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Spontaneous rescue behavior enhances the well-being and survival of social animals, yet
the neural mechanisms underlying the recognition and response to conspecifics in need
remain unclear. Here, we report that observer mice experience distress when encoun-
tering anesthetized conspecifics, prompting spontaneous rescue-like behavior toward
the unconscious mice. This behavior facilitates the earlier awakening of anesthetized
mice while simultaneously alleviating stress in the helper mice. Our findings reveal that
endogenous oxytocin (OXT) release from the hypothalamic paraventricular nucleus
(PVN) to the oxytocin receptor (OXTR) in the central nucleus of the amygdala (CeA)
regulates the emotional component of rescue-like behavior. In contrast, OXT release
from the PVN to OXTR in the dorsal bed nucleus of the stria terminalis (dIBNST)
mediates the motor component of the behavior. Furthermore, we demonstrate that
these two pathways exhibited distinct temporal dynamics and functional roles. The
OXT""™-OXTR®* pathway is activated in a transient and intense manner, acting as a
trigger for rescue-like behavior, whereas the OXT™N-OXTR*®™ T pathway responds in
a sustained manner, ensuring the continuation of the behavior. These findings highlight
the remarkable ability of rodents to engage in targeted helping behavior and suggest
that distinct subcortical oxytocinergic pathways selectively and synergistically regulate
the motor and emotional aspects of rescue-like behavior.
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Humans are capable of remarkable acts of selfless heroism in life-threatening situations
(1). The human instinct to help others has long fascinated scientists across various disci-
plines (2-5). Spontaneous helping behavior plays a crucial role in strengthening social
bonds, fostering reciprocity and cooperation, and enhancing the well-being of social
animals (6-10). This behavior integrates multiple components, including sensory, emo-
tional, and motor pathways: Sensory cues convey social information, emotional processes
modulate responses, and motor actions execute prosocial behaviors. From an evolutionary
perspective, the automatic mirroring of another’s affective state—emotional contagion—is
essential to empathy-driven helping behavior. It serves as the foundation from which
emotional and cognitive empathy evolved sequentially (6, 11). Consequently, growing
evidence suggests that the neural mechanisms underlying empathy and prosocial behavior
may be evolutionarily conserved, enabling experimental interrogation of the molecular
and neural mechanisms (6, 8, 12).

Despite existing challenges (13), recent advances have facilitated the study of prosocial
behavior at the molecular and neural levels using rodents as an animal model (8, 14-18).
Among various forms of helping behavior, rescue behavior—assisting distressed individuals
in life-threatening situations—remains one of the least understood (19, 20). Spontaneous
rescue behavior has been documented in a range of nonhuman animal species, including
primates (21), wild boars (22), whales (23), birds (24), and ants (25). Rats have also
demonstrated the ability to learn and perform helping behavior (26-28). However, reports
of spontaneous rescue behavior in nonhuman mammals are rare, primarily based on
anecdotal evidence. Whether rodents can exhibit spontaneous rescue behavior without
explicit reward is still unknown.

We developed a mouse rescue-like behavioral paradigm to investigate the mechanisms
underlying spontaneous rescue behavior. In this paradigm, distressed observer mice
exposed to anesthetized conspecifics engage in social licking and grooming, facilitating
the anesthetized mice’s earlier recovery. We demonstrate that this behavior is mediated by
the release of oxytocin (OXT)—a prosocial neuropeptide synthesized in the paraventricular
nucleus of the hypothalamus (PVN) (29)—into the central nucleus of the amygdala (CeA)
and the dorsal bed nucleus of the stria terminalis (IBNST). These neural pathways regulate
emotional processing and allo-licking behavior, respectively. Our findings suggest that
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Significance

This study reveals that mice
exhibit spontaneous rescue-like
behavior, facilitating the recovery
of anesthetized conspecifics
without prior training or external
rewards. Observer mice,
distressed by their anesthetized
peers, instinctively engage in
social licking and grooming,
which accelerates awakening
while also alleviating their own
stress levels. This innate
response serves as a valuable
model for exploring the
mechanisms underlying prosocial
behavior. Moreover, the research
identifies specific neuronal
pathways in the brain, driven by
the neuropeptide oxytocin, that
independently govern the
emotional and motor
components of this behavior.
These findings improve our
understanding of the
evolutionary roots of empathy
and may provide insights into
social behavior across species.
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rodents can flexibly assist conspecifics based on their specific
needs, underscoring the importance of a comprehensive approach
to understanding the origins of prosocial behavior across species.

Results

Mice Perform Rescue-Like Helping Behavior Instinctively.
To develop a spontaneous rescue-like behavioral paradigm,
we anesthetized the mouse (referred to as demonstrator) via
intraperitoneal (i.p.) injection of a ketamine cocktail, a commonly
used anesthetic in animal surgery that induces stable anesthesia
(30) (Fig. 1A4). The anesthetized demonstrator was then placed
in a testing chamber with a naive mouse, referred to as the
observer. Upon encountering a demonstrator, the observer quickly
approached and engaged in vigorous facial licking (primarily
targeting the eyes and mouth) and extensive body grooming
and licking behaviors toward the demonstrator (Fig. 1 A-D

and Movie S1). To determine whether observers exhibit these
behaviors toward comatose animals, we induced a comatose state
in demonstrators using high-dose clozapine (31) or chloral hydrate,
a sedative-hypnotic (32). Observers also engaged in social licking
behavior toward comatose demonstrators (SI Appendix, Fig. S1A4).
Notably, observers primarily exhibited licking and grooming
behaviors toward live demonstrators rather than dead ones or
artificial substitutes (a stuffed mouse resembling a real mouse)
(Fig. 1E and SI Appendix, Fig. S1 Band C). These findings suggest
that mice can distinguish between conspecifics with and without
vital signs, and these behaviors are intentionally directed toward live
partners. These approaching and allogrooming/licking behaviors
(hereafter referred to as social licking) were regarded as targeted
helping and prosocial behaviors (16, 17, 33, 34).

Compared with males, females exhibited more facial-licking
but less body grooming (Fig. 1C), while the total duration of social
licking did not differ between sexes (Fig. 1D). Although males
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Fig. 1. Mouse rescue-like behavioral paradigm. (A) Experimental schematic: showing observer mouse interacts with an anesthetized demonstrator, performing
grooming and licking behaviors. LORR and RORR indicate the demonstrator's anesthesia states. (B) Representative images of the observer's body-grooming/
licking (Left) and facial-licking (Middle: licking eyes, Right: licking mouth). (C) The ratio of the subtype of behaviors in male and female observers (n = 12 for each
gender). (D) Time course of social licking (n = 12 for each gender). (E) Social licking time toward the cagemate, stranger, or dead mouse (n = 12 for cagemate and
stranger groups; n = 9 for dead group). (F) Different ages of observers' social licking time (n = 4 males + 4 females for each group). (G) Cumulative probability of
demonstrators’ RORR latency. (H) Demonstrators’ RORR latency with and without observers’ rescue-like behavior (n = 8 males + 7 females for each group). (/)
EEG recording schematic. (/) Time-frequency spectra of EEG in demonstrator with/without rescue-like behavior. (K) Empirical CDF of delta and gamma powers in
demonstrators with/without rescue-like behavior (n =5 for each group, all male). (L) Emotional discrimination test schematic. (M) Time spent on the side of the
anesthetized or naive mouse (n = 5 males + 6 females). (N) Schematic of divider social paradigm. (O) Plasma corticosterone levels in the divided-chamber test
(n =6 for saline + divider group, n = 7 for anesthetic + divider group, all male). (P and Q) Approach (P) and social licking time (Q) after saline or CP154526 injection
(n = 6 males + 4 females for each group). Statistical analyses included paired-sample t test (M), independent-sample t test (F, H, P, and Q), two-way ANOVA with
Tukey's multiple comparison (£ and 0), and independent-sample Kolmogorov-Smirnov test (K). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, no
significance. Data are means + SEM. ANOVA, analysis of variance; EEG, electroencephalogram; ELISA, enzyme-linked immunosorbent assay; CDF, cumulative
distribution functions; LORR, loss of righting reflex; RORR, resumption of righting reflex.
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spent a similar amount of time engaging in social licking with
both familiar (cagemates) and unfamiliar (stranger) demonstra-
tors, females exhibited reduced social licking toward strangers
(Fig. 1E). Social licking behavior in mice aged 2 to 9 mo showed
no significant differences (Fig. 1F).

These rescue-like behaviors significantly accelerated the resump-
tion of the righting reflex (RORR), a key indicator of recovery
fromunconsciousness (35) (Fig. 1 Gand H). Electroencephalography
(EEG) recordings from the demonstrators further revealed that
those receiving social licking transitioned into a shallower anes-
thetic state, as indicated by reduced delta-band power—a measure
of anesthesia depth (36)—accompanied by an earlier recovery of
consciousness, as reflected by the rapid restoration of high-frequency
power (37) (Fig. 1 I-K). These findings suggest that social licking
facilitates faster emergence from unconsciousness in anesthetized
mice. Given the striking resemblance of this behavior to human
efforts to resuscitate individuals at risk of dying from loss of con-
sciousness, we refer to it hereafter as “rescue-like behavior.”

Rescue-Like Behavior Is Driven by Social Stress. Recognition and
contagion of others’ emotions are essential for prosocial behavior,
with the social transmission of emotional states from distressed
demonstrators to naive observers serving as a key prerequisite
(38, 39). To investigate this, we first conducted an emotion
discrimination test to determine whether the observers could
distinguish anesthetized demonstrators from nonanesthetized
counterparts (40) (Fig. 1). We found that the observers spent
more time with the anesthetized mice, suggesting their ability to
recognize the affective state of the demonstrators (Fig. 1M). Next,
to assess whether observer mice experienced distress upon exposure
to anesthetized mice, we measured corticosterone (CORT) levels
in the observers plasma using a divided-chamber paradigm
that prevented observers from physically interacting with the
demonstrator (Fig. 1V). Compared to naive mice (saline + divider
group), observers interacting with anesthetized mice (anesthetic
+ divider group) exhibited elevated CORT levels (Fig. 10),
indicating their heightened stress levels resulting from exposure to
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anesthetized demonstrators, and social stress might be a key driver
of rescue-like behavior. To further examine this, we administered
CP154526, a corticotropin-releasing factor receptor (CRFR)
antagonist (41), or vehicle to observers. Remarkably, CP154526
treatment significantly prolonged the approach time (Fig. 17),
reduced social licking (Fig. 1Q), and impaired the observers’ ability
to discriminate demonstrators’ states (S/ Appendix, Fig. S1 D and
E). These results indicate that reducing stress levels diminished
observers’ motivation to perform rescue-like behavior.

Oxytocin of the Paraventricular Nucleus of the Hypothalamus
Mediates Rescue-Like Behavior. To investigate the neural
mechanism underlying rescue-like behavior, we examined mice
lacking the Oxz gene, referred to as Oxt knockout (Oxz KO) mice
(81 Appendix, Fig. S2A), given the well-established role of OXT
in social behavior (42—44). Both male and female Ox¢ KO mice
showed a delayed approach time and a reduction in social licking
duration compared to wild-type (WT) mice. (Fig. 2 A-D). We
then examined the activity of OXT neurons in the hypothalamic
paraventricular nucleus (PVN), a key site of OXT synthesis, using
fiber photometry in Oxt“™ mice expressing Cre-dependent AAVDJ-
Ef1a-DIO-GCaMP6s (Fig. 2F and SI Appendix, Fig. S2B). We
observed elevated Ca®" activity in PVN OXT neurons (OXT"'Y)
when observers approached anesthetized mice (Fig. 2 Fand G and
SI Appendix, Fig. S2C). Furthermore, OXT™ N neurons exhibited
a rapid increase in Ca®* transients at the onset of social licking
(Fig. 2 H and 7 and SI Appendix, Fig. S2D). To further assess the
role of OXT"Y™ neurons, we chemogenetically inhibited their
activity by expressing Cre-dependent virus AAV8-hSyn-DIO-
hM4D(Gi)-mCitrine (Gi+) or control virus AAV8-hSyn-DIO-
mCitrine (Gi-) into the PVN of Ox/“™ mice via i.p. injection of
clozafl))ine (45) (Fig. 2/ and SI Appendix, Fig. S2E). Inhibition of
OXT" ™ neurons significantly delayed the approach time (Fig. 2
K and M) and impaired social licking (Fig. 2 L and /) in both
male and female mice. These findings indicate that OXT, along
with OXTTYN neurons, mediates both the emotional recognition
process and the execution of rescue-like behavior.
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Fig. 2. OoXTPN signaling mediates rescue-like behavior. (A-D) Approach (A and C) and social licking time (B and D) for WT and Oxt KO observers (n =9 for each
male group, n = 11 for each female group). (£) Schematic of fiber photometry recording of PVN*T neurons. (Fand G) Averaged trace (F) and mean AF/F, (G) of
OXT"N ca®* signals during the social approach to anesthetized or naive mouse (n = 10 trials for each group). (H and /) Averaged trace (H) and mean AF/F, (/) of
OXTPN Ca®* signals perionset of social licking (n = 57 trials). (/) Schematic of PVN virus injection in the Oxt“"® mice for chemogenetic inhibition. (K-N) Approach
(K'and M) and social licking time (L and N) for Gi- and Gi+ observers (n = 10 for each male group, n = 8 for each female group). Statistical analyses included paired-
sample t test (G), independent-sample ¢ test (A-D, /, and K-N). *P < 0.05, **P < 0.01, ****P < 0.0001. Data are means + SEM. OXT, oxytocin; PVN, paraventricular

nucleus of the hypothalamus.
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The oxT?VN.oxTRC®A Projection Pathway Regulates Emotional
Process. PVN“*" neurons send efferent projections to multiple
brain regions, including the central nucleus of the amygdala (CeA)
(46-48), a key hub involved in social function (40). In particular,
the oxytocin receptor (OXTR)-expressing neurons in the CeA
(OXTR are associated with recognizing the emotional states
of conspecifics (40). To investigate this pathway, we first examined
monosynaptic connections between OXT''™ and OXTR™*
neurons using a rabies retrovirus tracing approach in Oxtr™"™ mice
(SI Appendix, Fig. S3 A-C). This analysis showed enriched Cre
expression in the CeA (S Appendix, Fig. S3 D-G), consistent with
previous findings (49). We then monitored the neural dynamics
of OXTR“* neurons during social approach and social licking by
measuring Ca”* transients using fiber photometry in OXTR®"
neurons expressing AAVD]J-Ef1a-DIO-GCaMP6s (Fig. 34 and
SI Appendix, Fig. S4A). Notably, Ca™* activity gradually increased
as the observer mouse approached the anesthetized demonstrator
(Fig. 3 Band Cand SI Appendix, Fig. S4B) and exhibited a rapid
surge at the onset of social licking (Fig. 3 D and E, SI Appendix,
Fig. S4C, and Movie S3). These results suggest that OXTR™A
neurons are involved in emotional recognition and rescue-like
behavior.

To further assess the function of OXTR®" neurons, we used
optogenetics to selectively inhibit their activity by expressing either
a control virus (AAV5-Ef1a-DIO-eYFP) or AAV5-CAG-FLEX-
Jaws-GFP virus in the CeA of Oxt7™™ mice (Fig. 3Fand SI Appendix,
Fig. S4D). Opto-inhibition prolonged approach behavior while
reducing social licking time (Fig. 3 G and H). To selectivelg inhibit
the PVN-CeA OXT neuronal projection (OXT™NC4), we
expressed AAV5-Ef1a-DIO-eYFP (control group) or AAV5-CAG-
FLEX-Jaws-GFP virus in the PVN and implanted optic fibers into
the CeA of Ox#“™ mice (Fig. 31 and SI Appendix, Fig. S4E). Opto-
inhibition of OXT"™“*" neuronal projection similarly delayed
approach behavior while reducing social lickincg time (Fig. 3 /and K).
To further assess the valence of the OXT"Y™“* neural pathway, we

expressed either AAV5-Ef1a-DIO-eYFP (controlgroup) orAAV5-Efla-
DIO-hChR2-eYFP in the PVN of Ox£~™ mice (S/ Appendix, Fig. S5
Aand B) and performed the real-time place preference test (RTPP)
using optogenetics (SI Appendix, Fig. S5C). Mice spent significantly
less time in the chamber paired with opto-activation of OXT"/ ¢
neurons (SI Appendix, Fig. S5D). Together, these results suggest that
the OXT"N-OXTR“" projection pathway processes the emotion
with negative valence and plays a key role in mediating rescue-like
behavior.

An ox1PVN-oxTReA Peptidergic Pathway Mediates Emotional
Function in Rescue-Like Behavior. To determine the role of OXT
within the PVN-CeA pathway in rescue-like behavior, we utilized
fiber photometry to monitor OXT dynamics in the CeA. We
injected an AAV virus expressing fluorescent OXT-sensor (AAV-
hSyn-OXT1.0) and implanted an optic fiber into CeA (Fig. 44
and SI Appendix, Fig. S6A). This sensor provides a highly sensitive
and temporally precise readout of extracellular OXT fluctuations
(50). We found that OXT levels gradually increased and remained
elevated when observers approached anesthetized demonstrators,
whereas no significant changes occurred during interaction with
naive (nonanesthetized) demonstrators (Fig. 4 B and C and
SI Appendix, Fig. S6B). Additionally, OXT levels exhibited a rapid
surge at the onset of social licking, followed by a gradual decline
(Fig. 4 D and E and SI Appendix, Fig. S6C). These findings suggest
that OXT release into the CeA is selectively triggered by social cues
from anesthetized mice, potentially driving rescue-like behavior.

To examine whether OXTR“* neurons that receive PVN effer-
ents exert a functional role in rescue-like behavior, we designed a
viral-mediated strategy, injecting AAV1-Ef1a-IRES-Flpo virus into
the PVN and Flpo-dependent virus (AAV8-Efla-fDIO-Cre-
mCherry) into the CeA of Oxt/” mice, respectively (Fig. 4F). This
strategy allowed Flpo recombinase to be transported anterogradely
into the CeA of Ox#/” mice, selectively deleting Oxzr in neurons
directly innervated by PVN neurons (S Appendix, Fig. S6D). The
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Fig. 3. OXT"N-OXTR®* projection regulates the emotional process of rescue-like behavior. (4) Schematic of fiber photometry recording of OXTR®* neurons.
(B and C) Averaged trace (B) and mean AF/F, (C) of OXTR®®A Cca?* signals during the social approach to anesthetized or naive mouse (n = 18 trials for naive,
n = 14 for the anesthetized). (D and E) Averaged trace (D) and mean AF/F, (E) of OXTR®®* Ca?* signals perionset of social licking (n = 75 trials). (F) Schematic of
optogenetic inhibition of OXTR®®* neurons. (G and H) Approach (G) and social licking time (H) with long-term optogenetic inhibition of OXTR“* Jaws or control
(n =6 males + 6 females for each group). (/) Schematic of optogenetic inhibition of OXTPYN efferents in CeA. (/ and K) Approach (/) and social licking time (K) with
long-term optogenetic inhibition of PVN®*™C®4 jaws or control (n = 6 males + 5 females for each group). Statistical analyses included paired-sample ¢ test (E) and
independent-sample t test (C, G, H, J, and K). *P < 0.05, ****P < 0.0001. Data are means + SEM. CeA, central nucleus of the amygdala.
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resulting mice were thereafter referred to as Oxtr¥YNCA CKO
mice. Consistent with our hypothesis, these CKO mice prolonged
approach time, reduced licking behavior (Fig. 4 G and H), and
had lower CORT levels (Fig. 4/). Furthermore, in an emotional
discrimination test, the CKO mice spent significantly less time inter-
acting with anesthetized demonstrators (Fig. 4 / and K). Together,
these results demonstrate that OXT VN OX TR signaling is crucial
for recognizing anesthetized conspecifics, processing emotional
stress, and driving rescue-like behavior.

PVN dBNST

The OXT " -OXTR Pathway Controls the Motor Function of
Licking Behavior but Not Emotional Valence. OXTR" neurons in
the BNST play a crucial role in various social behaviors (51-54)
and receive direct input from the PVN™*" neurons (S Appendiix,
Fig. S7) (46, 55). To ascertain whether BNST OXTR" neurons
contribute to rescue-like behavior, we monitored Ca™ dynamics
using fiber photometry after expressing AAVD]J-DIO-GCaMP6s
in the dorsal or ventral BNST (referred to as the OXTR®NT and
OXTR™®™T, respectively) of Ox#™ mice (Fig. 54 and SI Appendix,
Figs. S84 and S9A). During social interaction, although the Ca™*
signal increased (Fig. 5B and SI Appendix, Fig. S9B), we did not
detect significant differences between approaching anesthetized and
naive demonstrators (Fig. 5C). However, we observed a rapid and
pronounced increase in Ca** signal in dBNST neurons (Fig. 5 Band
C, SI Appendix, Fig. S9C, and Movie S4), but not in vBNST neurons,
coinciding with the onset of social lickiné%\l(S[ Appendix, Fig. S8 B—
D). These findings indicate that OXTR®™T heurons contribute to
rescue-like behavior but are not involved in emotional discrimination.

Next, we optogenetically activated or inhibited OXTR*N"
neuronsbyexpressing AAV5-Ef1a-DIO-hChR2-eYFP, AAV5-CAG-
FLEX-Jaws-GFP, or AAV5-Ef1a-DIO-eYFP (control group) virus
in the dBNST of Oxtr™ mice (Fig. 5 Fand J and SI Appendix,
Fig. $9 D and E), respectively. Opto-activation of OXTR*N"
neurons substantially increased social licking behavior (Fig. 5G
and Movie S5). In the absence of demonstrators, opto-activation
still elicited robust licking behavior directed at the chamber wall
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(Fig. 5H and Movie S6) without affecting self—groominﬁabehavior
(Fig. 51). Conversely, real-time opto-inhibition of OXTR NST peu-
rons profoundly disrupted social licking behavior toward demon-
strators (F%g 5K and Movie S7). These results indicate that
OXTR®™T heurons regulate the motor execution of licking behav-
ior but do not participate in emotional recognition.

Next, we explored the PVN-dBNST projection pathway by
expressing AAV5-Efla-DIO-hChR2-eYFP, AAV5-CAG-FLEX-
Jaws-GFD, or AAV5-Ef1a-DIO-eYFP (control group) virus in the
PVN and implanting optic fibers into the dBNST of Oxt“™ mice
(Fig. 5 L and P and SI Appendix, Fig. S9 F and G). This allows
selective activation or inhibition of dBNST-projectin% efferents
of OXT"'N neurons, hereafter referred to as the OXT" N 4BNST,
Consistently, opto-activation increased social licking (Fig. 5M),
whereas opto-inhibition disrupted it (Fig. 5Q). Additionally, the
RTPP test showed that opto-activation of the OXTPYN-dBNST path-
way did not induce preference or avoidance behavior (Fig. 5 N
and O), suggesting that this pathway mediates licking behavior
but does not encode emotional valence.

The oxT?VN-oxTRIBNST Peptidergic Pathway Is Required for
Licking Behavior. To examine the OXT release from the PVN
into the dBNST during rescue-like behavior, we employed fiber
photometry to monitor OXT-sensor fluorescence within the
dBNST (Fig. 64 and SI Appendix, Fig. S104). A rapid increase
in OXT levels was observed at the onset of social licking (Fig. 6
D and E and SI Appendix, Fig. S10C), whereas no significant
changes occurred during the social approach to either anesthetized
or naive conspecifics (Fig. 6 Band Cand S/ Appendix, Fig. S10B).
Next, we selectively deleted Ouxzr in dBNST neurons receiving
PVN projections (referred to as Oxz’ ™ *™T CKO) using a
virus-mediated strategy. Specifically, we injected an anterogradely
transported virus (AAV1-Efla-IRES-Flpo) into the PVN and
Flpo-dependent virus (AAV8-Efla-fDIO-Cre-mCherry) into
the dBNST of Oxt/"" mice (Fig. 6F and SI Appendix, Fig. S10D),
generating Oxtr”VN-BNST D mice. Behaviorally, Oxzr VN-dBNST
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Fig. 5. OXT"N-OXTRY™T projection regulates licking-related motor function in rescue-like behavior. (A) Schematic of fiber photometry recording of OXTRENT
neurons. (B and C) Averaged trace (B) and mean AF/F, (C) of OXTRYENST Ca?* signals durin§ the social approach to the anesthetized or naive mouse (n = 9 trials
for naive, n =7 for anesthetized). (D and E) Averaged trace (D) and mean AF/F, () of OXTR BNST g2+ signals perionset of social licking (n = 58 trials). (F) Schematic
of optogenetic activation of OXTR*NT neurons. (G and H) Licking behavior ratio in social (G) or nonsocial (H) context with activation of OXTR*NST ChR2 or control
(n =5 males + 5 females for each group). (/) Self-grooming ratio with activation onset in OXTRNST ChR2 or control (n = 5 males + 5 females for each group).
(/) Schematic of optogenetic inhibition of OXTR®®™*" neurons. (K) Interruption ratio of licking/grooming behavior with real-time inhibition of OXTR?®™" Jaws or
control (n =5 males + 5 females for each group). (L) Schematic of optogenetic activation of OXT™N efferents in dBNST. (M) Licking behavior ratio with activation
of OXTPYN-48NST ChR2 or control (n = 6 males + 4 females for each group). (N and 0) Schematic (N) and behavioral results (O) of RTPP test for OXTPYN48NST chR2
or control mice (n = 6 males + 4 females for each group). (P) Schematic of optogenetic inhibition of OXT"N efferents in dBNST. (Q) Interruption ratio of licking/
grooming behavior with inhibition of OXT?N¢8NST jaws or control (n = 6 males + 4 females for each group). Statistical analyses included paired-sample ¢ test (),
independent-sample t test (C, G-/, K, M, and Q), and two-way ANOVA with Tukey’s multiple comparison (0). **P < 0.01, ****P < 0.0001; ns, no significance. Data
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are means + SEM. dBNST, dorsal bed nucleus of the stria terminalis. RTPP, real-time place preference.

CKO mice showed significant impairments in social licking
(Fig. 6H) without alterations in approach behavior (Fig. 6G).
Furthermore, these mice retained their ability to recognize
anesthetized conspecifics (Fig. 6 7 and /). Collectively, these
findings indicate that the OXTPYN.OXTRENST signaling is not
involved in emotional processing but plays a specific role in the
execution of rescue-like behavior.

oxt?VN-oxTR®* and oxT"V™-oxTR®NST signaling Pathways
Display Distinct Responding Patterns. To further elucidate the
functional differences between PVN-CeA and PVN-dBNST
pathways, we evaluate the potential causal relationship between
fiber photometry data and social licking behavior duration
(56). First, we quantified the signal intensity (defined by peak
height) and signal duration (defined by signal width) from
fluorescence recordings of individual trials. We then analyzed
single-trial correlations between peak height and social licking
time and between signal width and social licking time (Fig. 74
and ST Appendix, Fig. S11).

Our analysis revealed that in the dBNST, signal width (Fig. 7
Band D), but not peak height (Fig. 7 C and E), correlated with

behavior time (i.e., social licking duration). In contrast, in the CeA,

https://doi.org/10.1073/pnas.2423374122

peak height (Fig. 7 G and 1), but not signal width (Fig. 7 Fand H),
correlated with behavior time. Additionally, CeA signals predom-
inantly peaked at the onset of social licking behavior, occurring
within the first 5 s (S/ Apgendix, Fig. S12 Cand D), suggesting
that the OXT""N-OXTR™ signal pathway acts as an initiator
rather than a maintainer of licking behavior. Notably, both the
signal width and peak height of OXT""™ neurons correlated with
behavior time (S7 A&Ivendix, Fig. S12 A and B), indicating that the
dynamics of OXT" ™ neurons incorporate both response patterns,
serving as the shared upstream modulator of the two pathways.
In summary, these findings reveal that the OXT™N-OXTR®MT
pathway exhibits a sustained response pattern, aligning with the
duration of social licking behavior, whereas the OXT""N-OX TR
operates transiently and intensely, acting as a trigger for social

licking behavior (Fig. 7).

Discussion

This study demonstrates that mice can innately perform rescue-like
behavior, accelerating the recovery of anesthetized conspecifics from
an unconscious state. While previous studies have reported rescue-like
behaviors in rodents (28), these behaviors were acquired through
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Fig. 6. OXT""N-OXTRYNT peptidergic pathway mediates motor but not emotional function in rescue-like behavior. (4) Schematic of fiber photometry recording
of OXT-sensor. (B and C) Averaged trace (B) and mean AF/F, (C) of OXT-sensor in dBNST during the social approach to the anesthetized or naive mouse (n =10
trials for each group). (D and E) Averaged trace (D) and mean AF/F, (E) of OXT-sensor in dBNST perionset of social licking (n = 36 trials). (F) Schematic of virus
injection into the PVN and dBNST of Oxtr”/ mice. (G and H) Approach (G) and social licking time (H) for control or Oxtr*"NNT CKO mice (n = 5 males + 5 females

for each group). (/ and /) emotional discrimination test schematic (/) and time spent (/) on the naive or anesthetized mouse side for control or Oxtr

PVN-dBNST CKO

mice (n =5 males + 5 females for each group). Statistical analyses included paired-sample t test (E), independent-sample t test (C, G, and H), and two-way ANOVA
with Tukey’s multiple comparison (J). *P < 0.05, **P < 0.01; ns, no significance. Data are means + SEM.

learning rather than being instinctual. In contrast, the rescue-like
behavior identified here occurs spontaneously, making it a valuable
model for investigating its underlying mechanisms. Notably, we show
that social licking behavior facilitates earlier emergence from uncon-
sciousness while reducing distress in helper mice. The spontaneous
nature of this behavior—occurring without prior social experience of
anesthetized conspecifics, learning processes, external apparatus, or
explicit rewards—reveals a broader and more sophisticated capacity
for helping behavior in rodents than previously recognized. Our find-
ings expand our understanding of rodent prosociality and establish a
framework for studying the neural and molecular mechanisms under-
lying this essential behavior in laboratory settings.

During the revision of this study, three independent teams
reported rescue-like behaviors in mice (57-59), mainly aligning
with our findings. However, several differences exist between our
results and theirs. First, both our study and the study of of Sun
et al. (58) identified social grooming and licking as the predom-
inant behaviors, whereas Cao et al. (57) and Sun et al. (59) pri-
marily observed biting and tongue-dragging as the primary
helping behavior. Second, consistent with our findings, two studies
indicated that mice predominantly exhibit rescue or helping
behaviors toward living rather than deceased partners (57, 58). In
contrast, the third group reported reviving-like behaviors directed
at both unconscious and dead conspecifics (59). Additionally, our
study analyzed an entire 60-min behavioral session, whereas the
other three studies focused mainly on the first 15 to 20 min. This
broader observation window may provide deeper insights into the
dynamics of these behaviors. Furthermore, our study uniquely
differentiates the molecular and neural pathways underlying the
emotional and motor components of rescue-like actions. While
some of these differences may be attributed to technical reasons,
all four studies provide compelling evidence for the existence of
spontaneous rescue-like behavior in mice, laying the groundwork
for future investigation into its underlying mechanisms.

Social grooming and licking involve a series of complex and
stereotypic processes, including emotion recognition, approach,
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interaction, and targeted helping behavior. As an important form
of prosocial behavior, these actions play a crucial role in strength-
ening social bonds and improving the well-being of social animals
(17, 60-62). Such helping behaviors may also contribute to the
demonstrator’s recovery, rather than serving merely as exploratory
or playful actions (18, 63). The observation that mice predomi-
nantly engage in social licking toward anesthetized or comatose
demonstrators—rather than dead or fake mice—suggests
goal-directed helping behavior is only meaningful when the
intended outcome might be achievable. Future studies are needed
to examine the underlying molecular and neural mechanisms
driving this rescue-like behavior, i.e., from perception to action
(64). Additionally, how social licking or grooming facilitates the
recovery of anesthetized conspecifics remains an intriguing ques-
tion for further research.

We identified subcortical peptidergic pathways mediating
rescue-like behavior’s emotional and motor components by adopt-
ing this behavioral paradigm and employing interdisciplinary
approaches. Specifically, we show that OXT release from PVN
neurons targets OXTR in the CeA and dBNST, regulating distinct
aspects of this behavior. The OXT"YN-OXTR“* pathway medi-
ates stress-related negative emotions induced by interactions with
anesthetized conspecifics, triggering rescue-like behavior. This
finding underscores the critical role of CeA in processing emo-
tional valence (65, 66) and exerting anxiolytic effects (46, 47).
Ontheotherhand, our findings reveal that the OXTPYN.OXTRINT
pathway governs motor functions rather than stress or anxiety
regulation (67). Together, these findings illustrate the intricate
specificity of subcortical OXT signaling, demonstrating its distinct
functional roles in modulating different facets of rescue-like behav-
ior. By elucidating these mechanisms, our data support that tar-
geted helping behavior is genetically programmed, with some
underlying processes evolutionarily conserved across the animal
kingdom (6, 8, 12).

'This study integrates Ca®* and OXT signaling to investigate
molecular and neuronal activities during prosocial behavior. Our
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findings reveal distinct spatiotemporal dynamics and response
patterns of Ca** and OXT signals within two separate pathways
(81 Appendix, Fig. S12E). Specifically, in the CeA, signal intensity
correlates with behavioral timing, whereas in the dBNST, the
signal duration exhibits a correlation. In the CeA, the transient
increase at the onset of behavior suggests a role in affective salience
coding, which is necessary for tr\i}%gering rescue-like behavior. In
contrast, activation of the OXT™ M -OX TR T pathway follows
a sustained pattern synchronized with the duration of rescue-like
behavior, providing strong evidence that this pathway governs and
maintains the motor function of licking behavior.

In conclusion, our study reveals rodents” remarkable and unex-
pected capacity to adapt their behavior to assist anesthetized con-
specifics in potential danger. We provide evidence for the
involvement of two parallel subcortical OXT-OXTR signaling
pathways, which operate independently yet synergistically to reg-
ulate social approach, initiation, and continuation of spontaneous
rescue-like behavior. The automatic activation of these pathways
by salient social cues suggests that targeted helping behavior is
driven by a more primitive bottom—up control process. These
findings, together with the highly conserved role of OXT signaling
in facilitating prosocial behavior and the presence of ancestral
hypothalamus-limbic circuits, offer further support for the evo-
lutionarily conserved molecular and neural mechanisms underly-
ing emotional contagion, empathy, and prosocial behavior across
rodents and humans.

Limitations of the Study. This study reveals distinct functions of
subcortical OXT-OXTR signaling in these two processes. However,
several key questions remain unanswered. It is still unclear how
observer mice infer the affective state of anesthetized conspecifics
and experience distress and the precise nature of sensory cues
(e.g., visual and/or olfactory) emitted by anesthetized individuals.
Additionally, how these sensory inputs are integrated at the PVN
level and subsequently translated into targeted motor output and
motivational drive underlying rescue behavior remains unknown.
Given the heterogeneity of OXT"*™ neurons and the absence of
genetic markers for their subtypes (68), we cannot yet determine
whether distinct populations of OXT neurons separately mediate
emotional valence processing and licking behavior. Future studies
are needed to elucidate the sensory input pathways and emotional
and motor output circuits that act in concert to orchestrate
motivated helping behavior.

Methods

Mice. 12- to 28-wk-old mice were used for all experiments except the 2-mo
and 9-mo groups. Ages from 7 to 8 wk were used as 2-mo subjects, and ages
from 8 to 9 mo were used as old subjects (69). All experiments were performed
in accordance with the guidelines of the NIH and the International Association
for the Study of Pain and were approved by the Animal Studies Committee at
both Washington University School of Medicine and Shenzhen Bay Laboratory.

Experimental Design for Rescue-Like Behavior Paradigm. Before the behav-
jor test, an observer was placed into a testing chamber (15 x 15 x 15 cm) to
acclimate for 60 min. During the acclimation, food (2 to 3 g) and water (2 to 3
g hydrogel) were placed in the chamber. After the acclimation, a demonstrator
was administered an intraperitoneal injection (i.p.) of a ketamine cocktail (ket-
amine: 10 mg/mL + xylazine: 1 mg/mL, 10 pL/g body weight) for anesthesia
model, high dose of clozapine (1 mg/g body weight) for comatose model, or
10% chloral hydrate (4 pL g body weight) for deep sedation model. 3 to 5 min
later, the demonstrator exhibited the LORR. Subsequently, the demonstrator was
placed in the testing chamber for video recording. A total of 60-min video record-
ing was conducted. Dead demonstrators were utilized for experiments 5 min or
4 h after death, with their appearance and fur remaining intact. For cagemate
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experiments, observers and demonstrators were littermates and housed in the
same cage (14). For stranger experiments, observers and demonstrators were
raised in different cages.

Videos from all experiments were viewed by raters blinded to the treatments
and mouse genotypes. Body grooming and facial licking behaviors were identi-
fied from the videos and analyzed as rescue-like behavior. Body grooming was
defined as the observer's head contact with the demonstrator's body, accom-
panied by rhythmic head movements (17). Facial licking was defined as the
observer's tongue or mouth licking the demonstrator's eyes, cheek, or mouth.
The duration of the licking/ grooming behavior (referred to as the social licking
time) and the timepoint of the first behavior episode (referred to as the approach
time) were used for analyses.

Experimental Design for Divider Paradigm. The observer was acclimated in
the testing chamber (15 x 15 x 15 cm) for 60 min. After the acclimation, the
demonstrator received i.p. of saline or ketamine cocktail. A divider was set in the
middle of the testing chamber, dividing the chamber into two equal zones, and
the observer and demonstrator were put into different zones.

After 20, 40, and 60 min, we quietly removed the demonstrator from the
testing chamber and released 5% isoflurane into the testing chamber to quickly
anesthetize the observer. Then 400 pL blood was collected into lithium heparin
tubes by submandibular bleeding for ELISA.

Plasma Collection and ELISA Assay. Blood was centrifuged at 10,000 rpm
for 5 min at 4 °C.Then the supernatant was collected and stored at —80 °C until
the assay. CORT concentrations were detected from mice plasma by ELISA kits
following the manufacturer’s protocols. The optical density of CORT was analyzed
by CurveExpert 1.4.

Emotional Discrimination Test. The test was performed as previously described
(40). Briefly, we first put a naive and an anesthetized demonstrator into two wire
cups, respectively. Then we put the observer in the middle of the testing chamber
and started video recording for 6 min.The observer was unfamiliar with both the
anesthetized and naive animals. ANYMAZE 10 was used to analyze the time spent
on the naive and anesthetized demonstrator sides, which tracks the time the
observer spends within a 10 to 12-cm proximity to the demonstrator.

Immunohistochemistry (IHC) and RNAscope. IHC was performed as previ-
ously described (70). RNAscope ISH was performed according to our previous
studies (71).

Chemogenetic Inhibition. For DREADD (Designer Receptors Exclusively
Activated by Designer Drugs) experiments, clozapine is used in the chemogenetic
test(72). Before the test, an observer was injected with clozapine (0.1 pg/g weight,
i.p.) and then acclimated in a testing chamber for 30 min. After the acclimation,
an anesthetized demonstrator was put into the testing chamber. The entire 60
min behavior between the observer and demonstrator was recorded by camera.

Optogenetic Manipulations. Prior to test, the observer was connected to a
laser system and acclimated in the testing chamber for 60 min, followed by video
recording. An Arduino microcontroller controlled the laser.

For the optogenetic activation of OXTR®"" neurons, 0 efferent, or
OXTP-9BST efferent experiments, 10 ms, 473 nm, 5 to 7 mW/mm? laser pulses
at 10 Hz were used (16). Laser trains lasted 20 s with 180 s intervals (73). Social
context tests involved an observer with an anesthetized demonstrator; nonsocial
context tests involved only the observer. Licking and grooming behavior ratios
were calculated by dividing the time spent on allo-licking and allo-grooming
behaviors during the laser-on period by the total duration of the laser-on period.

For the continuous optogenetic inhibition of OXTR“” neurons or OXT™<¢*
efferent, a 638 nm, 8 to 10 mW/mm? laser was delivered with 8-s-on and 2-s-off
cycles (total 60 min) to the observer (34).

For real-time optogenetic inhibition of OXTR®™" neurons or OXT™ 4T effer-
ent,a 638 nm, 8to 10 mW/mm? laser was manually delivered when the observer
exhibited rescue-like behavior. The laser lasted for 10 to 20 s. The interruption
ratio was calculated as the percentage of successful behavior interruptions per
total laser trial.

XTPVN-CEA

RTPP. RTPP was performed as previously described (74). A two-compartment
conditioning apparatus (70 x 35 x 30 cm) was randomly assigned with or
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without laser stimulation. Mice were connected to a 473 nm laser and accli-
mated for 3 to 5 min before test. The RTPP test used 10 or 20 Hz photostim-
ulation (10 ms pulse, ~10 mW/mm? power) for 15 min, with time spent in
each compartment recorded via camera and analyzed with ANYMAZE 10. The
place preference ratio was defined as the percentage of time spent on the
stimulation-paired side.

OXTR OXTR

Identification of PYN°*T to CeA and PVN°*T to dBNST Circuitry.
To identify direct innervations of OXT™"™ neurons onto OXTR" or OXTR®*" ney-
rons, rabies virus (RV)-dependent monosynaptic retrograde tracing was used
(75). Oxtr“"® mice received unilaterally injection of 300 nL AAV9-Ef1a-DIO-RVG
+ AAV9-Ef1x-DI0-His-EGFP-2A-TVA(1:1 volume ratio) into CeA or dBNST. Three
weeks later, RV-ENVA-AG-dsRed (300 nL) was injected at the same coordinates.
After 1wk, mice were perfused, sectioned, and immunostained with an OXT anti-
body for identification.

Fiber Photometry. Fiber photometry recordings utilized the Doric Neuroscience
Studio system. For the rescue-like behavior test, the observer was connected to
the photometry system and acclimated in a 20 x 20 x 30 cm chamber for 60
min. Following acclimation, fiber photometry and video recording began, and an
anesthetized demonstrator was put in. Behaviors and fluorescence signals were
recorded for 60 min. In order to measure the fluorescence during social contact
with naive or anesthetized demonstrator, a discrimination test was employed
with naive or anesthetized demonstrators, recording behaviors and fluorescence
for 10 min.

Raw signals were low-pass filtered at 15 Hz and normalized to AF/FO using
Doric Neuroscience Studio. Normalized signals were divided into perievent
epochs (=5 to 15 s relative to the onset of social licking or approach toward
demonstrators. Baseline correction was applied using the median fluorescence
during the baseline period (—2 to —1 s relative to event onset).

For data quantification, mean AF/FO values during the baseline (—3to 0s)and
behavior (0to 3 s) periods for social licking were compared using paired-sample
t-tests. In social contact test, mean AF/FO during interactions with anesthetized
or naive mice (0 to 10 s after contact onset) were compared using independent-
sample t-tests.

Correlation Analyses of Photometry and Behavior Data. For the fiber
photometry data of social licking behavior, the peaks of each single trial were
extracted by the findpeaks function in MATLAB. Then, the peaks with a width
less than 50 ms were removed because the actual calcium fluorescence event is
usually longer than 50 ms (76). Next, the peak height, width, and peak location
(the peak appearance time relative to the onset of social licking behavior) were
determined by the first peak with the greatest prominence value. The peak height,
width, and location were used to calculate correlation and linear regression with
licking duration (56).

EEG Recording. An observer was acclimated ina 20 x 20 x 30 cm chamber for
60 min before EEG recording. Afterward, a demonstrator was connected to the
EEG system (CerePlex Direct, 1,000 Hz) and anesthetized before being placed
in the chamber. EEG and video recording were then started simultaneously.
Control groups had no observer in the chamber, and EEG signals were recorded
for 90 min.

Raw EEG data were bandpass filtered (1to 100 Hz) and notch filtered (59 to 61
Hz). Time-frequency distributions (TFDs) were calculated from the preprocessed
EEG and smoothed with a 7.5 s moving median. Delta-band (1 to 4 Hz) and
gamma-band (65 to 99 Hz) powers were averaged from the TFD spectra. Empirical
CDFs of delta and gamma power from all five mice were calculated and analyzed
with an independent-sample Kolmogorov-Smirnov test.

Statistics. Statistical methods are indicated in the figure legend when used.
Statistical analyses were performed using Prism 8. Before statistical comparisons,
the normality test (Shapiro-Wilk test) was performed on all datasets. Statistical
tests used in this study include t-tests, Kolmogorov-Smirnov test, Pearson r cor-
relation, one-way ANOVA, and two-way repeated-measures ANOVA followed by
Tukey post hoc tests. Equal variance tests (Bartlett's test) were performed for all
statistical analyses. Significance levels indicated are as follows: ns, not significant,
*P < 0.05,**P < 0.01,***P < 0.001, ****P < 0.0001.
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Data, Materials, and Software Availability. Scripts have been deposited in
GitHub (https://github.com/FR-ZH/PhotometryAnalyses)(77). Data are included
in the manuscript and/or supporting information.
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