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ABSTRACT

Recent studies have shown that ELA disrupts conditional fear behavior in mice; however, whether
ELA affects innate fear behavior remains largely unknown. Here, we report that ELA induced by
social deprivation on postnatal days 10—20 impairs looming-evoked innate defensive behaviors via
an oxytocin (OT) signaling deficit. ELA leads to decreased OT receptor mRNA levels in the
intermediate and deep layers of the superior colliculus (IDSC), and knockdown of this receptor in
the superior colliculus mimics the defensive behavior deficit induced by ELA. OT neurons in the
paraventricular nucleus of the hypothalamus modulate looming-evoked innate defensive behavior

through projections to the IDSC. Moreover, intranasal OT ameliorated ELA-induced deficits in



defensive behavior. This study provides a theoretical basis for understanding how ELA induces a
fear processing deficit that contributes to psychopathological outcomes and represents an initial

step toward identifying potential treatment strategies.

INTRODUCTION

Maintaining appropriate innate fear responses to threatening stimuli or signals is crucial for
survival. Numerous clinical and animal studies have suggested that early life adversity (ELA) is
associated with a range of negative psychopathological outcomes in adulthood!~. Individuals who
report ELA have a higher probability of accidental injuries, such as falls**, brain injuries®, car
crashes, and burns’, than individuals who report no childhood adversity. This reflects dysfunction
in threat detection and response, indicative of inefficient innate fear processing. Accumulating
evidence suggests that ELA alters neural architecture involved in threat detection and fear

10,11.

regulation®®?. Recent rodent studies have revealed that ELA impairs conditional fear behavior'®!!;

however, the effect of ELA on innate fear processing remains unknown.

Visual information is the primary sensory input for both animals and humans. A looming
visual stimulus that mimics aerial predators has been used as an experimental paradigm to evoke
innate defensive behavior and to study the neuronal mechanisms underlying innate fear processing
across species!>!8. Neuronal circuitry studies from our laboratory and others have revealed that
the superior colliculus (SC), a layered midbrain structure, mediates looming-evoked innate
defensive behavior in mice'®**. We previously reported that stress accelerates looming-evoked
innate defensive behavior, mediated by a locus coeruleus to SC neural pathway, suggesting that
this behavior can be modulated by changes in brain states in adulthood®. However, how early life

stressors affect looming-evoked innate defensive behavior and whether the SC is involved require



further investigation.

Both human and rodent studies indicate that oxytocin (OT) signaling is down regulated in
individuals who have experienced ELA?%?. In humans, lower blood OT levels and higher
methylation of the OT receptor (Oxtr) gene have been detected in individuals reporting ELA%%27.
In rodents, decreased OT immunoreactivity and decreased OXTR expression in the brain have
been observed following ELA?*?°. These findings suggest that OT signaling may be involved in
the adverse neural outcomes following ELA. In mice, OT is primarily synthesized in the
paraventricular nucleus of the hypothalamus (PVN) and the supraoptic nucleus (SON)*°. OT
neurons in the PVN flexibly modulate, via projections to relevant brain areas, the processing of a
diverse range of fear behaviors, such as conditional fear retrieval®!"*, observational fear**, and
social fear during lactation®. Neural circuit tracing studies have shown that OT neurons in the
PVN send projections directly to the intermediate and deep layers of the SC (IDSC, motor-related
layers)*®*7. Whether OT signaling in the PVN-IDSC pathway modulates looming-evoked innate

defensive behaviors remains unknown.

Here, we report that ELA impairs looming-evoked innate defensive behaviors. ELA decreases
Oxtr mRNA levels in the IDSC, disrupts the neural circuit from PVN OT neurons to the IDSC,
and ultimately leads to a deficit in defensive behavior. Intranasal OT ameliorates ELA-induced
defensive behavior deficits. This study provides insight into the pathology of psychological
disorders that develop following ELA and paves the way for identifying potential therapeutic

strategies.

RESULTS



Late social deprivation impairs looming-evoked innate defensive behavior in adulthood

We began by determining whether ELA affected looming-evoked innate defensive behaviors.
Previous research has shown that different time windows of exposure to ELA have different effects
on behavior and neural circuits in adulthood®®. Therefore, we adopted a social deprivation
paradigm and used two time periods—early social deprivation (ESD, postnatal days [PND] 1-12)
and late social deprivation (LSD, PND 10-20)—to induce ELA in C57BL/6J mice (Fig. 1a). We
then recorded looming-evoked innate defensive flight-to-refuge behavior at PND 60 using an
automatic infrared behavior-monitor system developed by our group®>*’ (Fig. 1a). LSD mice took
longer to return to the refuge (Fig. 11), had longer trajectories (Fig. 1j-k), exhibited slower return
speeds (Fig. 11-n), and spent less time in the refuge after each looming trial (Fig. 10) compared
with control mice, indicating diminished innate defensive responses. In contrast, no significant
differences were observed between ESD and control mice (Fig. 1b-h). These data demonstrate that

looming-evoked innate defensive behavior is impaired in adult LSD mice but not in ESD mice.

Our previous research demonstrated that looming-evoked innate defensive behavior remains
highly conserved throughout the lifespan in males and females*!'. To investigate potential sex-
specific differences, we analyzed the behavioral responses of male and female LSD mice to
looming stimuli separately, but found no significant differences (Supplementary Fig. 1). To
exclude the effects of motor function and physical developmental differences on defensive
behavior, we recorded mean speed (Supplementary Fig. 2a) and shelter ratio (Supplementary Fig.

2b) during habituation to the looming test, as well as body weight (Supplementary Fig. 2c) at PND



7, 14, 21, 30, and 60. No significant differences were observed between the LSD and control
groups. Previous work from our group revealed that anxiety states in mice influence looming-
evoked defensive responses®. Therefore, we evaluated LSD mice in an open-field test
(Supplementary Fig. 2d—g) and an elevated plus maze (Supplementary Fig. 2h—k). The results

indicated that LSD did not affect anxiety levels in mice.

LSD mice have lower Oxtr mRNA expression in the IDSC

The SC is fundamental in mediating looming-evoked innate defensive behavior*>. Downregulation
of OT signaling has been documented following ELA?*?°. Additionally, single-neuron projectome
analyses have demonstrated that PVN OT neurons project to the IDSC?’. Thus, we employed
fluorescence in situ hybridization (FISH) to co-stain SC neurons for c-fos and Oxtr mRNA
expression after the looming test (Supplementary Fig. 3a). Most c-fos positive neurons induced by
looming stimuli expressed Oxtr in the IDSC (intermediate layer [IL]: 58.55%; deep layer [DL]:
56.04%; Supplementary Fig. 3b, 3c), but not in the superficial layer (SL). This observation
highlighted the potential involvement of OT signaling in the IDSC in the context of LSD-induced

deficits in innate defensive behavior.

To investigate whether OT signaling contributes to the observed innate defensive behavior
deficits, we quantified OT neurons (Fig. 2a—b) and measured OT release in the PVN and SON (Fig.
2¢), and OT release in the SC (Fig. 2d) of LSD mice. No significant differences emerged between

the LSD and control groups. Subsequently, we assessed Oxtr expression levels in the IDSC of LSD



mice. FISH analysis revealed a reduction in c-fos™ cells (Fig. 2e—f), decreased density of Oxtr"
cells (Fig. 2g), and diminished mean intensity of Oxtr within c-fos™ cells in the IDSC of LSD mice
(Fig. 2h). Collectively, these results suggest that the innate defensive behavior deficit induced by

LSD may be mediated by reduced Oxtr expression in the IDSC.

Oxtr knockdown in the SC mimics the innate defensive behavior deficit induced by LSD

Next, we knocked down Oxtr in the SC and recorded looming-evoked flight-to-refuge behavior.
We injected AAV-hSyn-iCre-GFP bilaterally into the SC of Oxtr™ mice (Fig. 3a). Knockdown
efficiency was confirmed by GFP expression (Fig. 3b), and protein levels were measured by
western blot analysis (Fig. 3¢ and Supplementary Fig. 4). Compared with wild-type (-/-) mice,

flox

homozygous (+/+) Oxtr"®* mice took a longer time to return to the refuge (Fig. 3d), had longer
trajectories (Fig. 3e—f), slower return speeds (Fig. 3g—1), and spent less time in the refuge after

each looming trial (Fig. 3j). These findings indicate that SC Oxtr knockdown mice and LSD mice

display similar deficits in looming-evoked defensive behavior.

Activation of oxytocinergic terminals in the IDSC enhances innate defensive behavior

To further investigate how OT signaling in the IDSC regulates innate defensive behavior, we
activated oxytocinergic terminals using an optogenetic approach and assessed behavioral
responses to the looming stimulus. We injected an AAV carrying hSyn-DIO-ChR2-mCherry into
the PVN of OT-Cre mice (Fig. 4a). After viral expression (Fig. 4b) and bilateral implantation of

optic fibers (Fig. 4c), the mice received 473-nm blue light stimulation (pulse duration 10 ms, 30



Hz, 10-20 mW) throughout the entire looming test session. Compared with the mCherry control
group, the ChR2 group showed enhanced responses to the looming stimulus, with shorter latency
to refuge (Fig. 4d), faster return speeds (Fig. 4g-1), and more time spent in the refuge after looming
(Fig. 4J). These results indicate that PVN OT neurons modulate looming-evoked innate defensive

behaviors via projections to the IDSC.

Intranasal OT ameliorates the innate defensive behavior deficit induced by LSD

Intranasal OT administration has been shown to reach multiple brain regions and upregulate OXTR
expression, making it a promising potential therapeutic approach*****. To determine whether OT
administration could rescue the LSD-induced deficit in innate defensive behavior, we treated LSD
mice with intranasal OT on PND 48-60, every other day (seven days in total, 20 pg kg™ body
weight each time)***’, followed by the looming test. The deficit in innate defensive behavior
induced by LSD was partially rescued (Fig. 5). Compared with the saline-treated LSD mice, the
OT-treated LSD mice had faster mean return speeds (Fig. 5¢) and spent more time in the refuge

after looming (Fig. 5g).

DISCUSSION

This study demonstrated that ELA impairs looming-evoked flight-to-refuge innate defensive
behavior via an OT signaling deficit. ELA induced by social deprivation on PND 10-20 diminished
defensive behavior in adult mice. ELA led to decreased in Ox#r mRNA expression in the IDSC and

a deficit in defensive behavior. Knockdown of OXTR in the SC mimicked the behavioral deficits



caused by ELA in mice. OT neurons in the PVN modulated defensive behavior via projections to

the IDSC. Intranasal OT ameliorated ELA-induced deficits in defensive behavior.

There is consensus that ELA has negative effects on neuronal circuitry®®*4°  ELA alters brain
maturation and negatively affects the development of sensory processing and architecture involved
in threat detection and fear behaviors®®°. ELA models in rodents have been used to elucidate the
underlying neural mechanisms. Maternal separation or limited bedding models before weaning are
the most frequently used approaches to induce ELA®. Specifically, limited bedding models that
induce ELA impair conditional fear memory by reducing hippocampal synaptic plasticity!® and
preadolescent conditional fear expression by accelerating parvalbumin-positive cell development
in the basolateral amygdala''. Maternal separation with early weaning induces visual dysfunction
and retinal structural alterations, and looming behavior deficits in adult mice®!. However, the
effects of ELA on brain circuits involved in innate defensive behavior remain largely unknown.
Our study adopted a social deprivation paradigm to induce ELA, which involved the manipulation
of normal maternal care and led to family dysfunction. We found that social deprivation from PND
10-20 reduced Oxtr mRNA expression in the IDSC and impaired looming-evoked innate defensive
behavior in adult mice. Our findings represent an important advancement in understanding how

ELA induces innate defensive behavior deficits.

Maternal nursing plays a vital role in offspring brain development, particularly during
sensitive periods’>>>. Maternal absence from the nest regulated the brain state of the offspring

during PND 12-19°*. Meanwhile, maternal separation between PND 10 and 20 increases



susceptibility to depression-like behavior, whereas same separation from PND 2 to 12 did not*®.
Furthermore, OXTR expression follows a specific phased pattern during postnatal development:
it begins to increase from PND 7 and reaches adult levels by PND 21°%%, Building on these
observations, we conducted social deprivation experiments during PND 1-12 and PND 10-20.
Our results indicated that social deprivation from PND 10 to 20, but not from PND 1 to 12 impaired
looming-evoked innate defensive behavior through an OXTR deficit in the IDSC. This suggests
that maternal nursing during PND 10-20 is particularly important for the development of OT

signaling and represents a critical period for regulating innate defensive behavior.

A large body of animal model literature has documented the involvement of OT signaling in

3133 observational fear’*,

modulating of various types of fear behavior, including conditional fear
and social fear’>>7. For example, during conditional fear retrieval, PVN OT neurons become
activated, release OT to terminals in the central amygdala (CeA), and suppress freezing behavior
by acting on GABAergic neurons in the CeA32. Likewise, chemogenetic activation of PVN OT
neurons enhances observational fear in unfamiliar mice®*, and OT signaling in the lateral septum
attenuates social fear expression in female mice during lactation®>. OT signaling in the CeA of rat
dams suppresses fear levels and self-defense responses, allowing mothers to protect their offspring

t>7. OT neurons in the medioventral bed nucleus of the stria

when danger stimuli are presen
terminalis drive stress-induced social vigilance and avoidance®. These studies suggest that OT

signaling flexibly modulates fear behavior in response to physiological and contextual factors. Our

study demonstrated that activation of oxytocinergic terminals in the IDSC accelerated looming



responses. These findings expand the current knowledge on the modulation of fear behavior by

OT signaling.

Both clinical and animal studies have shown that ELA is a high risk factor for mental
disorders® and that OT signaling is involved in the development of these disorders>**°. Populations
with mental disorders after ELA exhibits deficit responses to fearful facial expressions® or threat
stimuli®. Our findings align with this, showing that ELA impairs innate defensive behavior
through an OT signaling deficit in the IDSC. Intranasal OT ameliorated the behavioral deficits
induced by ELA. OT has been used as an intervention for mental disorders such as depression®!
and schizophrenia®>®*. However, the reported outcomes are controversial, as some clinical studies

61.64 while others suggest no significant effect®>%,

indicate that intranasal OT improves symptoms
Therefore, the mechanism of intranasal OT warrants further investigation to improve
understanding of the basic OT signaling theory. Additionally, clinical trials should be conducted
with greater precision and include comprehensive analyses of non-significant results®®®’. Further
research on the connection between mental disorders and innate defensive behavior may clarify
the development and early treatment of these conditions. Intranasally administered labeled OT
reportedly reaches the brain in rhesus macaques*, with affected areas exhibiting higher OXTR
expression in human**. Although our experiment did not directly show increased OT levels or
OXTR expression in the IDSC, we posit that intranasal OT enhances PVN-IDSC OT signaling,

thereby ameliorating the LSD-induced innate defensive behavior deficit. Cumulatively, this study

has clarified the neural mechanism by which OT signaling mediates visually evoked innate



defensive behavior after ELA. This provides a theoretical foundation for understanding OT’s role
in mental illnesses linked to ELA and marks an initial step toward developing potential treatment

strategies.

METHODS

Animals

C57BL/6J mice (Beijing Vital River Laboratory Animal Technology, Beijing, China), OT-Cre mice

flox

(Jackson Laboratory), and Oxtr"** mice (Jackson Laboratory) were used in this study. Mice were
housed at 22-25 °C in a 12-h light/dark cycle environment with ad libitum access to food and
water. All husbandry and experimental procedures have been approved by the Animal Care and

Use Committees at the Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences.

We have complied with all relevant ethical regulations for animal use.

The experimental unit is a single animal. Animals were randomly assigned to experimental
conditions using the random number process in MATLAB (MathWorks, USA). During the
experiment, mice from the control and treatment groups were alternately tested. All mice were
maintained in the same room on the same rack to reduce potential confounding factors. Except for
the social deprivation procedures, all the other experiments were performed when the mice were
8 to 12 weeks old. Male and female mice were used in approximately equal numbers. The specific
numbers of male and female animals used in each experiment have been listed in Supplementary

data 1. In order to alleviate the suffering of animals, mice were anesthetized with an intraperitoneal



injection of sodium pentobarbital (80 mg kg-1 bodyweight) and placed over a heating blanket
throughout the surgical and recovery periods. Postoperative recovery was monitored at 10 min
intervals. If a mouse is found to be in poor or moribund condition following surgery, it will be

humanely euthanized via carbon dioxide inhalation as assessed by the veterinarian.

Social deprivation procedures

The social deprivation paradigm used in this study was based on procedures modified from
previous work**¢. Pregnant C57BL/6J mice were housed separately from day 14 of pregnancy
and randomly assigned to control or social deprivation groups. Pups were separated from their
dams and littermates for 3 h per day. For ESD, this occurred from PND 1 to 12, and for LSD, from
PND 10 to 20. The isolation periods occurred at different times each day within the light cycle
(8:00 a.m. to 8:00 p.m.). During separation, pups were placed individually in a 10 x 10 x10 cm?
chamber with clean bedding and kept in an incubator at 30 + 1 °C. After separation, pups were
reunited with their dams and littermates. Pups in the control group remained undisturbed in the
nests with their dams and littermates. All pups were weaned on PND 21 and housed in groups of

three to five same-sex littermates.

Looming test

The looming test was performed using an automatic infrared behavior-monitor system developed
by our group®>*’. Briefly, the system comprised three parts: (i) a monitor to display the looming

stimuli, (ii) a circular open-field arena adjacent to a narrow alley that served as a refuge, and (iii)



an infrared touchscreen frame used to record mouse trajectories in real time. Each mouse was
habituated to the arena for 5 min and allowed to automatically trigger a maximum of 3 looming
stimulus trials in 20 min by stopping at the center of the open field. There was a minimum of 3
min between each looming stimulus presentation. The visual looming stimulus was generated by
MATLAB and consisted of a black expanding disc on the screen that changed from a visual angle
of 2° to 40° within 250 ms, remained at 40° for 50 ms, and then repeated the 2° to 40° change 15

times with a 30 ms interval between iterations.

Open-field test

Mice were individually placed in an open-field arena (50 x 50 x50 cm®) and allowed to move
freely for 5 min. An unmarked, smaller concentric square (25 x 25 cm?) inside the arena was
defined as the arena center. The movement of each mouse was monitored with a video camera and

analyzed using Anymaze software (Stoelting, IL, USA).

Elevated plus maze

Mice were individually placed in the center of a four-arm plus maze with two open arms and two
closed arms elevated 50 cm above the ground for 5 min. Movement was monitored using a video

camera and analyzed using Anymaze software.

Immunofluorescence staining

Mice were deeply anesthetized with an intraperitoneal injection of sodium pentobarbital (100 mg



kg! body weight) and transcardially perfused with cold phosphate-buffered saline (PBS), followed
by 4% paraformaldehyde (PFA, Boster, China). Brains were fixed in 4% PFA at 4 °C overnight,
then transferred to 30% sucrose for 2 days at 4 °C to equilibrate. Coronal brain sections were cut
at 30 um thickness on a cryostat microtome (Leica CM 1950, Germany), washed in PBS three times
for 10 min each, and permeabilized in a blocking solution containing 0.3% Triton X-100 and 10%
goat serum for 1 h at room temperature. Sections were then incubated overnight at 4 °C with anti-
OT antibody (Cat#AB911, 1:500, Millipore, USA). After gentle rinsing in PBS (3 x 10 min), the
sections were incubated with a secondary antibody (Alexa Fluor 488, 1:200, Jackson
ImmunoResearch, USA) for 1 h at room temperature and rinsed again in PBS (3 x 10 min).
Sections were mounted in medium containing DAPI (Vector Laboratories, Burlingame, CA, USA)
and gently cover-slipped. Imaging was performed using confocal microscopy (LMS880, Zeiss,
Germany), and OT-positive neurons were counted using ImageJ (National Institutes of Health,

Bethesda, MD, USA).

OT peptide release measurement

OT release from the PVN and SON was measured as previously described®. Briefly, the mice
were deeply anesthetized with an intraperitoneal injection of sodium pentobarbital (100 mg/kg
bodyweight), and their brains were rapidly removed. Coronal sections of the ventral medial region
containing the PVN and SON were cut with a vibratome (VT1200, Leica, Germany) in oxygenated
ice-cold choline chloride solution, followed by 30 min incubation in artificial cerebro spinal fluid

(ACSF) at 37 °C. Sections were then placed in a 48-well cell culture plate with 150 uL. ACSF at



28 °C. Samples were collected every 5 min for 20 min after secretion reached equilibrium. OT
concentration was measured using an ELISA kit (Cat#ADI-900-153A-0001, ENZO, USA),

according to the manufacturer’s instructions.

FISH

Mice were transcardially perfused with 4% PFA. After overnight fixation at 4 °C, brains were
equilibrated in 30% sucrose for 2 days at 4 °C. Coronal brain sections were cut at an 18 um
thickness using a cryostat microtome, mounted on Superfrost Ultra Plus slides (Cat#4951PLUS-
001E, Thermo Scientific, USA), and store at -80 °C. Sections were processed according to the
manufacturer’s protocol using the RNAscope Multiplex Fluorescent Reagent Kit v2 (Cat#323100,
Advanced Cell Diagnostics, USA). Positive (1:100, Cat#321651, Advanced Cell Diagnostics,
USA) and a negative (1:100, Cat#320871, Advanced Cell Diagnostics, USA) control probes were

employed to validate in the brain sections to eliminate the risk of nonspecific probe binding.

Initially, sections were dried at 39 °C for 2 h, washed with 1%o diethyl pyrocarbonate (DEPC)-
treated PBS, incubated in 3% hydrogen peroxide diluted in methanol for 5 min, and transferred to
the target buffer at 100 °C for 15 min. After washing twice with 1%o0 DEPC-treated water, the
sections were incubated in anhydrous ethanol for 1 min and subsequently dried at room
temperature. Protease treatment was applied for 15 min at 40 °C, followed by hybridization with
a mixture containing c-fos (1:100, Cat#1310761-C2, Advanced Cell Diagnostics, USA) and Oxtr

(1:50, Cat#412171-C3, Advanced Cell Diagnostics, USA) probes for 2 h at 40 °C. Next,



amplification buffer was added to each channel for 30 min at 40 °C followed by horseradish
peroxidase for 15 min at 40 °C and TSA Plus fluorescent dyes for 30 min at 40 °C. For c-fos
staining, fluorescein tyramide dye (1:200, Cat# K1084-1, APExBIO, USA) was used, while
cyanine 3 tyramide dye (1:200, Cat# K1085-1, APExBIO, USA) was used for Oxtr staining.
Finally, the sections were incubated in 1%0 DEPC-treated PBS with DAPI (1:5000, Cat#4083S,

Cell Signaling Technology, USA).

Imaging was performed using a virtual microscopy slide-scanning system (VS120, Olympus,
Japan), and quantification of fluorescently positive cells was performed with ImageJ. High-
magnification images were acquired via confocal microscopy (LSM 980, ZEISS, Germany). Mean
intensity values for Oxtr within c-fos™ cells were assessed using ZEN software (Blue edition 3.6,
ZEISS). Cell types were identified based on c-fos and DAPI staining. Regions of interest were
manually delineated according to DAPI staining to avoid false positive signals. For intensity mean
value statistics, 60 cells per mouse were randomly selected. Twenty images per mouse were
captured. All Oxtr and c-fos double-positive cells were annotated. Cells included in statistical

analyses were selected via a random number process.

Virus injection

Viruses were administered to mice at eight weeks of age, as previously described’®, and behavior

tests were performed four weeks post injection. In brief, AAV-hSyn-iCre-GFP (Liping Wang's Lab

at the CAS), AAV-hSyn-DIO-mCherry (Taitool, China), and AAV-hSyn-DIO-ChR2-mCherry



(Taitool, China) were used. Mice were anesthetized with an intraperitoneal injection of sodium
pentobarbital (80 mg kg™! bodyweight) and placed in a stereotaxic apparatus (RWD, China). Above
the target region coordinates, the skull was thinned with a dental drill and carefully removed. Virus
injections were performed using a 33-gauge metal needle (Hamilton, USA) attached to a 10 pL
syringe, which was connected to a microsyringe pump (UMP3/Micro4, USA). The PVN (total
volume of 200 nL) coordinates were: AP, -0.90 mm, ML, £0.25 mm and DV, -4.80 mm. The SC
(total volume of 300 nL) coordinates were: AP, -3.85 mm, ML, £0.80 mm and DV, -1.80 mm. The
expression of the virus was confirmed by tissue sections. Animals without virus expression were

not included in the statistics.

Western blot analysis

Mice were anesthetized using isoflurane. The brains were rapidly removed and placed in a mouse
brain mold (RWD, China) and incubated in cold PBS. Brains were sectioned into 1 mm coronal
slices, and the SC region was dissected under a microscope. Dissected SC tissues were lysed in
RIPA lysis buffer (Cat#89900, Thermo Scientific, USA) containing protease inhibitor (100:1,
Cat#87786, Thermo Scientific, USA), utilizing an ultrasonic cell lysis instrument. Next, 20 ug of
each sample, prepared with sample loading buffer (Cat# E151-05, GenStar, China), was loaded
onto 10% polyacrylamide gels (Cat# E159-10, GenStar, China), and electrophoretically transferred
to polyvinylidene difluoride (PVDF) membranes (Cat# ISEQO00010, Millipore, USA). The
membranes were incubated with rabbit anti-Oxtr (1:1000, Cat# 23045-1-AP, Proteintech, USA)

and mouse anti-GAPDH (1:2000, Cat# AC002, ABclonal, China) primary antibodies overnight at



4 °C, washed thrice with tris-buffered saline-tween (TBST), and incubated with goat anti-rabbit
IgG H&L (1:2000, Cat# bs-0295G-HRP, Bioss, China) and goat anti-mouse IgG H&L (1:2000,
Cat# bs-0296G-HRP, Bioss, China) HRP-conjugated secondary antibodies for 1 h at room
temperature. Following three additional washes with TBST, fluorescence signals were detected
using the SuperSignal West Pico PLUS Chemiluminescent Substrate kit (Cat# 34580, Thermo
Scientific, USA) and visualized with a gel imaging system (Amersham ImageQuant 800, Cytiva,

Sweden). Images were analyzed using Imagel.

In vivo optogenetic manipulation

AAV encoding hSyn-DIO-ChR2-mCherry was bilaterally injected into the PVN of OT-Cre mice.
AAV-hSyn-DIO-mCherry was used as the control. After three weeks of viral expression, optic
fibers (NA: 0.37; Inper, China) were bilaterally implanted into the SC (AP: -3.85 mm, ML: +1.20
mm, DV: -1.50 mm) at a 15 ° angle from the vertical axis’'. The optical fibers were fixed using
dental cement. After one week of recovery, optogenetic manipulation was performed using a 473-
nm blue laser (Newdoon, China). Mice received 473-nm light stimulation (10-ms pulse duration,
30 Hz, 10-20 mW) from the beginning to the end of the looming test. The position of the optical
fiber implantation was confirmed by tissue sectioning. Animals with inaccurate fiber implantation

were not included in the statistics.

OT administration

OT (Cat#P1029, Selleckchem, USA) was dissolved in sterile saline (100 mg mL™"), aliquoted, and



stored at -80 °C. Prior to use, OT was diluted in sterile saline to prepare a working solution of 20
ng kg! (5 puL per mouse), adjusted according to each animal’s weight. OT was administered as
previously described’?. Mice were briefly anesthetized with isoflurane and held in a supine
position. The OT solution was added dropwise bilaterally (2.5 pL per nostril) and evenly
distributed over the rhinarium’s squamous epithelium using the rounded tip of a micropipette.
After administration, mice remained supine for 1 min to prevent reflux of the solution. OT was
administered every other day between PND 48 and 60 for a total of seven sessions***’. Looming
tests were conducted 30 min after OT administration on PND 60. The saline control group

underwent an identical anesthesia protocol and intranasal administration procedure.

Statistics and Reproducibility

Looming behavior data were analyzed using MATLAB, and each trial was included in the
statistical analysis, with graphical representation in a box plot. Other data were analyzed in
GraphPad Prism 10.0 (GraphPad, USA). Two-group comparisons used unpaired two-tailed
Student’s #-tests or Mann-Whitney U-test. Data are presented as mean = standard error of the mean
(SEM). A p < 0.05 was considered statistically significant. The sample sizes were provided in the
figure legends, consistent with numerous analogous experimental studies in the field. All
experiments were independently repeated at least three times to ensure consistency of results. The
experimental execution and data analysis were carried out by different investigators to eliminate
any subjective influence. Investigators were blinded to group allocation during data collection and

analysis.
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Figure Legends

Figure 1. LSD impairs looming-evoked innate defensive behavior in adulthood

a Schematic showing the paradigm and strategy used for ELA and observation of looming-evoked
innate defensive behavior. Comparison between ESD and control mice of the b latency to refuge,
¢ representative images of trajectories, d distance ratio, e speed (black line represents looming
stimulus presentation), f mean return speed, g maximum speed, and h time spent in the refuge after
looming (n = 48 trials from 17 mice for the control group; n = 57 trials from 20 mice for the ESD
group). Comparison between LSD and control mice of the i latency to refuge, j representative
images of trajectories, k distance ratio, 1 speed (black line represents looming stimulus
presentation), m mean return speed, n maximum speed, and o time spent in the refuge after
looming (n = 51 trials from 17 mice for the control group, n = 48 trials from 16 mice for the LSD

group). Mann-Whitney U-test, **p < 0.01, ***p < 0.001.

Figure 2. LSD mice have lower Oxtr mRNA expression in the IDSC

a Representative immunofluorescence images of OT neurons in the PVN and SON of control (left)
and LSD mice (right) (scale bar, 100 pm). b Immunofluorescence statistics of no group differences
in the number of OT neurons in LSD mice in either the PVN or SON (n = 6 for the control group;
n = 6 for the LSD group). ¢ No group difference in the total level of in vitro OT peptide in the PVN
and SON of LSD mice (n = 7 for the control group; n =7 for the LSD group). d No group difference

in the total level of OT peptide in the SC of LSD mice (n = 6 for the control group; n = 6 for the



LSD group). e Representative FISH image of c-fos™ cells co-stained with Oxtr in the IDSC of
control (left) and LSD mice (right) (coronal sections, c-fos, green; Oxtr, red; DAPI, blue; scale
bars, 500 pm and 5 pm). f FISH statistics showing decreased c-fos* cell density in the IDSC of
LSD mice (n = 6 for the control group; n = 6 for the LSD group). g FISH statistics showing
decreased Oxtr' cell density in the IDSC of LSD mice (n = 6 for the control group; n = 6 for the
LSD group). h FISH statistics showing decreased intensity mean value of Oxtr in the c-fos™ cells
of LSD mice (n = 360 cells from 6 mice for the control group; n = 360 cells from 6 mice for the

LSD group). Student’s #-test for b ¢ d f g, Mann-Whitney U-test for h; **p < 0.01, ***p <0.001.

Figure 3. Oxtr knockdown in the SC mimics the innate defensive behavior deficit induced by

LSD

a Schematic showing the conditional knockdown of Oxtr in the SC. b Representative images of
AAV-hSyn-iCre-GFP expression (GFP, green; DAPI, blue; scale bars, 500 um and 50 um). ¢ Top:
Representative western blots images of OXTR levels in the SC of -/- and +/+ Oxtr®* mice; Bottom:
statistical analysis of western blots (n =4 for both -/- and +/+ groups; Student’s #-test, *p < 0.05).
Comparison between Oxtr° +/+ and -/- mice of the d latency to refuge, e representative images
of trajectories, f distance ratio, g speed (black line represents looming stimulus presentation), h
mean return speed, i maximum speed, and j time spent in the refuge after looming (n = 30 trials
from 10 mice for the -/- group, n = 36 trials from 12 mice for the +/+ group; Mann-Whitney U-

test, **p < 0.01, ***p < 0.001).



Figure 4. Activation of oxytocinergic terminals in the IDSC enhances innate defensive

behavior

a Schematic showing optogenetic activation of oxytocinergic terminals in the IDSC. b
Representative image of AAV-hSyn-DIO-ChR2-mCherry expression (ChR2, red; DAPI, blue;
scale bars, 500 um and 50 um). ¢ Representative image showing ChR2-expressing terminals in the
IDSC and the position of the fiber track (ChR2, red; DAPI, blue; scale bar, 500 um and 50 pum).
Comparison between ChR2-expressing OT-Cre mice and control mice of the d latency to refuge,
e representative images of trajectories, f distance ratio, g speed (black line represents looming
stimulus presentation), h mean return speed, i maximum speed, and j time spent in the refuge after

looming (n = 37 trials from 13 mice for the mCherry group, n = 41 trials from 16 mice for the

ChR2 group; Mann-Whitney U-test, *p < 0.05, **p < 0.01).

Figure 5. Intranasal OT ameliorates the innate defensive behavior deficit induced by LSD

Comparison between intranasal OT-treated LSD mice and control mice of the a latency to refuge,
b representative images of trajectories, ¢ distance ratio, d speed (black line represents looming
stimulus presentation), e mean return speed, f maximum speed, and g time spent in the refuge after
looming (n = 38 trials from 13 mice for the Ctrl+Saline, n = 39 trials from 13 mice for Ctrl+OT
group, n = 42 trials from 14 mice for the LSD+Saline and LSD+OT group; Mann-Whitney U-test,

*p < 0.05, **p < 0.01, ***p < 0.001).



Editor Summary

ELA induced by social deprivation on postnatal days 10-20 impairs looming-evoked innate
defensive behaviors via decreased oxytocin receptor mRNA levels in the intermediate and
deep layers of the superior colliculus.
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