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INTRODUCTION:Whenhumansencounter some-
one unconscious, they often respond with emer-
gency reactions aimed at reviving that person.
However, it remains unclear whether animals
naturally exhibit any specific behaviors when
faced with an unconscious peer.

RATIONALE: Anecdotal observations of various
animal species in the wild have documented
behaviors toward peers that have collapsed as
a result of sickness, injury, or death. These be-
haviors include touching, grooming, nudging,
and sometimes even more intense physical ac-

tions such as striking. Although these actions
toward incapacitated conspecifics are reminis-
cent of human emergency responses involving
intense sensory stimulation, it remains diffi-
cult to determine the precise nature of these
behaviors, how common they are within a spe-
cies, and the neural mechanisms behind them.
In this study, using laboratory mice under con-
trolled conditions, we examined whether ani-
mals naturally display any stereotypic behaviors
in response to and directed toward their un-
responsive social partners, which would allow
us to address the above questions.

RESULTS: Behavioralmonitoring combinedwith
a machine learning–based annotator showed
that when mice encountered a familiar social
partner in a state of unconsciousness caused
by anesthesia, they displayed distinct and con-
sistent behaviors toward the partner, escalating
from sniffing and grooming to more forceful
actions such as biting the partner’s mouth or
tongue and pulling its tongue out. The latter
intense actions were also observed in mice
interacting with a dead familiar partner but
were rarely seen when the partner was active
or simply sleeping. These behaviors emerged
after prolonged immobility and unresponsive-
ness of the partner and ceased once the partner
regained activity, suggesting that they were trig-
gered by observing unresponsive states of others.
These behaviors were strongly influenced by fam-
iliarity, beingmore pronounced in familiar pairs,
and were unlikely to have beenmotivated by a
desire for reciprocal social interaction or curios-
ity about something new. The consequences—
including clearance of foreign objects from the
mouth, improved airway opening, and hastened
recovery—suggest reviving-like efforts. Electro-
physiological recordings and microendoscopic
calcium imaging showed that oxytocin neurons
in the hypothalamic paraventricular nucleus
as a population exhibited increased activation in
the presence of unconscious, compared with
active, familiar partners, suggesting that the
activity of these neurons can distinguish be-
tween the different partner states. Additionally,
increased activity was observed in distinct sub-
populations of the oxytocin neurons during
specific behavioral actions. Furthermore, opto-
genetic activation of these neurons promoted
reviving-like behaviors, whereas inactivation
of them or blocking oxytocin signaling through
ventricular administration of oxytocin receptor
antagonists impaired the behaviors.

CONCLUSION: Our study reveals a stereotypic set
of behaviors in mice directed toward unrespon-
sive familiar peers that appear to facilitate the
regaining of responsiveness. Similar to other pro-
social behaviors, these behaviors rely on the
oxytocin system, which is essentially conserved
across vertebrate species. Our findings thus sug-
gest that animals exhibit reviving-like emer-
gency responses and that assisting unresponsive
group members may be an innate behavior
widely present among social animals. Such
behavior likely plays a role in enhancing group
cohesion and survival.▪
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Mouse behaviors toward an unconscious peer. Mice exhibit a stereotypic set of behaviors when
encountering an unconscious social partner, reminiscent of human emergency responses. The behavioral
reactions escalate from sniffing and grooming to intense stimulatory actions such as mouth biting and tongue
pulling during extended periods of unresponsiveness. These reviving-like actions facilitate the recipient’s
recovery. [Figure created with BioRender.com]
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to unconscious or dead conspecifics in rodents
Wenjian Sun1†, Guang-Wei Zhang1†, Junxiang J. Huang1,2, Can Tao1, Michelle B. Seo1,3,
Huizhong Whit Tao1,4*, Li I. Zhang1,4*

Whereas humans exhibit emergency responses to assist unconscious individuals, how nonhuman
animals react to unresponsive conspecifics is less well understood. We report that mice exhibit
stereotypic behaviors toward unconscious or dead social partners, which escalate from sniffing and
grooming to more forceful actions such as mouth or tongue biting and tongue pulling. The latter intense
actions, more prominent in familiar pairs, begin after prolonged immobility and unresponsiveness
and cease when the partner regains activity. Their consequences, including improved airway opening
and clearance and accelerated recovery from unconsciousness, suggest rescue-like efforts. Oxytocin
neurons in the hypothalamic paraventricular nucleus respond differentially to the presence of
unconscious versus active partners, and their activation, along with oxytocin signaling, is required
for the reviving-like actions. This tendency to assist unresponsive members may enhance group
cohesion and survival of social species.

W
hen encountering an individual who
has lost consciousness, humans often
exhibit emergency responses aimed at
reviving that person. Although previ-
ous studies of nonhuman animals have

documented several types of helping-like behav-
iors toward conspecifics in need or distress (1–4),
whether animals naturally exhibit any distinct
behaviors when they encounter a seemingly
unconscious (immobilized and unresponsive)
peer remains poorly understood.
Anecdotal observations across several spe-

cies in the wild, including nonhuman primates
(5–8), dolphins (9–12), and elephants (13–16),
have reported intriguing behaviors of animals
toward unresponsive conspecifics that have
collapsed because of sickness, injury, or death.
These animals often remain close to their in-
capacitated group members, with increased
proximity behaviors (5–16). Additionally, they
display various behavioral responses, including
touching (5–8, 13–16), grooming (5–8), nudging
(6, 9–16), and sometimes even more intense
physical actions, such as striking (5, 12), toward
the collapsed peers. Some of these actions to-
ward incapacitated conspecifics are reminiscent
of human emergency responses, especially those
involving sensory stimulation. For instance, in

Western traditions, smelling salts have been
used as stimulants to help to restore conscious-
ness (17), and in Eastern traditions, acupuncture
of the Ren-Zhong point below the nose is com-
monly practiced (18). Although the previously
reported animal behaviors are thought to be a
form of help, given only the scattered obser-
vations, it remains challenging to understand
the precise nature of these reactions or their
generality within a species, let alone to exam-
ine their neural underpinnings. In this study,
we explored behaviors of laboratory mice in
response to and directed toward their unre-
sponsive social partners under controlled con-
ditions, whichwould allow us to investigate the
aforementioned questions.

The stereotypic set of behaviors

We designed an experimental assay to investi-
gate hownaïvemicewould react to unresponsive
or unconscious conspecifics. In the test, a sub-
ject mouse in its home cage was presented with
a familiar social partner (cagemate) rendered
unresponsive through anesthesia or an active
counterpart as comparison (Fig. 1A). Behaviors
were videotaped, and different types of actions
by the subjectwereannotated throughamachine
learning–based animal action recognition pipe-
line (Fig. 1, B and C). The total time of the sub-
ject interacting with the unresponsive partner
was much greater than with the active counter-
part (Fig. 1D). On average, the subject devoted
47.4% of the total testing time interacting with
the unresponsive partner, in contrast to only
5.8% with the active counterpart (Fig. 1G). De-
tailed analysis revealed that the subject in-
creased interactive actions toward the orofacial
area, top of the head, trunk, limbs, and tail of
the unresponsive partner, as compared with

interactionswith the active counterpart (Fig. 1,
E and F). The extended interactive actions
were the most conspicuous toward the oro-
facial area, increased by about 15-fold in total
duration and consuming on average 31.8% of
the total testing time (Fig. 1G).
With the k-means clustering analysis on

the temporal dynamics of the subject’s actions
toward the partner, we could classify these ac-
tions into three types (Fig. 1H): type 1 involved
sniffing of various body parts; type 2 involved
gentle physical contact, such as grooming of
various body parts; and type 3 involved more
forceful physical contact, mostly centered on the
eye andmouth areas. As shownby the ethogram
of behavioral epochs for a representative subject
mouse (Fig. 1I) and the time-dependent plot
of probabilities of different types of actions
(Fig. 1J), as well as their cumulative durations
(Fig. 1K), sniffing and grooming behaviors ap-
peared almost immediately after the introduc-
tion of the unresponsive partner, whereasmouth
and eye interactions (hereafter, “mouth/eye”)
arose with a delay and gradually intensified.
Quantification for all the examined pairs showed
that mouth/eye interactions appeared later than
sniffing and grooming behaviors (fig. S1A).
Compared with sniffing, the manifestations of
grooming behavior andmouth/eye interaction
were more persistent toward the end of the
observationwindow (fig. S1B). In addition, there
were more bouts of grooming and mouth/eye
interaction than sniffing (fig. S1, C and D), and
eachbout ofmouth/eye interaction lasted longer
than sniffing and grooming (fig. S1E). As such,
the total duration of mouth/eye interaction was
longer than sniffing and grooming (fig. S1F). By
contrast, when interacting with an active part-
ner, the subject only exhibited sniffing behaviors
that were seen intermittently throughout the
test duration (Fig. 1L), whereas grooming and
mouth/eye interactions were completely ab-
sent (Fig. 1, M and N). Nevertheless, the total
duration of sniffing was similar to that when
interacting with an unresponsive partner (Fig.
1N). For the latter, sniffing accounted for only
5.9% of the total interaction time, whereas
grooming and mouth/eye-targeted actions
accounted for 37.8 and 56.3%, respectively
(Fig. 1O). Therefore, in comparison to their in-
teractions with active partners, subject mice
substantially extended their interaction time
with unresponsive partners by engaging in
mouth/eye interactions for an extended period
of time, a behavior not seen in interactions
with an active partner.

Time course of the behavioral actions

For a different cohort, we returned the partner
to the home cage immediately after the ad-
ministration of anesthetics. By doing so, we
could monitor the subject’s reactions during
the partner’s gradual shift from a state of
wakefulness to unconsciousness (Fig. 2A, top).
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We observed sniffing behaviors immediately
after the partner was returned (Fig. 2A, blue,
and Fig. 2B). As the partner collapsed and en-

tered a state of complete immobilization (rep-
resenting an unconscious state), subject mice
reduced sniffing andpromptly intensifiedgroom-

ing (Fig. 2A, beige, and Fig. 2C). After a period
of immobilization of the partner (∼100 s), the
subject began to direct its actions toward the
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Fig. 1. A stereotypic set of behaviors directed toward an unconscious
social partner. (A) Schematic of behavioral setup. (B) Example pose estimation
by identifying key points. (C) Schematic of the workflow for action prediction
and annotation. (D) Total interaction time with the partner. Unpaired t test,
****P < 0.0001; n = 10 and 22 mice for active and unresponsive groups,
respectively. (E) Schematic of different body parts. (F) Cumulative durations of
actions directed toward different body parts. Columns represent mean ± SEM.
Unpaired t test, *P < 0.05, ***P < 0.001, ****P < 0.0001; ns, not significant;
n = 10 and 22 mice in active and unresponsive groups, respectively. (G) Proportions
of total testing time devoted to actions directed toward different body parts.
(H) Clustering of different types of actions (labeled by different colors:
blue, sniffing; beige, grooming; red, mouth/eye interaction). PC, principal
component. (I) Ethogram of different actions for an example subject mouse.

(J and K) Probabilities (J) and cumulative durations (K) of different types of
actions over time for the same animal. (L) Ethograms for five example subject
mice in active (top) and unresponsive (bottom) groups. (M) Population average
of cumulative duration for different types of actions. Note that grooming and
mouth/eye-targeted actions were absent in the active group. Shade represents
SEM. n = 5 animals in each group. (N) Total durations of sniffing, grooming,
and mouth/eye interaction toward active (circle) or unresponsive (triangle)
partners. Columns represent mean ± SEM. Two-way ANOVA with Tukey’s
multiple comparisons test, ****P < 0.0001; n = 10 and 22 animals in active and
unresponsive groups, respectively. (O) Proportions of total interaction time
devoted to different types of actions in active (top) and unresponsive (bottom)
groups (blue, sniffing; beige, grooming; red, mouth/eye interactions). For
statistical details, see table S1.
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mouth and eye regions, and these actions
gradually intensified (Fig. 2A, red, and Fig. 2D).
This analysis suggests that an immobility and
unresponsiveness state of the partner promptly
triggers grooming behavior and that mouth/
eye interactions arise after the subject has
witnessed a sustained period of immobility and
unresponsiveness.
Next, we investigated how the subject’s re-

actions would change with the partner regain-
ing activity. Isoflurane anesthesia was used to
allow a fast recovery so that the subject would
experience a sequential transition of the part-
ner’s state from unresponsiveness to wakeful-
ness (Fig. 2E). As soon as the partner exhibited
the first movement, mouth/eye-targeted actions

by the subject greatly diminished and eventually
ceased entirely once the partner became fully
awake (Fig. 2H and fig. S2), whereas sniffing in-
creased slightly and grooming declined with a
much slower decay after an initial increase (Fig.
2, F and G). Together, our results indicate that
the mouth/eye-targeted actions are initiated
when the subject is exposed to a prolonged un-
responsive state of the partner but are rapidly
suppressed once the partner exhibits regained
activity and responsiveness. This suggests a cor-
relation between the behavioral manifestation
of the subject and the unresponsive state of its
social partner.
We sought to determine whether the observed

behaviors could be reactions to an unresponsive

state of the partner in general by testing the sub-
ject’s actions toward a freshly deceased cagemate
euthanized by CO2. Notably, behaviors similar
to those toward an anesthetized partner were
observed (Fig. 2I and fig. S3).We also analyzed
the interaction with a sleeping partner; in this
case, the subject exhibited grooming, although to
a lesser degree, but never themouth/eye inter-
actions (Fig. 2J). It is worth noting that while
the sleeping partner remained overall inert, it
normally responded to the subject’s actionswith
visiblemovements. Our results are in line with a
parallel study showing increased social inter-
actions targeting the head area of a sedated
partner compared with an active one (19). To-
gether, these findings suggest that mice are
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Fig. 2. Behavioral time course and reactions to other states of partners.
(A) (Top row) Epochs of active (black) and immobilized (gray) states in
the partners aligned with the timing of complete immobilization (marked by
the vertical dashed line). (Bottom three rows) Epochs of annotated actions
(blue, sniffing; beige, grooming; red, mouth/eye interactions) in the subjects.
(B to D) Mean probability of sniffing (B), grooming (C), and mouth/eye
interactions (D) aligned with the timing of complete immobility (time point 0).
(Insets) Average probability of sniffing, grooming, and mouth/eye interactions
within different time windows. One-way repeated measures (RM) ANOVA with
Tukey’s multiple comparisons test, *P < 0.05, **P < 0.01, ****P < 0.0001, n = 5
animals in each group. (E) (Top row) Epochs of active (black) and immobilized
(gray) states in the partners aligned with the timing of the partners’ first
movement (marked by the vertical dashed line). (Bottom three rows) Epochs of

annotated actions (blue, sniffing; beige, grooming; red, mouth/eye interactions)
from the subjects. (F to H) Mean probability of sniffing (F), grooming (G), and
mouth/eye interactions (H) aligned with the timing of the partners’ first movement
(time point 0). (Insets) Average probability of sniffing, grooming, and mouth/eye
interactions before versus after the partners’ first movement. Wilcoxon test, *P < 0.05,
**P < 0.01, n = 9 animals in each group. (I) Schematic (left) and ethogram (middle)
of subject mice’s responses to a dead familiar partner, and quantifications of total
duration of sniffing, grooming, and mouth/eye interaction toward anesthetized
versus dead partners (right). Two-way ANOVAwith Tukey’smultiple comparisons test;
n = 6 and 22 animals in dead and anesthetized groups, respectively. (J) Similar to (I),
but for actions toward sleeping partners. Two-way ANOVA with Tukey’s multiple
comparisons test, *P = 0.0388, ****P < 0.0001; n = 6 and 22 animals in sleeping and
anesthetized groups, respectively. For statistical details, see table S1.
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innately able to differentiate between unre-
sponsive and responsive states of their part-
ners and react to these states differently.

Intense physical interactions and
reviving-like effects

Whereas social behaviors of sniffing and allo-
grooming have been reported frequently for
rodents (2, 3, 20–22), the actions specifically
targeting mouth and eye areas seemed pecu-
liar, prompting us to take a closer look by using
a high-resolution, high-speed camera providing
a side view of the head region. We were then
able to distinguish detailed actions such as
mouth biting, tongue biting, tongue pulling,
and eye licking. Among them, actions directed
toward the mouth or tongue were observed in
100% of the animals examined in this experi-
ment (Fig. 3A) and consumed the greatest
amount of interaction time (Fig. 3B). After the
subject’s actions focused on the mouth area,
the tongueof theunresponsivepartnerwaspulled
out within the test window (Fig. 3C, left four
photos, andmovie S1) inmore than 50% of the
cases (Fig. 3C, right). By contrast, in none of the
unresponsive mice being alone (“without sub-
ject”) was the tongue ever observed to sponta-
neously protrude from the mouth within the
test duration (Fig. 3C, right). The tongue pulling
action is reminiscent of themedical practice of
positioning an unconscious patient’s tongue
sideways during surgical procedures to pre-
vent potential blockage of the airway (23–26).
For unconscious individuals, maintaining an
open airway is essential in first aid procedures
(27), asmuscle relaxation, including that of the
tongue, can lead to airway obstruction. Mice
with their tongue pulled out had enlarged
airways in comparison to those whose tongue
remained in their mouth (Fig. 3D), suggesting
that a consequence of tongue pulling actions
might be to help maintain an open airway in
the partner. Accidentally, we discovered that
the mouth/tongue-centered behaviors resulted
in the removal of a foreign body from the oral
cavity of the partner. We then tracked an object
artificially placed in the mouth of the unre-
sponsive partner. As shown by a representa-
tive pair of mice (Fig. 3E), after the subject
started actions that could be described as
mouth/tongue biting, the foreign object was
removed from the partner’s mouth, after
which the subject investigated the object for
a short period and then resumed the mouth/
tongue biting actions (Fig. 3F). Tongue pull-
ing behavior alsomanifested later on (Fig. 3F).
In 80% of cases, the foreign object was suc-
cessfully removed by the subject’s intervention
within the test duration (Fig. 3G, left). By con-
trast, the foreign object was never spontane-
ously expelled from the partner’s mouth in the
absence of a subject mouse (Fig. 3G, left). When
the foreign object was partially inserted into
the anus or genitals, it was ignored and left un-

removed by the subject mouse (Fig. 3G, right).
These experiments suggest that the removal
of the foreign body might be related to its oral
location, with a consequence of further helping
with airway clearance when suspected oral ob-
structions are present.
In the meantime, we observed intermittent

body twitching responses in the partner, which
temporally correlated with the subject’s mouth/
tongue biting, tongue pulling, and eye-licking
actions (Fig. 3H). In five pairs of mice ana-
lyzed, 59 out of 115mouth/tongue-biting bouts
and 18 out of 48 tongue-pulling bouts elicited
twitching responses in the partners, whereas
11 out of 17 eye-licking bouts resulted in twitch-
ing (Fig. 3I). By contrast, none of the grooming
bouts was associated with a twitching response
in the partner (Fig. 3I). Cross-correlograms showed
a stronger temporal correlation between the
twitching response in the partner and mouth/
eye-targeted actions than sniffing and groom-
ing actions from the subject (Fig. 3, J andK). To
further understand the relationship between
mouth/eye-targeted actions and body responses
of the recipient, we used Von Frey filaments to
examine the stimulation threshold at various
body parts for eliciting a body twitching re-
sponse in anesthetized animals; the innermouth
exhibited the lowest threshold compared with
other body parts (Fig. 3L). In addition, we stim-
ulated different body parts of lightly anesthe-
tized mice with a Von Frey filament and found
that when stimulating the inner mouth, mice
exhibited a righting reflex, a potential indicator
of arousal (28), after the least number of stimuli
(Fig. 3M). These findings raise the possibility
that the mouth/tongue biting and tongue pull-
ing actions may provide strong sensory stimula-
tion that can help to arouse the unconscious
partner. Indeed, receiving the natural actions
from subject mice, the unresponsive partners
exhibited the first walk earlier than those left
alone (Fig. 3N). Together, our results suggest
that the subject’s actions, especially those tar-
geting the inner mouth and tongue, may have
an effect of helping the partner to recovermore
quickly from unresponsiveness.

Familiarity, sex, and other features

Previous studies have suggested that familiar-
ity and sex may play a role in social behaviors
(29–40). To understand the influence of these
factors on the behavioral reactions toward un-
conscious peers, we explored a variety of dif-
ferent sex combinations under both familiar
and unfamiliar conditions. These includedmale
to female (M-F), female to male (F-M), male to
male (M-M), and female to female (F-F) pair-
ings (Fig. 4, A and B). Overall, we observed a
strong influence of familiarity, as grooming and
mouth/eye-targeted actions were much weaker
in unfamiliar than familiar pairs, whereas sniff-
ing behaviors were not different between these
two conditions (Fig. 4, C to G, and fig. S4, A to

C). Particularly, themouth/eye-targeted actions
were essentially absent in unfamiliar condi-
tions except for the F-F pairing (Fig. 4M). Fur-
thermore, we found that sex plays a rather
minor role. In familiar conditions, no differ-
ences were observed between different sex-
combination groups (Fig. 4, H to J), whereas
in unfamiliar conditions, F-F pairing exhibited
more prominent allogrooming and mouth/
eye-targeted actions than other pairings (Fig.
4, K to M). Taken together, our results sug-
gest that the behavioral reactions toward unc-
onscious peers as observed in this study are
mainly influenced by the familiarity factor and
that the intense mouth/eye-targeted actions
are prominent between familiar partners of all
sex combinations.
To further understand the nature of the be-

havioral reactions toward unresponsive peers,
we investigated whether mice prefer unrespon-
sive social partners over active ones by using a
three-chamber social preference test (22, 41, 42).
In this test, one side chamber contained an an-
esthetizedanimal, and theopposite-side chamber
held an active one, with both confined within
a small wire cage (Fig. 4N, left). All three ani-
malswere females and originated from the same
home cage. Measuring the time spent in each
chamber revealed a strong preference of the
subject to explore the cage containing the un-
responsive partner over the active partner (Fig.
4N, right, and Fig. 4O), whereas the subject did
not show any preference when both chambers
contained an active partner (Fig. 4P). These
results argue against the possibility that the
subject’s attending to an unresponsive peer is
driven by pursuit of any potential reciprocal
social interaction, as the subject can receive such
interaction more immediately by approaching
an active peer than an unresponsive one. The
preference for an anesthetized peer was not ob-
servedwhenboth chambers contained strangers
(fig. S4D), which is consistent with the critical
impact of familiarity.
Moreover, we asked whether the behavioral

reactions to the unresponsive peer would ex-
hibit habituation after repeated exposure to
the latter. We performed the same home-cage
test repeatedly over 5 consecutive days with the
same familiar pair (Fig. 4Q). The time spent in-
teracting remained essentially stable across
the 5 days without showing any sign of reduc-
tion.Whereas a conspecific in an unresponsive
state might be new to the subject when first ex-
posed to it, the apparent absence of habituation
suggests that the subject’s directing actions
toward the peer is not simply driven by novelty
seeking or information gathering (43–45).

State-selective activation of PVH
oxytocin neurons

To investigate potential neural substrates under-
lying the behavioral reactions to unresponsive
peers, we exposed Trap2::Ai14 mice (46) to either
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Fig. 3. The mouth/eye-targeting actions and their reviving-like effects.
(A) Percentage of animals exhibiting different mouth/eye interactions. (B) Fraction
of time of the total duration of different mouth/eye interactions. (C) Sample
images showing the mouth region of an unresponsive partner before and after
mouth biting and tongue pulling bouts performed by the subject mouse.
White arrowhead marks the tongue. (Right) Percentage incidence of the tongue
ending up protruding from the mouth without and with a subject. Chi-square test,
**P = 0.0029. (D) Quantification of airway size in mice without and with the
tongue pulled out (after fixation). Unpaired t test, ***P = 0.0002, n = 6 mice in
each group. (E) Sample images showing a foreign body in the mouth before and
after being removed. (F) Ethogram for an example subject mouse. (G) (Left)
Percentage incidence of a foreign object being removed from the mouth (pink)
with (top) and without (bottom) a subject. (Right) Percentage incidence of a
foreign object being removed from the genital region. (H) Raster plots (top)
and event-time histogram (bottom) for the partner’s body twitching response

from five pairs of animals. (I) Proportions of action bouts associated with
twitching (black) or no twitching (gray). (J) Cross-correlograms between actions and
twitching. Bin size, 1 s. Positive values mean that twitch occurred after the initiation
of actions. (K) Temporal correlations between different actions and twitching.
(L) (Left) Schematic of test of stimulation threshold for inducing twitching responses
in an unresponsive animal with Von Frey filaments. (Middle and right) Stimulation
threshold at different body parts in lightly and deeply anesthetized animals.
One-way ANOVA with Tukey’s multiple comparison test, ****P < 0.0001, n = 7
(left) or 5 (right) animals in each group. (M) Numbers of stimulations at different
body parts to induce righting reflex in lightly anesthetized mice with a 4-g
Von Frey filament. One-way ANOVA with Tukey’s multiple comparison test,
****P < 0.0001; n = 6, 6, 4, and 4 animals, from left to right. (N) (Left)
Schematic of experimental conditions. (Right) Latencies for exhibiting the first
walk without (gray) and with (pink) a subject mouse. Unpaired t test, *P = 0.015;
n = 13 and 9 animals, from left to right. For statistical details, see table S1.
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anesthetized or active cagemates. At 1 hour after
exposure, we administered 4-hydroxytamoxifen
(4-OHT) to label the activated neurons. After
2 weeks of expression, we examined the medial
amygdalar nucleus (MEA) (3, 47, 48), paraven-
tricular nucleus of the hypothalamus (PVH)

(2, 49–51), basolateral amygdalar nucleus (BLA)
(52–56), hippocampus (57, 58), and ventrome-
dial hypothalamic nucleus (VMH) (59) owing
to their potential associations with sniffing, al-
logrooming, social interaction, or prosocial be-
haviors.We found that thenumberof tdTomato+

cells, indicative of c-fos expression, was increased
in the PVHofmice exposed to unresponsive part-
ners as compared with those exposed to active
ones (Fig. 5, A and B), suggesting neuronal ac-
tivation selective to the exposure to unresponsive
partners. As previous studies have implicated

A B

N O    P Q

C D    E

H I

F

G

J K L M

Fig. 4. Factors of familiarity and sex and other features. (A and B) Ethograms
for the subject’s actions toward an unresponsive conspecific for female-female,
male-male, female-male, and male-female pairings in familiar (A) and unfamiliar
(B) conditions. Blue, sniffing; beige, grooming; red, mouth/eye interactions.
(C and D) Probability of sniffing (top), grooming (middle), and mouth/eye
interactions (bottom) in familiar (C) and unfamiliar (D) conditions. Shade
represents SEM. (E to G) Total durations of sniffing (E), grooming (F), and
mouth/eye interactions (G) toward unresponsive conspecifics in familiar and
unfamiliar conditions. Unpaired t test, ****P < 0.0001; n = 33 and 20 animals in
familiar and unfamiliar groups, respectively. (H to J) Total durations of sniffing
(H), grooming (I), and mouth/eye interactions (J) toward unresponsive
conspecifics for female-female, male-male, female-male, and male-female

pairings in familiar conditions. One-way ANOVA; n = 11, 10, 5, and 7 animals,
from left to right. (K to M) Similar to (H) to (J), but for unfamiliar conditions.
One-way ANOVA with Tukey’s multiple comparisons test, *P < 0.05, **P < 0.01,
***P < 0.001, n = 5 animals in each group. (N) Schematic of three-chamber
social preference test (unresponsive versus active; left) and movement tracking
traces (right) for an example subject mouse. (O) Fraction of time spent in the
side chamber containing an unresponsive versus active partner. Paired t test,
**P = 0.003, n = 5 animals. (P) Fraction of time spent in the left versus right
side chamber with both containing an active partner. Paired t test, P = 0.3665,
n = 7 animals. (Q) Schematic of repeated exposure test over 5 consecutive days
(left) and total duration of interactions in each day (right). One-way ANOVA,
P = 0.0726, n = 5 animals. For statistical details, see table S1.
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Fig. 5. State-selective acti-
vation of PVH oxytocin
neurons. (A) Sample images
showing trapped c-fos+ cells
in different brain regions
of an example subject animal
after exposure to an active
(top) or unresponsive
(bottom) partner. PVH, para-
ventricular hypothalamic
nucleus; VMH, ventromedial
hypothalamic nucleus; MEA,
medial amygdalar nucleus;
BLA, basolateral amygdalar
nucleus; Hipp, hippocampus.
Scale bars: 100 mm. (B) Fold
change in the number of
c-fos+ cells in different regions
after exposure to unresponsive
partners relative to active
ones. *P < 0.05, one-way ANOVA
with Fisher’s least significant
difference (LSD) multiple com-
parison test, n = 3 animals.
Bar represents SEM. (C) Rep-
resentative images of RNA-
scope staining of oxytocin
(magenta) and c-fos (white) in
PVH after exposure to an
active (top) or unresponsive
(bottom) partner. Arrowheads
point to oxytocin neurons
that are c-fos+. Scale bars:
20 mm. (D) Number of cells in
PVH that are both c-fos+
and oxt+ under two conditions.
Unpaired t test, *P = 0.0390,
n = 3 animals in each group.
(E) (Left) Percentage of
oxt+ neurons in PVH that are
c-fos+ (green). (Right) Per-
centage of c-fos+ neurons in
PVH that are oxt+ (pink).
n = 3 animals for each condition.
(F) Schematic of head-fixed
in vivo optrode recording in
the presence of an unresponsive
(top) or active (bottom)
partner. (G) (Left) Schematic
of viral injection and optrode
recording in Oxt-Cre mice.
(Right) Sample image showing
expression of ChR2-EGFP
in PVH. Scale bar: 200 mm.
(H) An example oxytocin+ unit identified with principal components analysis (left; principal components for all detected spike waveforms from one electrode channel
during one recording session) and its spikes time-locked to the laser stimuli (right; upper raw trace and lower peristimulus spike time histogram). (I and J) Clustering
of all recorded units in PVH and the fraction of cells in each cluster (I) and heatmap (J) of cells in three clusters aligned to the introduction of an unresponsive
partner (vertical dashed line). N = 460 units from three animals. (K) Population-averaged firing rates for the three clusters before and after the introduction
of an unresponsive (color) or an active partner (gray). Shade represents SEM. (L) Raster plots of spikes of individual opto-tagged PVH oxytocin neurons in the
presence of active (top) or unresponsive (bottom) partners. (M) Mean firing rates of oxt+ neurons under different conditions. One-way RM ANOVA with Tukey’s multiple
comparisons test, **P < 0.01, ***P < 0.001, n = 33 units from five animals. For statistical details, see table S1.
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a role of oxytocin in social (51, 60–68) and pro-
social behaviors (2, 4, 69–71), and PVH is one
major structure containing oxytocin-releasing
neurons (72), we further examined whether PVH
oxytocin neurons were activated when exposed
to unconscious partners. By conducting RNA-
scope staining using probes for oxytocin and
c-fos (Fig. 5C), we found that the number of
activated oxytocin neurons was increased in
PVH of subject mice exposed to unresponsive
partners (Fig. 5D): ∼58% of PVH oxytocin neu-
rons were c-fos+, and 67% of c-fos+ PVH neu-
rons were oxytocin+, compared with only 20
and 25%, respectively, in mice exposed to active
ones (Fig. 5E).
To directly verify the activation of PVH oxy-

tocin neurons, we expressed channelrhodopsin
2 (ChR2) in these neurons by injecting adeno-
associated virus (AAV) encoding Cre-dependent
ChR2 in Oxt-Cre mice and performed optrode
recording in the awake head-fixed condition
(Fig. 5, F to G). An unresponsive or active
cagemate confined within a wire cage was
presented to the mouse being recorded (Fig.
5F). For all the putative PVH units recorded
nonselectively, clustering analysis revealed
three groups of neurons: one with an increased
firing rate (“activation”), one with a decreased
firing rate (“suppression”), and one with no
change in the average firing rate (“no response”)
when exposed to the unresponsive partner as
compared with the pre-exposure condition
(Fig. 5, I to J, and fig. S5A). For the “activation”
group, the increase in the population-averaged
firing rate was larger after exposure to unre-
sponsive partners than to active partners (Fig. 5K,
middle), indicating neuronal activation selec-
tive to the state of the partner. The oxytocin+
neurons identified in this experiment by their
time-locked short-latency spikes to applied
light pulses (Fig. 5H) belonged mostly to the
“activation” group. For these neurons, a higher
mean firing rate was observed when exposed
to an unresponsive partner as compared with
an active partner and pre-exposure condition
(Fig. 5, L andM, and fig. S5B). These data suggest
that as the subject detects the unresponsive
state of the partner, the activity of oxytocin
neurons is increased.
To monitor activity changes from a larger

number of oxytocin neurons, we performed mi-
croendoscopic (Miniscope) recording of Ca2+

signals in freely moving conditions by express-
ing Cre-dependent GCaMP6s in PVH of Oxt-
Cre mice (Fig. 6, A and B). Clustering analysis
(Fig. 6C) revealed that a large subset of oxytocin
neurons exhibited increased activation during
the exposure to unresponsive partners com-
pared with active partners (“unresp”) (fig. S5C).
Overall, 51.24% of the imaged neurons showed
such selective activation, whereas 10.95% of
them showed nonselective activation in both
unresponsive- and active-partner conditions
(“Both”). As such, the PVH oxytocin neurons

were overall more strongly activated after ex-
posure to unresponsive partners than to active
partners (Fig. 6D), consistent with the electro-
physiological data. Linear classifiers constructed
using the population Ca2+ activity of PVH oxy-
tocinneurons could decode unresponsive versus
active states of partners with high accuracies
(Fig. 6E), suggesting that population activity of
oxytocin neurons in each mouse can differen-
tiate between the different states of the part-
ner. Moreover, a more detailed analysis of the
selective activation group (Fig. 6C, green)
revealed that the increases in activity were
correlated well with grooming and mouth/
eye-targeted actions (Fig. 6F). This group of
neurons could be further classified into three
clusters (Fig. 6G), with the largest cluster
(cluster 1) exhibiting increased activity asso-
ciated with both grooming and mouth/eye in-
teraction epochs (Fig. 6, H and I). These
results raise the possibility that oxytocin neu-
rons may play a role in the behavioral reac-
tions toward unresponsive partners.

The contribution of oxytocin neurons

To test a possible involvement of oxytocin neu-
rons, we optogenetically silenced PVH oxytocin
neurons of subject mice during their exposure
to unresponsive cagemates by bilaterally inject-
ing AAV encoding Cre-dependent halorhodop-
sin (eNpHR3.0) intoOxt-Cremice (Fig. 7A). The
optic silencing (fig. S6, A and B) reduced the
subject’s interaction time with the unrespon-
sive partner as compared with the light-off con-
dition in both F-F and M-M pairings (Fig. 7, B
and C; fig. S6, C to F; andmovie S2). This could
be attributed to attenuations of allogrooming
and mouth/eye-targeted actions; in compari-
son, sniffing was not affected (Fig. 7D). Con-
versely, optogenetically activating PVH oxytocin
neurons (at 10 Hz) during the exposure to an
unresponsive stranger increased the total in-
teraction time (Fig. 7, E to G, and movie S3),
which could be attributed to selective increases
inallogroomingandmouth/eye-targeted actions
(Fig. 7H and fig. S6, G to J).
Oxytocin signaling has been shown to play a

role in social behaviors in rodents (2, 51, 73, 74).
As oxytocin affects a broad range of brain struc-
tures (74), to test the involvement of oxytocin
signaling, we administered an oxytocin recep-
tor antagonist (OTA) through an implanted
cannula into the lateral ventricle of subject
mice before their exposure to an unresponsive
familiar partner (Fig. 7I). In comparison to ve-
hicle injection, blocking oxytocin receptors dras-
tically reduced mouth/eye-targeted actions
(Fig. 7, J to L); conversely, self-grooming, rearing,
and general locomotion were unaffected (fig.
S7). Together, our inactivation and activation
experiments support the notion that oxytocin
neuron activation and oxytocin signaling are
necessary for the expression of the intense
stimulatory behaviors toward unresponsive

partners and that enhancing oxytocinergic
activity can promote such behaviors.

Discussion

We have elucidated a distinct set of uncon-
ditioned behaviors consistently manifested
in laboratory mice when they are exposed to
an unconscious, unresponsive, or even dead
familiar conspecific. Mice show a strong ten-
dency to approach, investigate, and physically
interact with the unconscious or unresponsive
partner, with their actions escalating chrono-
logically from sniffing and allogrooming to
intense stimulatory behaviors targeting oro-
facial areas, such as mouth or tongue biting
and tongue pulling, in response to the con-
tinued immobility and unresponsiveness of
the partner. Whereas actions such as sniffing
and allogrooming are reminiscent of those re-
ported in previous studies on prosocial behav-
iors directed toward conspecifics in distress or
pain (2, 48), the more forceful actions, especial-
ly those targeting the inner mouth and tongue
that are reported here, are apparently distinc-
tive reactions specifically in response to a pro-
longed unconscious or unresponsive state of
the conspecifics with a delayed onset. Con-
sistent with this idea, similar intense actions
can be elicited by exposure to a dead partner,
whereas they are absent when exposed to a
sleeping partner, which normally responds
with visible movements when stimulated by
the subject’s actions. Our observations are in
line with a parallel study on mouse behaviors
toward a sedated peer (19). It remains an out-
standing question what sensory cues contribute
essentially to the subject’s detection of un-
responsive states of the partner. Given the
sensitivity of the observed behaviors to body
movements of the partner, vision and so-
matosensation likely play a critical role for the
detection and perception of other’s unconscious
versus responsive states under our experimen-
tal conditions, although involvements of other
sensory modalities (19) cannot be excluded.
Our results suggest that the actions ofmouth/

tongue biting and tongue pulling may have
rescue-like effects, reminiscent of human first
aid efforts in reviving unconscious individuals
with physical stimulation and airway mainte-
nance (27). Although it is challenging to de-
termine the motivational needs behind these
distinctive “reviving-like” behaviors as revealed
in this study, our experiments suggest that the
behaviors may not be driven by the pursuit of
reciprocal social interaction or by novelty seek-
ing. On the other hand, the consequences of the
behaviors, such as improved airway opening or
clearance and expedited recovery, are clearly be-
neficial to the recipient, similar to helping-like
behaviors and other prosocial behaviors (1–3, 75).
Given that an unresponsive state in rodents in-
creases their risk of predation, an expedited
recovery from unconsciousness, assisted by a
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group member, can greatly enhance the indi-
vidual’s chances of survival.
Also consistent with many prosocial behav-

iors (29–36, 76, 77), the mouse behavioral ac-

tions toward unresponsive peers in this study
exhibit a familiarity bias, particularly for the
intense stimulatory actions. Thegeneral absence
of such actions toward strangers suggests that

the immobility state of a conspecific alonemay
not be sufficient to drive the behaviors. In ad-
dition, these behaviors are only weakly influ-
enced by sex, such that females overall exhibit a
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represented by the population activity of PVH oxytocin neurons. (A) Schematic
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(left) or an active (right) partner. (C) Heatmaps (left) and population-averaged
curves (right) showing the z-score of DF/F dynamics for four clusters of PVH
oxytocin neurons in response to the introduction of an unresponsive (red) or an
active (blue) partner. Both, responding to both types of partners; Unresp, preferring
unresponsive partners; Active, preferring active partners; Neither, no activation to
either type. n = 201 neurons from five sessions of three animals. Paired t test,
unresponsive versus active, ****P < 0.0001, n = 22 neurons for “Both,” 103 neurons
for “Unresp,” 39 neurons for “Active,” and 37 neurons for “Neither.” (D) Mean
z-scores of individual sessions for unresponsive versus active partners. Paired
t test, *P < 0.05, n = 5 sessions. (E) Performance of decoders trained on the
population activity of PVH oxytocin neurons in classifying unresponsive versus

active state of the partner. Unpaired t test, ****P < 0.0001, n = 125 trials in
each group. (F) Population averaged z-scores of DF/F dynamics (left) and
the mean z-score pre- and post-introduction of partners (right) for neurons in
the “Unresp” group in response to sniffing (blue), grooming (beige), and
mouth/eye interaction (red). Shade represents SEM. Bars and errors represent
mean and SEM, respectively. Paired t test, ****P < 0.0001, n = 103 neurons.
(G and H) Heatmaps (G) and population averaged curves (H) of the z-scored
DF/F dynamics for the three clusters in the “Unresp” group, aligned to the
onset (time point 0) of sniffing, grooming, or mouth/eye interaction. Shade
represents SEM. (I) Mean z-scores of DF/F dynamics before versus after
the onset of sniffing (blue), grooming (beige), and mouth/eye interaction
(red) for the three clusters shown in (H). Two-way RM ANOVA with Fisher’s
LSD multiple comparisons test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001; n = 52, 35, and 16 neurons for clusters 1, 2, and 3, respectively. For
statistical details, see table S1.
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slightly stronger tendency thanmales to interact
with unfamiliar conspecifics in unresponsive
states. Furthermore, similar to a consolation-like
behavior in rodents (2), the oxytocin system
plays a pivotal role in regulating the mouse be-
havioral actions toward unresponsive peers. The
unresponsive versus active state of the social
partner can be differentiated by the subject on
the basis of the population activity of PVH oxy-
tocinneurons of the latter. Activation of the PVH
oxytocin neurons and oxytocin signaling are
required for the expression of the intense stim-

ulatory behaviors that could be crucial for ex-
pediting the recovery of the recipient from the
unconscious state. Meanwhile, enhancing oxy-
tocinergic activity can facilitate such behaviors
under appropriate contexts. Potential targets of
oxytocin that may contribute to these behaviors,
such as the prefrontal cortex, amygdala, and nu-
cleus accumbens (74), remain to be examined
in the future. Given that the oxytocin system is
essentially conserved across vertebrate species
(4, 51, 71), combined with previous anecdotal
documentations (5–16), our findings in this study

suggest that assisting unresponsive or uncon-
scious group members may be a widely ex-
isting behavior among social animals. Such
behavior likely plays a role in enhancing the
cohesion and survival of the animals as a so-
cial group.

Materials and methods
Ethical compliance

All procedures were conducted in accordance
with the Guide for the Care and Use of Lab-
oratory Animals, as adopted by the National

DA

I

B C

G H

L

FE

KJ

Fig. 7. Manipulating oxytocinergic activity affects the behavioral reactions
toward unresponsive peers. (A) Schematic of optogenetic inhibition of PVH
oxytocin neurons bilaterally expressing eNpHR3.0. (B) Plots of behavioral
epochs of six female subjects presented with unresponsive female partners in
light-off (top) and light-on (bottom) conditions. Blue, sniffing; beige, grooming;
red, mouth/eye interaction. (C) Cumulative durations of total interactions.
Paired t test, **P < 0.01, n = 6 animals. (D) Cumulative durations of sniffing,
grooming, and mouth/eye interaction in light-off versus light-on conditions.
Two-way RM ANOVA with Bonferroni’s multiple comparisons test, **P < 0.01,
n = 6 animals. (E) Schematic of optogenetic activation of PVH oxytocin
neurons expressing ChR2. (F) Plots for eight female subjects presented with
unresponsive female strangers in light-off (top) and light-on (bottom) conditions.

Blue, sniffing; beige, grooming; red, mouth/eye interaction. (G and H) Similar
to (C) and (D), but for optogenetic activation. Paired t test in (G) and two-way
RM ANOVA with Bonferroni’s multiple comparisons test in (H), **P < 0.01,
*P < 0.05, n = 8 animals. (I) Schematic of injection of an oxytocin receptor
antagonist in the lateral ventricle. WT, wild type. (J) Plots of behavioral epochs
in five female subjects presented with unresponsive female partners after
injection of ACSF vehicle (top) or oxytocin receptor antagonist (bottom).
Blue, sniffing; beige, grooming; red, mouth/eye interaction. (K and L) Cumulative
durations of total interactions and different types of actions. Paired t test
in (K) and two-way RM ANOVA with Bonferroni’s multiple comparisons test
in (L), **P < 0.01, ****P < 0.0001, n = 5 animals. For statistical details,
see table S1.
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Institutes of Health, and with approval of the
Institutional Animal Care and Use Commit-
tee (IACUC) at the University of Southern
California.

Animals

Mice used in this study included C57BL/6J (JAX
strain # 000664), Trap2 (JAX strain # 030323),
Oxt-IRES-Cre (JAX strain # 024234), and Ai14
(Cre-dependent tdTomato reporter, JAX strain
# 007914). All these strainswere obtained from
JacksonLaboratory. Bothmale and female adult
mice (2 to 3months old) were used. After wean-
ing, mice were group-housed according to sex,
until they underwent surgery or behavioral test-
ing. The living conditions provided to the mice
were consistent with a 12-hour light cycle (lights
off at 18:00) and unlimited access to food and
water.

Viral constructs

AAV vectors used in this study included AAVDJ-
EF1a-DIO-GCaMP6s [1.6 × 1013 genome copies
(GC)/ml, Stanford University Gene Vector and
Virus Core, GVVC-AAV-091], AAV1-pEF1a-DIO-
hChR2-eYFP (1.82 × 1013 GC/ml, UPenn vec-
tor core), AAVDJ-EF1a-DIO-hChR2-eYFP (3.9 ×
1013 GC/ml, Stanford University Gene Vector
and Virus Core, GVVC-AAV-038), AAV1-EF1a-
DIO-eNpHR3.0-eYFP (2.1 × 1013 GC/ml, Addgene
26966-AAV1), and AAVDJ-EF1a-DIO-NpHR3.0-
eYFP (1.6 × 1013 GC/ml, Stanford University
Gene Vector and Virus Core, GVVC-AAV-058).

Viral injection

Mice were anesthetized using 1.5 to 5% iso-
flurane. A minor incision was made on the
skin where the craniotomy was planned, fol-
lowed by removal of the muscles. A craniot-
omy window was created for each region.
AAV encoding different proteins, including
GCaMP6s, ChR2, and eNPHR3.0, was intro-
duced per the experiment’s purpose and the
mouse strain. The virus was delivered (78)
using a beveled glass micropipette filled with
the viral solution, attached to a microsyringe
pump. Pressure injection was used for virus
delivery. A small amount of viral solution (50
to 80 nl) was injected at a steady rate (15 to
25 nl/min). After each injection, the pipette
was left in place for an additional 5min before
being withdrawn. The skin was then sutured.
Before surgery, the pain management drugs
buprenorphine and ketoprofen were sub-
cutaneously injected. The mice were allowed
a recovery period of at least 1 week before
further procedures. After each experiment, the
brain was extracted, sectioned, and imaged to
confirm viral expression.

Stereotaxic coordinates

The coordinates used for the virus injection and
gradient-index (GRIN) lens and fiber implan-
tation in the PVH were as follows. Injection:

anterior-posterior (AP) −0.6 mm, medial-lateral
(ML) ±0.2 mm, dorsal-ventral (DV) −4.8 mm.
GRIN lens implantation: AP −0.6 mm, ML
+0.2 mm, DV −4.7 mm. Fiber implantation: AP
−0.6 mm, ML ±1.25 mm, DV −4.5 mm, with a
10° angle. The coordinates used for the cannula
implantation in the lateral ventricle were as
follows: AP−0.7mm,ML+1.2mm,DV−2.5mm.

Fiber and cannula implantation

For optogenetic manipulations, animals were
anesthetized with isoflurane 2 weeks after viral
injection, and optic cannulas were bilaterally
implanted to target PVH. For pharmacolog-
ical manipulation, animals were anesthetized
with isoflurane, and a drug cannula was stereo-
tactically implanted into the lateral ventricle.
The optic cannula or drug cannula was secured
with dental cement. The mice were allowed to
recover for at least 1 week before the behavior
tests. After experiments, the brainwas extracted,
sectioned, and imaged to confirm the locations
of implanted cannulas.

Behavioral tests
Unresponsive, unconscious, and dead
animal preparation

The animals were anesthetized using euthasol
[50 mg/kg, intraperitoneally (ip)], ketamine
(80 mg/kg, ip) and xylazine (8 mg/kg, ip), iso-
flurane (1 to 5%), or euthanizedwithCO2 (100%,
5 min), depending on the purpose of the be-
havioral tests, as detailed below. The unrespon-
sive state was confirmed on the basis of the loss
of voluntary movements and lack of responses
to toe pinch, and death was confirmed by the
absence of heartbeat and respiration. For ani-
mals anesthetized with euthasol, after the test,
overdose euthasol (250 mg/kg) was adminis-
tered for euthanasia.

Test of social behavior toward an
unresponsive or unconscious conspecific

Pairs ofmicewere co-housed for at least 3 days
before the behavioral test (79). For each pair,
one animal was randomly chosen as the sub-
ject, and the other one was assigned as the
partner. Animals were allowed to adapt to
the handling procedure and the testing envi-
ronment for two 20-min sessions in two con-
secutive days before the testing as tominimize
stress. The partner was removed from the
home cage and anesthetized with euthasol
(50 mg/kg, ip), or euthanized with CO2 (100%,
5 min). After the partner was confirmed to
be in an unresponsive state, normally within
10 min of administering anesthesia or eutha-
nasia, it was returned to the home cage. For
the control group, the partner was not an-
esthetized or euthanized but only placed in a
separate cage with bedding for ~10min before
being returned to the home cage. The subject’s
interactions with the unresponsive or active
partner in the home cage was videotaped for

13 min. For the test of unfamiliar conditions,
the subject and the conspecific were not co-
housed before the test.

Mouth foreign object removal test

The procedure was similar to the test described
above except that after the partner was in an
unresponsive state, a ~4-mm-diameter non-
toxic and odorless polyolefin ball was manu-
ally placed in its mouth. The partner was then
returned to the home cage, and the subject
animal’s interactions with the unresponsive
partner was videotaped for 13min. For the con-
trol test without a subject, the unresponsive
animal with a polyolefin ball in themouthwas
placed in a new cage alone and was videotaped
for 13 min. After the test, the unresponsive ani-
mal was euthanized with overdose euthasol
(250 mg/kg). For the control experiment, the
polyolefin ball was gently and partially inserted
into the anus or genitals and was visible to the
subject animal.

Body twitching threshold test

We used Von Frey filaments to measure the
threshold for eliciting a body twitching re-
sponse at different body regions of the an-
esthetized animals, including inner mouth, face,
ear, forelimb, hindlimb, back, abdomen, and tail.
The testing order of body regions was random-
ized. For each region, we started with the 0.6-g
filament, and enough force was applied to the
filament so that it bends slightly and remains
in contact for 2 s. If no twitching response was
observed, the next higher-level filament would
be applied; and if twitching response was ob-
served, the next lower-level filament was used.
The lowest force that could induce a twitching
response was determined as the threshold for
each region. If no twitching response could be
elicited using a 300-g filament, the threshold
would be marked as not measurable. The dura-
tion of the entire testwas controlled to bewithin
20min.Micewere anesthetizedwith euthasol at
a low dose (40 mg/kg, ip) to induce a light an-
esthesia state or a higher dose (50mg/kg, ip) to
induce a deep anesthesia state.

First-walk latency test

To measure the first-walk latency with and
without a subject animal, isoflurane was used,
which allowed the animal to recover in a short
period. The partner was put in the induction
chamber of the E-Z anesthesia system, and 5%
isoflurane was given for 3.5 min and followed
by 2% isoflurane for 20 min. After anesthesia,
the partner was placed in the home cage with
or without the subject mouse. The time point
when the animal exhibited the first volun-
tary walk was determined as the first walk
latency. The “first walk” is defined as the ani-
mal being able to lift its body off the ground
(standing on all four limbs) and take at least
two consecutive and coordinated steps. It was
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used as an indicator of the animal’s recovery
from anesthesia.

Wakefulness-to-unresponsiveness
transition test

The procedure was similar to that described in
the test of social behavior toward an unrespon-
sive conspecific, except that the partner was
immediately put back to the home cage after
receiving the injection of the anesthetic. In this
experiment, the behavior analysis across dif-
ferent animals was aligned to the timing for
complete immobilization of the partner. The
“complete immobilization” refers to a state in
which an animal does not make any move-
ments without another animal’s investigation.

Unresponsiveness-to-wakefulness
transition test

The procedurewas similar to that described in
the test of social behavior toward an unre-
sponsive conspecific, except that the partner
was anesthetized with isoflurane. The partner
was put in the induction chamber of the E-Z
anesthesia system, and 5% isoflurane was given
for 3.5 min and followed by 2% isoflurane for
20 min. In this experiment, the behavior anal-
ysis across different animalswas aligned to the
time pointwhen the partner exhibited the first
movement or first walk. The “first movement”
refers to the first observable movement of any
part of the body, such as head lifting, head
turning, or limb movement. This marks the
earliest sign of recovery from anesthesia, indi-
cating that the animal begins to regain activ-
ity. The “first walk”was described in the above
“First-walk latency test” section. The “firstmove-
ment” occurs earlier than the “first walk.”

Righting reflex test

The mouse was put in the induction chamber
of the E-Z anesthesia system, and 5% isoflur-
ane was given for 3.5 min and followed by 2%
isoflurane for 10 min, during which the induc-
tion chamber was placed on top of a heating
pad. The animal was then manually stimulated
with a 4-g Von Frey filament at 0.5 to 1 Hz
frequency. The number of stimulations until
when the animal exhibited righting reflex was
counted, after which the test was terminated.
If the animal did not exhibit the reflex after
completing 60 stimulations, the trial was
scored as “not measurable,” and the test was
terminated.

Familiarity and sex dependency test

Animals were separated into eight groups, de-
pending on the sex combination and famil-
iar or unfamiliar condition. For the familiar
groups, same-sex or different-sex pairs were
co-housed for at least 3 days before the be-
havioral testing. For unfamiliar groups, pairs
were not co-housed before the behavioral test-
ing. The behavioral test was performed in the

subject animal’s home cage for both familiar
and unfamiliar pairs.

Repeated exposure test

The procedure was similar to that described in
the test of social behavior toward an unrespon-
sive conspecific, except that we used ketamine
(80 mg/kg, ip) and xylazine (8 mg/kg, ip) to
anesthetize the partner. We repeated the test
once per day for 5 consecutive days. Every day
after the test, the anesthetized animal was
placed on a heating pad and monitored until
it recovered from anesthesia. It was then put
back into the home cage.

Social preference test

We used a three-chamber box for this test (41, 80).
For the familiar condition, three animals of
the same sex and from the same cage were
first put in the three-chamber box. After a
60-min habituation period, two of them were
randomly chosen and removed from the box.
For the active versus anesthetized group, one
of the two removed animals was anesthetized
with euthasol (50 mg/kg, ip). After the animal
was completely anesthetized, it was returned
to the testing box and randomly placed in one
of the two wire cages placed on opposite sides
of the box. And the removed active animal was
returned and placed in the other wire cage.
For the active versus active group, after 5 min
the two animals were returned to the box and
respectively placed in one of the two cages. The
animal left in the box was designated as the
subject animal. For the unfamiliar condition,
the subject animal was first put in the three-
chamber box for a 60-min habituation period.
After that, one anesthetized animal and one
active unfamiliar animal were randomly placed
in one of the two wire cages placed on opposite
sides of the box. The behavior of the subject
animal was recorded for 10min. The place pref-
erence index, calculated as the ratio of time
spent in each chamber to the total testing time,
was automatically determined using custom-
developed scripts as described below.

Behavioral annotation

We first batch processed all the recorded videos
and extracted featured frames using k-means
algorithms on the basis of the image hash
similarity. Trained human annotators then
annotated animal bounding boxes and key
points in an iterative process, alongside an-
notating the start and end times of specific
actions in each video, using BORIS (81) and
LabelMe.Around50,000annotated frameswere
used in the training of Faster R-CNN (82) and
HRNet (83) in object and keypoints detection,
and all video clips were used in training the
SlowFast network (84) used for action recog-
nition. To further help differentiate actions
with small movements, such as sniffing and
grooming, optic flow analysis was used, as snif-

fing did not induce optic flow signal changes in
the recipient animal, whereas the grooming be-
havior did. Additionally, automatic annota-
tions were further validated by experimenters
to ensure accuracy. The scripts used are avail-
able in the GitHub Repository (https://github.
com/LiZhangLaboratory/Mouse_keypoint_
detection-main), supporting the reliability
and validity of our behavioral annotation pro-
cess. The definitions of different behaviors are
as follows. Sniffing is associated with a rapid
twitching of the nose or whisking. Owing to
the lack of physical contact with the recipient,
sniffingwould not cause noticeablemovement
in the latter. Depending on the targeted body
parts, sniffing is categorized into subtypes,
such as facial sniffing and genital sniffing.
Grooming is defined as licking behaviors
toward the recipient (e.g., on fur or skin sur-
face), which would cause movements in the
latter that can be detected by the frame-by-
frame differentiation. Grooming is catego-
rized into different subtypes on the basis of
the targeted body parts, such as facial groom-
ing and trunk grooming. Mouth/eye interac-
tion is defined as when the mouse uses its
mouth to bite and pull the recipient’s tongue
out of its mouth and licks the recipient’s eye
region. Detailed actions include the following.
(i) Mouth/tongue biting: The subject bites the
recipient’s mouth or tongue, often using its
forelimbs to stabilize the head of the recipient
while shifting the biting location around the
mouth. (ii) Tongue pulling: This occurs during
mouth/tongue biting, when the subject clamps
the recipient’s tongue with its teeth and at-
tempts to pull it out. The action of clamping
and pulling the tongue is defined as tongue
pulling. (iii) Eye licking: The subject licks the
eye regions of the recipient. First start time,
last end time, frequency of bouts, interbout in-
terval, duration per bout, and total duration
of each behavior were used for clustering, as
shown in Fig. 1H. The datawere first normalized
and then went through dimensional reduction,
and k-means clustering was performed on the
basis of the principal components.

Optrode recording

PVH oxytocin neurons were opto-tagged by in-
jecting AAV-DIO-ChR2 in PVH of Oxt-Cre mice.
Before the experiment, subject animals were pre-
pared for awake, head-fixed recordings (85–87).
On the day of recording, either an active or an-
esthetized animal encased within a wire cage
was presented to the subject animal, during
which neuronal activity was recorded fromPVH
of the subject. An optrode (A1x64-Poly2-6mm-
23s-160-OA64LP, NeuroNexus Technologies)
was then connected with an LED light source
(470 nm) through an optic fiber. To identify
opto-tagged oxytocin neurons, LED light pulse
trains varying in frequency (5-ms pulse dura-
tion, 2 to 20 Hz) were applied at the end of
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each recording trial. The time-locked spikes
were detected on the basis of the peristimu-
lus time histogram (PSTH) in response to LED
pulses. Only cells that showed LED-related
spikes with z-score >10 and the PSTH peak
being within a 10-ms time window after the
onset of each LED pulse were considered as
opto-tagged oxytocin neurons. Multiple pene-
trations were done in each animal, and for each
penetration, the animal was presented with a
different set of partners. We used a 64-channel
probe and were able to obtain roughly 50 units
per penetration. Each animal was exposed to
no more than three sets of partners. Spike sort-
ing was performed by using Offline Sorter
(Plexon). Spike clusters were classified as sin-
gle units only if the waveform signal-to-noise
ratio exceeded 4 (12 dB) and the interspike in-
tervals exceeded 1.2 ms for >99.5% of the spikes.
For the uniform manifold approximation

and projection analysis depicted in Fig. 5I, the
entire traces of the z-scored firing rates from
all recorded cells were used as input data. Ini-
tially, principal components analysis (PCA) was
performed to reduce the dimensionality of the
dataset while retaining the most significant
variance components. The PCA-transformed
data were then subjected to k-means clustering.
To determine the optimal number of clusters
(k), we used an iterative approach by system-
atically varying k and evaluating the clustering
results. This iterative process involved compar-
ing the response patterns across different clus-
ters using statistical metrics to assess whether
the identified patterns were significantly dis-
tinct from one another (P < 0.05, one-way RM
ANOVA test), thereby ensuring that the cluster-
ing was neither underfitting nor overfitting the
data. This approach is aimed to achieve bi-
ologically meaningful and statistically robust
clustering, minimizing the likelihood of over-
clustering andmaximizing the interpretability
of the response patterns. To compare firing rates
in Fig. 5M, the “Pre” was calculated on the
basis of a 2-min window without the presence
of another animal. The “Unresp” and “Active”
groups were calculated within a 0- to 2-min
window after the exposure to a partner of cor-
responding state.

Microendoscopic calcium imaging

AAVDJ-EF1a-DIO-GCaMP6s was injected into
the PVH of Oxt-Cre mice, and the GRIN lens
(0.5 mm, CLES050GFT100, GoFoton) was im-
planted 100 mm above the injection site. We
used UCLAMiniscope (V4, open ephys) to im-
age the calcium dynamics of the oxytocin neu-
rons during the subject’s free interactionswith
the unresponsive or active partner. Subject ani-
mals were allowed to interact with partners for
~5 min. Before the imaging session, animals
underwent a minimum of two habituation ses-
sions lasting 10 min each in two consecutive
days, where they became accustomed to han-

dling andmicroendoscope attachment in their
home cage. During the imaging session, the
calcium signal video (20 Hz) and the behavior
videos (30 Hz) were recorded simultaneously
by theMiniscope and the video camerawith the
Miniscope-DAQ-QT-Software (https://github.
com/Aharoni-Lab/Miniscope-DAQ-QT-Software).
Cellular calcium signals were extracted with
MIN1PIPE (88), a fully automatic MATLAB-
based toolbox, including data enhancement,
movement correction, and signal extraction
(https://github.com/JinghaoLu/MIN1PIPE).
During MIN1PIPE processing, we visually in-
spected the isolated region of interest and the
associated calcium traces to verify neuronal
identity and to remove false-positive regions
of interest from the analysis.
The functional types of neuronal population

were defined by clustering analysis of the cal-
cium signal. The smoothed z-scored DF/F time
series, with a moving average window of 300
frames, from all recorded cells were used as
input data. PCA analysis was performed to
reduce the dimensionality of the dataset while
retaining the variance components. The PCA-
transformeddatawere then subjected tok-means
clustering. To determine the optimal number
of clusters (k), we used an iterative approach
by systematically varying k and evaluating
the clustering results. This iterative process in-
volved comparing the response patterns across
different clusters using statistical metrics to
assess whether the identified patterns were
significantly distinct from one another. To de-
termine the characteristics of a cluster, paired
t test was performed between the means before
and after the introduction of an unresponsive or
an active partner for all neurons in that cluster.
The neuronal population exhibiting increased
activity in the presence of both unresponsive
and active partners was annotated as preferring
“Both,” the one exhibiting increased activity only
in the presence of anesthetized or active part-
ners was annotated as preferring “Unrespon-
sive” or “Active,” respectively, and one without
showing increased activity was annotated as
preferring “Neither.”
The binary decoder for distinguishing the

states of partners on the basis of the popula-
tion calcium activity for any given trial was
constructed by using the generalized linear
regression model (GLM). The performance of
the decoder was evaluated by the area under
the curve (AUC) of the receiver operating char-
acteristic (ROC) curve whenmaking predictions
on the set-aside (holdout) test data. Calcium ac-
tivity traces within the behavior window from
each neuron were standardized with z-score
normalization andaveraged, and thenprocessed
with the partial least squares (PLS) regression
using the states of partners as response var-
iables. The resulting first two or three PLS
components that explained at least 70% of the
total variance were retained. Between 20 and

40%of the trials were set aside as the test data,
while the remaining trials were used to train a
GLM decoder assuming a binomial distribu-
tion. Finally, the AUC was calculated on the
basis of the predictions from the set-aside test
data. The shuffle decoders, representing the
chanceperformance,werealso constructedusing
the same procedure as above butwith trial labels
randomly permuted and the process repeated
100 times to acquire an average performance.

Pharmacological manipulation

Before behavioral testing, animals underwent
a minimum of two 20-min habituation ses-
sions in two consecutive days tominimize stress
caused by the experimental handling and drug
injection procedures. Before testing, 1 ml of ar-
tificial cerebrospinal fluid (ACSF) saline or the
oxytocin receptor antagonist OTA (peptidergic
ornithine vasotocin analog, 2.5 ng/ml, Bachem)
was infused into the lateral ventricle through
the implanted cannula. After drug infusion, the
subject animal was placed back to the home
cage, and the test of social behavior toward an
unresponsive conspecific started 30 min later.
Behavioral testing was performed on different
days for OTA and ACSF.

Optogenetic stimulation

Before behavioral testing, animals underwent a
minimum of two habituation sessions lasting
10 min each, where they became accustomed
to handling and patch cable tethering in their
home cage. Optogenetic manipulations were
conducted using an LED light source (470 or
565nm)whichdelivered∼5mWof light through
an optic cable, throughout the whole 13-min
testing window. For photoactivation with ChR2,
470 nm light was pulsed at 10 Hz with a pulse
durationof 10ms. Photoinhibitionused a565nm
light delivered in a pattern of 10 s on and 5 s
off to minimize the desensitization of the opsin
and rebound responses. Throughout these pro-
cedures, animals were able tomove freely with-
in home cages. Customized Python code and
Arduinomicrocontrollers were used to control
light delivery for each behavioral assay.

Slice recording

To test the efficacy of halorhodopsin, brain slices
were prepared, andwhole-cell current-clamp re-
cordings were made from neurons expressing
NpHR3.0. Three weeks after injections, animals
were decapitated after urethane anesthesia, and
the brain was rapidly removed and immersed
in an ice-cold dissection buffer (composition,
60mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4,
25mM NaHCO3, 115mM sucrose, 10mM glu-
cose, 7mMMgCl2, 0.5mMCaCl2; saturatedwith
95% O2 and 5% CO2; pH 7.4). Coronal slices at
a thickness of 350 mm were sectioned with a
vibrating microtome (Leica, VT1000s) and re-
covered for 30min in a submersion chamber
filled with warmed (35°C) ACSF (composition,
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119mMNaCl, 26.2mMNaHCO3, 11mMglucose,
2.5mMKCl, 2mMCaCl2, 2mMMgCl2, 1.2 mM
NaH2PO4, 2mM sodium pyruvate, 0.5 mM
VC). PVHoxytocin neuronswithNpHR3.0-eYFP-
expressing were visualized under a fluorescence
microscope (Olympus, BX51WI). Patch pipettes
(resistance of ~4 to 5megohms) filled with a
cesium-based internal solution (composition,
125mM cesium gluconate, 5mM TEA-Cl, 2mM
NaCl, 2mMCsCl, 10mMHEPES, 10mMEGTA,
4mMATP, 0.3mMGTP, and 10mMphospho-
creatine, pH 7.25; 290mosmol) were used for
whole-cell recordings. Signalswere recordedwith
an Axopatch 700B amplifier (Molecular Devices)
under voltage-clamp mode at a holding volt-
age of –70mV for excitatory currents, filtered
at 2 kHz and sampled at 10 kHz. Yellow light
stimulation was applied to measure hyperpolar-
ization in eNpHR3.0-eYFP-expressing neurons.

C-fos trapping

The Trap2mouse crossedwith Ai14was used to
trap c-fos expression as an indicator of neuronal
activation. The procedure (89, 90) was similar
to that described in the test of social behavior
toward an unresponsive conspecific, except that
the partner was anesthetized with ketamine
(80 mg/kg, ip) and xylazine (8 mg/kg, ip). One
hour after the test, the subject mouse was intra-
peritoneally injected with 50 mg/kg of 4-OHT.
Fourteen days after 4-OHT administration, the
subject mouse was sacrificed, and the brain was
extracted for imaging.

RNAscope analysis

We used C57BL/6J mice in this experiment.
At half an hour after the test of social behavior
toward an unresponsive conspecific, the sub-
ject animal was anesthetized and then per-
fused with phosphate-buffered saline (PBS)
and a 4% solution of paraformaldehyde (PFA).
The brain was subsequently dissected and fixed
overnight. After fixation, the brain was dehy-
drated, and cryosections of 30-mm thickness
were collected andmounted on Superfrost Plus
slides. For RNAscope staining, we used the
RNAscope Multiplex Fluorescent Detection As-
say V2 kit (Advanced Cell Diagnostics, 323100),
following the manufacturer’s recommended
protocol. Brain sections were hybridized using
amix of RNAscope probes for c-fos and oxytocin,
all of which were designed and validated by
Advanced Cell Diagnostics. The signals from
these probes were then amplified and marked
with fluorescent dyes. Imaging of the samples
was conducted using confocal microscopy. The
obtained images were then processed using
ImageJ software for further analysis.

Image acquisition

To check the expression of enhanced yellow
fluorescent protein (eYFP), green fluorescent
protein (GFP), ormCherry or fiber and cannula
tracks, the animals were deeply anesthetized

using isoflurane (5%) and transcardially per-
fused with PBS and PFA (4% in PBS). Coronal
brain sections (150 mm) were made with a
vibratome (Leica Microsystems) and stained
with Nissl reagent (Deep Red, Invitrogen) for
2 hours at room temperature. Each slice was
imaged under a confocalmicroscope (Olympus).

Statistics

Sample sizes were selected on the basis of pre-
vious experience from related research or litera-
tures (1, 3, 69). Animals were randomly assigned
to control and test groups. For animals with
multiple assays, the sequence of assays was
randomized. Investigators were not blinded
to group allocation or data collection, but the
analyses of behavioral data were performed
blind to the conditions of experiments, as data
obtainedunderdifferent conditionswerepooled
together for an automatic batch analysis with
computer software. Prism version 8 software
(GraphPad) was used for statistical analysis. The
Kolmogorov-Smirnov test was used to test for
normality. One-way analysis of variance (ANOVA)
and two-way ANOVA with post hoc multiple
comparisons testwere used to test significance
between multiple groups of samples. For two-
group comparison, significance was determined
by unpaired t test. Paired t tests or Wilcoxon
tests were used to compare data from the same
animal.
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