits mediating specific empathic
responses will greatly facilitate the develop-
ment of therapies that target pathological
forms of empathy, or its absence, in a variety
of neuropsychiatric disorders.
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Fig. 5. ACC NAc projections
regulate social transfer of
analgesia. (A) Schematic of social
transfer of analgesia protocol and
timeline. Inaxn, interaction.
(B) Mechanical sensitivity at 0, 4, 24,
48, and 72 hours and 1 week after
1-hour social interaction in CFA-
Con–CFA-Con pairs and CFA-Mor–
CFA-Analg-BY pairs. (C) Time on
the warm (40°C) floor in the TPT
before and 1 hour and 1 week (wk)
after CFA injection. (D) Time on
the warm (40°C) floor in the TPT
immediately after the second
1-hour social transfer of analgesia,
1 week after CFA injection.
(E) Schematic of YFP and NpHR
injection and optogenetic stimula-
tion in ACC or NAc. Light stimu-
lation (~10 to 15 mW, 8-s on and
2-s off) periods are represented
by yellow-green boxes. (F) First
light-off session measuring
mechanical sensitivity after light
stimulation of ACC in YFP- and
NpHR-expressing CFA-Con and
CFA-Analg-BY mice during social
transfer of analgesia. (G) Time on
the warm (40°C) floor in the TPT
after light stimulation of ACC in
YFP- and NpHR-expressing CFA-
Con, CFA-Mor, and CFA-Analg-BY
mice during the second social
transfer of analgesia test. (H) First
light-off session measuring
mechanical sensitivity after light
stimulation of ACC→NAc
projections in YFP- and NpHR-
expressing CFA-Con and CFA-
Analg-BY mice during social
transfer of analgesia. (I) Time on
the warm (40°C) floor in the TPT
after ACC→NAc light stimulation in
YFP- and NpHR-expressing CFA-
Con, CFA-Mor, and CFA-Analg-BY
mice during the second social
transfer of analgesia test. Data are
means ± SEM; dashed lines in (B),
(F), and (H) represent baseline thresholds for all groups; dashed lines in (C), (D), (G), and (I) represent 50% time on warm floor. Two-way repeated measures (B) or
one-way [(C), (D), and (F) to (I)] ANOVA with Holm-Sidak post hoc tests comparing between groups; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Not all
significant post hoc analyses are displayed. All statistical measure details are presented in table S1E.
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Historically, empathy, as defined by the ability
to experience and share the emotions of others,
was often considered to be a high level, affective-
cognitive process experienced almost exclusively
by humans (1, 2, 43). However, most inves-
tigators now accept that empathy can be de-
constructed into specifiable, evolutionarily
conserved components, many of which can be
studied in rodents to elucidate their underling
neural mechanisms (3–5, 12, 44). Our results
provide additional evidence that mice can
rapidly and reliably adopt the sensory-affective
state of a social partner, regardless of the
valence of the information (pain, fear, or pain
relief). Although it is conceivable that the
behavioral responses of our BY mice reflect
“imitative” or “mimicry” behavior (45) rather
than “empathy,” several findings suggest that
at least for the social transfer of pain and
analgesia, the BY mice manifest changes in
their behavior because they are experiencing
an altered sensory-affective state. Importantly,
the BYmicewere tested using several different
behavioral assays and did not always have
direct visual access to their social partners
during testing. In addition, control mice spent
more time interacting with a BY mouse that
had recently been exposed to a CFA mouse
than with another control mouse, indicating
that the BY mouse is in an altered affective
state that is sufficient to attract control mice.
Finally, as mentioned above, the social trans-
fer of pain can be generated by bedding (9),
which provides no opportunity for imitative or
mimicry-like behavior.
The behavioral protocols we established are

relatively easy to implement and generate
multifaceted empathy-like behavior in mice,
a species that offers many advantages for
rapid, direct, and highly specific manipulation
of neural circuit activity. Mechanistic findings
from rodents and other experimentally acces-
sible species provide new hypotheses that re-
searchers studying human empathy can explore
using tools such as neuromodulation methods
and brain imaging. Advancing our understand-
ing of the evolutionarily conserved brain mech-
anisms of empathy will, hopefully, also expedite
the development of new interventions that
promote the empathic social interactions that
the world, apparently, desperately needs.

Materials and methods
Animals

All procedures were approved by the Stanford
University Administrative Panel on Laboratory
Animal Care in accordance with American
Veterinary Medical Association Guidelines and
the International Association for the Study of
Pain. Unless otherwise specified, adult C57Bl6/
J mice (strain 000664, Jackson Laboratory;
aged 7 weeks at the start of experiments) were
used. For targeted recombination in active pop-
ulations (TRAP) experiments, we used male

and female second generation of fos-TRAP
mice (Fos2A-iCreER;TRAP2, which were generously
donated by the Luo lab at Stanford University),
aged 7 to 16 weeks for all experiments. These
mice were on a B6.129 background and, when
necessary, were crossed with Ai14-TdTomato
Cre-reporter mice (strain 007914, Jackson Labo-
ratory) to visualize active neurons.

Housing

Mice were housed two to four per cage on a
12-hour light-dark cycle with food and water
ad libitum. Cagemates were used in all ex-
periments. At the start of each experiment,
mice were housed four per cage. After the first
day of experimental manipulation, mice were
housed two per cage with experimentally
matched cagemates (fig. S1).

Drugs

4-OHT (Sigma H6278) was prepared in a solu-
tion of castor and sunflower oil and administered
intraperitoneally (50 mg/kg). Morphine was
prepared in saline and administered sub-
cutaneously (10 mg/kg, Sigma M8777). CFA
(10 ml, Sigma F5881) or capsaicin (10 mg, Sigma
M2808) was injected into the left hindpaw.

Viral reagents

Unless otherwise noted, all viral reagents were
purchased from the Stanford Neuroscience
Gene Vector and Virus Core. AAVDJ-CaMKIIa-
NpHR3.0-eYFP, AAVDJ-CaMKIIa-eYFP, or
AAVDJ-CaMKIIa-ChR2-eYFP were used for all
optogenetic experiments except those involving
FosCreERT2, in which AAVDJ-CaMKIIa-DIO-
NpHR3.0-eYFPorAAVDJ-CaMKIIa- DIO-eYFP
were used. For retrograde tracing, a 1:1 volume
mixture of AAV-CAG-FLExloxP- TVA-mCherry
and AAV-CAG-FLExloxP-RGwas injected followed
by EnvA-pseudotyped RVDG-GFP+EnvA (custom
prep, L. Luo lab, 1.3 × 109 colony forming units/
ml) into the same location 3 weeks later.

Stereotactic surgeries

All surgeries were conducted under aseptic
conditions using a small animal digital stereo-
taxic instrument (David Kopf Instruments).
Mice were anesthetized with isoflurane (5%
induction, 1%maintenance), a small incision
was made in the scalp, and burr holes were
drilled in the brain surface at the appropri-
ate stereotaxic coordinates [anterior-poste-
rior (AP) and medial-lateral (ML) relative to
bregma; dorsal-ventral (DV) relative to brain
surface at target coordinate]: +0.98AP, 0.278ML,
−0.78 DV for ACC; +0.98 AP, 1.12 ML, −4.15 DV
for NAc. Viruses (0.3 ml) were infused at a rate of
0.1 ml/min using a glass micropipette connected
to a Hamilton syringe by tubing backfilled with
mineral oil. The injector tip was lowered an
additional 0.1 mmbelow the planned injection
site and then raised to the final coordinatebefore
infusion to facilitate virus diffusion at the site

of injection, instead of along the needle track.
After infusion, pipettes were raised 100 mm for
5 min to allow for diffusion and then were re-
moved slowly.
Optogenetic fibers (ferrules) were implanted

~10 to 50 mm above the sites of interest, (0.98
AP, 0.278 ML, −0.3 DV unilaterally for ACC;
0.98 AP, 1.12 ML,−-3.75 DV bilaterally for NAc
core; −1.75 AP, 3.0 ML, −3.55 DV bilaterally
for BLA). Ferrules were made in-house using
1.25-mm-diameter multimode ceramic ferrules
(Thorlabs), 200-mm fiber optic cable with
numerical aperture (NA) 0.39 (Thorlabs), and
blue dye epoxy (Fiber Instrument Sales). Fer-
rules were secured to the skull using miniature
screws (thread size 00–90× 1/16, Antrin Minia-
ture Specialties) and light-cured dental adhesive
cement (Geristore A&B paste, DenMat). Mice
recovered from anesthesia individually on a heat-
ing pad before being placed into group housing.

Monosynaptic tracing

Cell specific monosynaptic tracing studies were
carried out as previously described (46), with
minor modifications. A 1:1 volume mixture of
AAV-CAG-FLExloxP-TVA-mCherry andAAV-CAG-
FLExloxP-RG (200 nl) was injected into the
NAc core of TRAP2mice. One week later, mice
were habituated in a behavior room and in-
jected with saline intraperitoneally for two
consecutive days and then injectedwith 4-OHT
before the social interaction for 4 hours. Mice
were then housed with treatment-matched
cagemates for 3 weeks, at which time 200 nl
of RVDG-GFP+EnvAwas injected into the same
location. Mice were subsequently housed for
1 week before sacrifice and tissue processing.

Optogenetic manipulations

For optogenetic photostimulation of ChR2,
ferrules were connected to a 473-nm laser
diode (OEMLaser Systems) through a FC/PC
adaptor and a fiber optic rotary joint (Doric
Lenses). Laser output was controlled using a
Master-8 pulse stimulator (A.M.P.I.), which
delivered 5-ms light pulses at 20 Hz. Light
output through the optical fibers was adjusted
to ~5mW (somatic) or ~15mW (terminals)
using a digital power meter console (Thorlabs).
For activation ofNpHR3.0, the optical fiber was
connected to a 532-nm laser diode (Shanghai
DreamLasers Technology Co, Ltd.) by a FC/PC
adaptor and a fiber optic rotary joint (Doric
Lenses). Laser output was again controlled
using a Master-8 pulse stimulator (A.M.P.I.)
and adjusted to ~5mW (somatic) or ~10 to
15mW (terminals). Mice received cycles of 8-s
light on and 2-s light off. Mice were acclimated
to optogenetic tethers during the acclimation-
habituation periods before the test day.

Social transfer of pain

Mice were acclimated to the testing room for
40 min for 2 days before the beginning of the
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experiments (see timeline in Fig. 1A). On the
test day, mice were lightly restrained (Control,
BY) or lightly restrained and injected with 10 ml
of an inflammatory medium, CFA, into the
intraplantar surface of the left hind paw. CFA
is known to rapidly and reliably produce long
lasting localized inflammation (24, 25). Imme-
diately after this quick handling, paired mice
were placed into a clean housing cage (without
food or water) for a 1-hour social interaction,
atwhich time theywere subjected tomechanical
threshold testing and then the other requisite
behavioral testing (Fig. 1A). For time course
experiments, after the initial behavioral assays,
mice were housed as pairs with treatment-
matched cagemates (and intermittently subjected
to mechanical threshold assays). On the second
test session in thesecondweek,micewere lightly
restrained (Control, BY) or lightly restrained and
pricked with a 26-gauge needle on the surface
of the left hind paw (CFA) and subjected to
behavioral testing. For experiments with opto-
genetic manipulations, mice were tethered to
optogenetic cables during acclimation.

Mechanical sensitivity

All assays were performed without knowledge
of the experimental manipulation or viral in-
jection performed on each individual subject
in a given group. However, control mice were
run in separate cohorts to limit exposure to
mice that had been given noxious stimuli,
because even brief exposure to CFA and BY
mice caused significant variance in mechanical
thresholds (e.g., fig. S2, A and B). Furthermore,
in CFA mice, substantial swelling in the CFA-
injected hindpaw occurred several hours after
injection and oftenmade blinding to this group
impossible at later time points. Responses
(withdrawal, shaking, or licking the paw) to
(1 to 2 s)mechanical stimulation of the plantar
surface of the left hindpaw were determined
with von Frey hairs (0.01- to 2-g plastic fibers,
Touch Test) using the up-down technique (26).
This method uses stimulus oscillation around
the response threshold to determine the me-
dian 50% threshold of response. Mice were
allowed to acclimate to homemade plexiglass
enclosures on top of a homemade wire testing
rack for 20 min on 2 days before the start of
the experiment and for 10 to 30 min before
each test session. The testing rack was located
within each testing room and illuminated with
a dim lamp.Unless otherwise noted,mechanical
sensitivity was assessed before treatment expo-
sure (baseline, represented by a dotted line “—”
on mechanical sensitivity graphs), and then
testing occurred 24 hours later. For time-course
experiments and certain optogenetic experi-
ments, testing occurred at 0, 4, 24, 48, and 72
hours and 1 week after social interaction. For
optogenetic experiments, mechanical thresh-
olds were taken with the light off and the light
on in the following pattern: off, on, off, on. The

light was turned on or off for the duration of
each threshold test, which took less than 1 min
per mouse. Data are displayed as the first
light-off session (Figs. 3, B, D, and F; 4, G and
J; and 5, F and H) followed by the average of
the light-on and light-off sessions (Fig. 3, C,
E, and G).

Thermal place test

The TPT occurred on a dual hot-cold plate
(Bioseb, BIO-T2CT) with opaque plexiglass
walls surrounding the two compartments (13-in
long; 3-in wide; 9.5-in high). One floor and side
of the chamber was set to room temperature
(30°C), and the other side and floor was set to
(40°C).Micewere allowed to freely explore the
chamber for 10 min; data are displayed as an
average time spent during minutes 6 to 10,
because mice were acclimating to the new
environment during minutes 1 to 5. Pilot behav-
ioral experiments determined thatmice do not
show thermal place aversion to the warm area
(40°C) versus the reference area (30°C) 1 hour
after CFA injection but do display an avoidance
of the warm floor 1 week after CFA injection
(Fig. 5C). Additionally, pilot tests determined
that mice could not be placed on the hot plate
repeatedly, as they quickly learned to avoid the
warm floor almost entirely.

Tail immersion

Mice were tested for thermal nociceptive sen-
sitivity using the heat-evoked tail withdrawal
reflex. Two days before the first test session,
mice were habituated to handling (light re-
straint in a soft cloth) and the tip of their tail
(5 cm from the end) was immersed into room
temperature water. On the test days, mice were
lightly restrained, and the tail was submerged
into 46°C water to measure the latency of the
response (flicking the tail out of water) using a
stopwatch. Two tail withdrawal measurements
were taken 10 min apart and averaged for a
single data point for each animal.

Emotional discrimination

Briefly [described in detail in (27)], mice were
habituated to the enclosures for 10min, 3 days
before the test day. Test observer mice were
allowed to explore the entire chamber during
habituation (free of other mice), whereas CFA,
BY, and Neutral “demonstrator” mice were
habituated for 10 min under the wire cups.
The enclosure includedwalls (35.5 cmby23.5 cm
by 19 cm) and a separator (11 cmby 14 cm)made
with black plexiglass and two black cylindrical
wire pencil cups (10.5 cm in height, bottom
diameter 10.2 cm, bars spaced 1 cm apart). A
plastic cup was placed on the top of the wire
cups to prevent the observer mice from climb-
ing. On the test day, mice were subjected to a
1-hour social interaction to create CFA, BY,
and Control pairs (interaction was the same
as that used in social transfer paradigms).

Immediately after the social interaction, pairs
of mice were placed under the cups: either a
BYmouse paired with a Control mouse, a CFA
mouse paired with a Control mouse, or two
Control mice. An age and sex-matched stran-
ger test mouse was allowed to explore the
entire chamber for 6 min. The sessions were
video recorded and manually scored with a
stopwatch after the fact by an experimenter
blind to the treatment conditions.

Social transfer of analgesia

On the test day, mice were lightly restrained
and injected with 10 ml of CFA into the intra-
plantar surface of the left hind paw, immedi-
ately followed by a subcutaneous injection
of either 10 mg/kg morphine (CFA-MOR) or
saline (CFA-Control or CFA-Analg-BY). Pairs
of mice were then placed into a clean housing
cage for 1 hour, immediately followed by me-
chanical testing (Fig. 5A). After mechanical
testing, mice were separated and housed for
1 week with treatment-matched cagemates,
before being subjected to a second set of as-
says. On this second test day, mice were lightly
restrained and pricked with a 26-gauge needle
on the surface of the left hind paw, followed
by subcutaneous injection of either 10mg/kg
morphine (CFA-Mor) or saline (CFA-Control
or CFA-Analg-BY).Micewere then placed back
in their housing cage with their previous part-
ner for 1 hour, followed by mechanical testing
and the TPT. After the social transfer and
behavioral test, all mice were separated and
housed with treatment-matched cagemates
(fig. S1). For optogenetic experiments, laser
stimulation was given during the entire social
interaction as described above and during every
other minute during the TPT.

Observational fear response

Observational fear response assays were per-
formed as described previously (19), with slight
modifications. Two fear-conditioning shock
chambers, made by different manufacturers,
in two entirely separate rooms were used as
the two separate contexts (context A:UgoBassile
passive avoidance chamber, and context B:
Med Associate self-administration chambers
with shock floor additions). To enhance the
magnitude of the social transfer of fear (36, 44),
24 hours before the social transfer procedure
(day 1; Fig. 4A), BY mice were administered a
shock experience by being placed in one of the
fear-conditioning chambers (context A; Fig. 4A)
for 5 min at which time they received two
unpredicted, uncued, footshocks (0.4 mA, for
2 s, 1-min interval) and then transferred back
to their home cage with treatment matched
cagemates. The following day (day 2), a naïve
mousewas placed in the other fear-conditioning
chamber (context B) while a BY mouse was
placed in an adjacent homemade plexiglass
observation chamber, which allowed for the
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communicationof visual, auditory, andolfactory
cues through a transparent, perforated plex-
iglass divider. After a 5-min habituation period,
the naïve mouse received 24 unpredicted,
uncued, footshocks (0.7 mA, for 2 s, 10-s in-
tervals over 4 min). The entire session was re-
corded with a high-definition camera (Logitech),
and the time spent freezing was scoredmanually
using a stopwatch. Mice were then housed in
pairs for 24 hours with treatment-matched
cagemates. The following day (day 3), con-
textual observational fear memory was assessed
by placing the BY mice back into the observa-
tion chamber in the same context (context B)
for 10 min.
For optogenetic manipulations, fiber optic

patch-cords were connected to the BY mice
before transfer to the observation chamber on
days 2 and 3. On day 2, the laser was turned
on for the entire 4-min shock period. On day
3, the laser was turned off and on every other
minute. One week after completion of the
social transfer of fear experiments, shocked
and BY mice were subjected to the social
transfer of pain test (Fig. 4D). There was no
difference in baseline mechanical thresholds
between shocked and BY mice, which were
counterbalanced into CFA and BY groups.

Real-time place preference test

A 35.5-cm–by–23.5-cm–by–19-cm chamber was
divided into two compartments by a partial
barrier. The left and right compartments had
different visual cues, and the side initially paired
with stimulation was randomly assigned each
day. Optical stimulation was controlled by a
computer running Biobserve software, which
tracked animal position and triggered light
delivery by video tracking location. Initially,
the mouse was placed in the nonstimulated
compartment with the rest of the arena closed
off. The mouse was free to explore the entire
arena for the remainder of the test. Every time
the mouse crossed to the stimulation-paired
side of the chamber, pulsed light was delivered
(473-nm laser, 5-ms light pulses at 20Hz, ~10- to
15-mW output) until the mouse crossed back
into the other side. Immediately after the initial
test, a reversal test was conducted and the side
paired with stimulation was switched; there
was no interruption between the initial and the
reversal phases of the experiment. The average
time of the initial and reversal sessions were
used for analysis.

General histological procedures, cell counting,
and imaging

Mice were deeply anesthetized with sodium
pentobarbital, transcardially flushed with cold
phosphate-buffered saline (PBS), and perfused
with 4% paraformaldehyde-PBS. Brains were
removed, postfixed for 24 hours, and then
cryoprotected in 20% sucrose-PBS for 24 hours
followed by 30% sucrose for 24 hours, at which

point they were either transferred to PBS for
storage or immediately sectioned on a cryostat
(40-mmslices). TRAP2;Ai14 brain slices did not
require immunohistochemistry to visualize
TdTomato-positive neurons, which were man-
ually counted by a researcher blind to exper-
imental condition. Sections containing 12 brain
regions of interest were selected for analysis.
Brain regions were defined using the Mouse
Brain Atlas (47) parameters. Photos from each
slice were overlayed onto corresponding brain
atlas slices, and all TdTomato-positive cells
within the designated brain region were manu-
ally counted by a researcher blind to experimen-
tal condition. Averages for each region were
determined from across three to eight slices
from six to ninemice in each group. Bothmale
and female TRAP2 mice were used, because
no sex dependent differences were detected
(P > 0.05).
For localization of viral injections, sections

were rinsed between steps with PBS and
blocked in 5% normal donkey serum–PBS (The
Jackson Laboratory) for 45 min. The tissue
was then incubated overnight with 1:1000
rabbit anti-GFP antibody (Aves, GFP-1020).
This was followed by 1-hour incubations with
Alexa Fluor 488–labeled secondary antibodies
(raised in donkey, Invitrogen catalog number
A-11055). Finally, slices were washed with PBS,
mounted on charged slides, and coverslipped
with Prolong Gold (Invitrogen). Viral infusions
were considered accurate when neuronal expres-
sion of the virus was limited to the boundaries
of the chosen brain region [as defined by (47)].
When visualization of the virus was not pos-
sible or spread of the virus was beyond the
designated target, data were not included. This
occurred in less than 5% of the injected mice.
For analysis of monosynaptic rabies trac-

ing, sections were processed by immunohisto-
chemistry for GFP (described above), injection
locationwas verified in theNAccorebypresence
of GFP and mCherry fluorescence, and cells
were manually counted from three slices
throughout the ACC from three mice in each
group (CFA, BY).
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from bats and pangolins indicate that fur-

ther adaptions, either in animal hosts or in 

humans, occurred before the virus caused 

the COVID-19 pandemic (13). Therefore, 

an animal species that has a high popu-

lation density to allow natural selection 

and a competent ACE2 protein for SARS-

CoV-2—mink, for example—would be a 

possible host of the direct progenitor of 

SARS-CoV-2. 

Another debate concerns the source of 

SARS-CoV-2 that caused the COVID-19 

outbreak at the end of 2019. The current 

data question the animal origin of SARS-

CoV-2 in the seafood market where the 

early cases were identified in Wuhan, China. 

 Given the finding of SARS-CoV-2 on the 

surface of imported food packages, contact 

with contaminated uncooked food could be 

an important source of SARS-CoV-2 trans-

mission (8). Recently, SARS-CoV-2 antibod-

ies were found in human serum samples 

taken outside of China before the COVID-19 

outbreak was detected (14, 15), which sug-

gests that SARS-CoV-2 existed for some 

time before the first cases were described in 

Wuhan. Retrospective investigations of pre-

outbreak samples from mink or other sus-

ceptible animals, as well as humans, should 

be conducted to identify the hosts of the 

direct progenitor virus and to determine 

when the virus spilled over into humans. j
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NEUROSCIENCE

How mice feel each other’s 
pain or fear
Distinct neuronal pathways mediate empathy 
with different affective states

By A lexandra S. Klein1,2 and Nadine Gogolla1

E
mpathic behaviors play crucial roles 

in human society by regulating social 

interactions, promoting cooperation 

toward a common goal, and providing 

the basis for moral decision-making 

(1, 2). Understanding the neural ba-

sis of empathy is crucial to understanding 

not only the human mind but also the neu-

ral mechanisms that give rise to social be-

haviors and the principles of our societies. 

Functional imaging studies in humans have 

identified essential brain regions that are en-

gaged when people empathize with the affec-

tive experiences of others. However, human 

neuroimaging studies provide only limited 

spatial resolution and are solely correlative 

in nature. It has thus remained unclear how 

empathy with distinct affective experiences is 

set apart within the brain. On page 153 of this 

issue, Smith et al. (3) investigated the social 

transfer of pain, pain relief, or fear in mice to 

address how the sharing of diverse affective 

states is differentiated within the brain. 

Although long thought of as an exclu-

sively human ability, a basic requirement for 

empathy is “the ability to share the affective 

state of others” (4, 5). It was proposed that 

empathy can be viewed as a multilevel pro-

cess, in which the simplest form—namely, 

adopting another’s affective state (emotion 

contagion)—lies at the core of all empathic 

behaviors. More complex levels of empathy, 

including prosocial behaviors and learning 

from the state of the other, evolved later and 

build on this core of affect sharing (4, 5). 

According to this definition, there is ample 

evidence that many animal species exhibit 

primitive forms of empathy, suggesting that 

the building blocks of human empathy are 

deeply rooted in evolution. 

To date, numerous studies have demon-

strated that rodents also express empathic 

behaviors, including emotion contagion, 

but also observational affective learning, 

or prosocial behaviors such as consolation 

or helping behaviors (6–8). Furthermore, 

homologous brain regions have consis-

tently been described to underlie empathy 

in humans and animals. One of the most 

consistently found brain regions in humans 

and rodents, the anterior cingulate cortex 

(ACC), has been shown to be involved when 

ACC

BLA

NAc

NAcPainful stimulus

Painful stimulus 
plus morphine

Fear
Demonstrator Observer

Demonstrator Observer
Pain relief

Demonstrator Observer
Pain

Fear-evoking 
stimulus

ACC BLA

ACC

NAcACC

Observer 
experiences 
hyperalgesia

Observer in 
pain 
experiences 
analgesia

Observer 
experiences 
fear

Empathy circuits in mice
Smith et al. induced three different 

affective states in demonstrator 

mice and investigated the neuronal 

pathways required in the observer mice 

to share the diverse affective states of 

the other. Although the pathway from 

the anterior cingulate cortex (ACC) 

to the nucleus accumbens (NAc) was 

essential for the transfer of both pain 

and pain relief, a neuronal pathway 

from the ACC to the basolateral 

amygdala (BLA) mediated the social 

transfer of fear.
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empathizing with different sensory and af-

fective states, including pain, disgust, or 

fear (9–14). However, whether the ACC con-

tributes to discrimination of the transfer of 

different affective states that elicit distinct 

empathic behaviors is an important unan-

swered issue. 

Smith et al. demonstrate that the social 

transfer of pain or fear are mediated by 

two separate projections from the ACC to 

distinct subcortical targets in mice (see the 

figure). Social transfer of pain refers to the 

phenomenon that a brief exposure to a con-

specific (an animal of the same species) who 

is experiencing pain will lead to a transfer 

of the same emotion state to the observer. 

As a result, the observer, who has not expe-

rienced any pain itself, is more sensitive to 

painful stimuli and experiences pain more 

easily, a phenomenon called hyperalgesia. 

Similarly, observing a conspecific being in 

fear will transfer and induce fear reactions 

in the observer. Using these primitive forms 

of empathy-like behaviors in mice, Smith et 

al. demonstrate that social transfer of pain 

relied on a neural pathway from the ACC 

to the nucleus accumbens (NAc) in the ob-

server mouse. However, this pathway was 

not required for the social transfer of fear, 

which involved a separate pathway from 

the ACC to the basolateral amygdala (BLA). 

Notably, the authors also found that a posi-

tive affective state, the relief from pain, 

could be socially transmitted. Observer 

mice who were in pain themselves exhib-

ited lessened pain responses when they had 

a chance to observe other mice that had 

undergone pain-relief treatment with mor-

phine. A deeper understanding of how and 

why analgesia can be transmitted socially 

may well have important future implica-

tions for pain management in humans.

The authors report that the same neuro-

nal pathway from the ACC to the NAc is in-

volved in both the socially mediated positive 

and negative modulation of subjective pain. 

How does this single neuronal pathway 

drive socially transferred analgesia and hy-

peralgesia at the same time? Perhaps differ-

ent cell types are targeted in the NAc, which 

affect distinct downstream brain regions. 

Understanding this will be an important 

matter for future studies. Disentangling the 

circuits for social transmission more gen-

erally for positive versus negative affective 

states may improve our understanding of 

social and emotion disorders in humans. 

The findings of Smith et al. also raise the 

question of whether the ACC-to-BLA fear 

projection might be involved not only in the 

social transfer of fear but also in the “relief 

from fear.” It has already been shown that 

mice are able to reduce their fear behavior 

in the presence of a nonfearful partner (6, 

15). However, the neuronal basis of this so-

cial buffering of fear remains elusive. The 

ACC-to-BLA projection may be a promising 

candidate for this phenomenon. 

One of the most accepted theories for 

the neuronal mechanisms of empathy is 

the “perception-action model” (PAM) (4, 

5). According to this view, attending to an-

other’s affective state is assumed to activate 

the observer’s own neuronal representa-

tion and associated feelings of the same 

state. Smith et al. could show that a socially 

shared emotion causes a generalized pain 

state in the observer. Both hyperalgesia and 

analgesia modulated different forms of pain 

sensitivity and affected the entire body of 

the observer mouse, suggesting that the ob-

server mouse may truly experience a gen-

eralized change of internal state. Indeed, 

studies in monkeys and rodents have dem-

onstrated the existence of “mirror neurons” 

in the ACC. These are single nerve cells that 

are activated both when an individual ob-

serves a sensory experience or motor action, 

or experiences or performs the same con-

dition itself. Pain-sensitive mirror neurons 

have recently been reported in the ACC of 

rats (12). It will be important to investigate 

whether it is the activity in mirror neurons 

or other neuronal mechanisms that account 

for the social modulation of pain. j
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CHEMICAL PHYSICS

Between a 
hydrogen and a 
covalent bond 
The bonds in aqueous FHF− 
are neither simple hydrogen 
nor covalent bonds

By Mischa Bonn and Johannes Hunger

T
he concept of a molecule as a unit of 

bound atoms can be traced to Robert 

Boyle’s 1661 treatise ”The Sceptical 

Chymist” (1).  Chemists often depict 

the strong covalent bonds in mol-

ecules formed through electronic 

interactions of atoms by sticks or springs. 

By contrast, much weaker attractive forces 

between molecules in liquids and solids, 

such as van der Waals forces, are typically 

unspecific and nondirectional and cannot 

be represented by sticks or springs. An 

exception is the hydrogen bond (H-bond) 

(2), which can create relatively strong di-

rectional interactions between molecules 

when the atoms that carry opposite partial 

charges attract each other. Discrimination 

between very strong H-bonds and covalent 

bonds can become somewhat arbitrary. 

On page 160 of this issue, Dereka et al. (3) 

study what happens if the strength of an 

intramolecular hydrogen bond becomes 

comparable to the strength of the intermo-

lecular covalent bonds, blurring the con-

cept of what a “molecule” is. 

This study touches on the foundations 

of chemistry, in that our understanding of 

chemical bonding as sticks or springs is not 

without contention. Indeed, it is not evi-

dent how to precisely define such “chemi-

cal bonds” (4), and as recently as 2013, 

an international conference was called to 

explore new ways to define, describe, and 

make sense of chemical bonding (5). Such 

efforts are not purely academic exercises. 

During chemical conversion, covalent 

bonds often have to convert to weaker 

H-bonds (6), and proton transport in water 

relies on the continuous interconversion of 

covalent and H-bonds. 

Dereka et al. captured the intermediate 

case in a liquid for a negatively charged 

fluoride-hydrogen-fluoride (FHF−) com-

Max Planck Institute for Polymer Research, Ackermannweg 
10, 55128 Mainz, Germany. Email: bonn@mpip-mainz.mpg.de 

Published by AAAS

on A
pril 28, 2021

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/


How mice feel each other's pain or fear
Alexandra S. Klein and Nadine Gogolla

DOI: 10.1126/science.abf5940
 (6525), 122-123.371Science 

ARTICLE TOOLS http://science.sciencemag.org/content/371/6525/122

CONTENT
RELATED http://science.sciencemag.org/content/sci/371/6525/153.full

REFERENCES

http://science.sciencemag.org/content/371/6525/122#BIBL
This article cites 15 articles, 3 of which you can access for free

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Terms of ServiceUse of this article is subject to the 

 is a registered trademark of AAAS.ScienceScience, 1200 New York Avenue NW, Washington, DC 20005. The title 
(print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement ofScience 

Science. No claim to original U.S. Government Works
Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of

on A
pril 28, 2021

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/content/371/6525/122
http://science.sciencemag.org/content/sci/371/6525/153.full
http://science.sciencemag.org/content/371/6525/122#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

	Roman paper 1
	Roman paper 2

