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SUMMARY
Social creatures must attend to threat signals from conspecifics and respond appropriately, both behavior-
ally and physiologically. In this work, we show in mice a threat-sensitive immune mechanism that orches-
trates psychological processes and is amenable to social modulation. Repeated encounters with socially
cued threats triggered meningeal neutrophil (MN) priming preferentially in males. MN activity was correlated
with attenuated defensive responses to cues. Canonical neutrophil-specific activation marker CD177 was
upregulated after social threat cueing, and its genetic ablation abrogated male behavioral phenotypes.
CD177 signals favored meningeal T helper (Th)1-like immune bias, which blunted neural response to threat-
ening stimuli by enhancing intrinsic GABAergic inhibition within the prelimbic cortex via interferon-gamma
(IFN-g). MN signaling was sensitized by negative emotional states and governed by socially dependent
androgen release. This male-biased hormone/neutrophil regulatory axis is seemingly conserved in humans.
Our findings provide insights into how immune responses influence behavioral threat responses, suggesting
a possible neuroimmune basis of emotional regulation.
INTRODUCTION

Danger perception, a primitive brain function, triggers short-term

bodily adjustments that enable adaptation to external stimuli,

promoting organisms to survive and thrive.1–4 The detection of

stimuli capable of eliciting threat responses relies on innate pro-

gramming or past experiences. In contemporary settings, neutral

cues can signal threat, a cognitive process that occurs when in-

teracting with social environments. Such cues contain a condi-

tioned warning value that is sufficient to trigger defense based

on learned associations.5 The initial triggering of defensive re-

sponses is pre-encoded, but with proximate experiences and

learning, emotional states or behaviors are modified.

Internally induced physiological responses to stimuli can

modulate emotional and behavioral expressions.3,6,7 The im-

mune system, extending beyond its conventional role in host de-

fense, is thought to maintain homeostasis throughout the body.8

Overwhelming evidence indicates a conserved hematological

response to stressors across vertebrates9: elevated neutrophils,

the predominant leukocytes in humans. A recent study also

shows acute stress can transcriptionally reshape neutrophils.10
All rights are reserved, including those
However, the causal impact of neutrophil activity on behavioral

states remains largely unexplored. Neutrophils exhibit pheno-

typic plasticity, enabling them to respond sensitively to changing

internal milieu.11 They express numerous immune receptors,

enabling inter-immune cell communication and transmitting

and amplifying initial immune signals.12–14 Further, the meninges

constitute the immunologically active tissue closest to the brain.

Meningeal immune cells sense the daily oscillations of peripheral

blood and cerebrospinal fluid (CSF) to support brain homeosta-

sis.15 Identification of the immune landscape reveals a dense

neutrophil population at the skull-meningeal interface.16–18

Given these advances, we hypothesized that meningeal neutro-

phils (MNs)may function as sensors for external threats, instantly

signaling the brain.

Social cue (SC) processing is more complex than isolated sen-

sory cues,19 involving the integration of multiple sensory modal-

ities and neuroendocrine responses related to sexual informa-

tion. The human immune system is highly sensitive to features

of the social environment, with socially relevant acute psy-

chological challenges eliciting stronger pro-inflammatory re-

sponses.20 Social variables and stimulation naturemay therefore
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be decisive. In this study, we explored whether a neuro-immune

circuit at the meningeal-brain interface could integrate external

signals to regulate behavior, underlying homeostatic control of

emotional states in social contexts.

RESULTS

Sex-specific MN priming after social threat cueing
Behavioral threat responses evoked by SCs may arise from

negative social experiences, manifested as conspecific avoid-

ance. The mice underwent social fear (threat) conditioning

(SFC) to successfully link SCs with defensive responses (here-

after, SFC+ mice) (Figure S1A). SFC+ mice exhibited strong

conspecific avoidance in three-chamber social approach tests,

compared with control mice receiving only foot shocks (Fig-

ure 1A). However, SFC+ mice showed normal innate avoidance

behaviors (Figure S1B), suggesting that SFC did not affect gen-

eral threat responses.

We next investigated whether exposure to threat-predicting

SCs affects MN states in SFC+ mice. 1 day post-conditioning,

SFC+ mice were exposed to an unfamiliar conspecific. SFC+

mice received a total of five SC presentations (Figure 1B).

Degranulation is an immediate change of neutrophils upon stim-

ulation and can be characterized by increased membrane pre-

sentation of internalized antigens.21,22 Flow cytometry revealed

significantly increased surfacemolecules onMNs in SFC+males

compared with controls (Figures 1C and 1D). These effects were

absent in females (Figure 1D) and unconditioned males (Fig-

ure S1D). In contrast to exposure to SCs, the levels of surface

molecules on MNs did not increase after exposure to threat-pre-

dicting inanimate objects or acoustic stimuli (Figures S1E–S1H),

despite both non-SCs eliciting strong defensive behaviors (Fig-

ure S1I). This suggests MN responses depend on the social na-

ture of the cues. SC-induced upregulation of neutrophil surface

molecules was also observed in blood (Figure S1J), indicating

consistent responsiveness to threat-predicting SCs in both

MNs and circulating neutrophils.

Without trauma or infection, the upregulation of MN surface

markers likely indicates a primed state rather than full activa-

tion.23 Increased reactive oxygen species (ROS)-generating ca-

pacity and longevity are characteristic of neutrophil priming.23

The MNs isolated from male SFC+ mice after exposure to SCs

exhibited stronger respiratory burst potentials upon phorbol

12-myristate 13-acetate (PMA) stimulation (Figures 1E–1G).

These MNs also exhibited a higher proportion of live cells

when challenged by lipopolysaccharide (LPS), as evidenced by

annexin V and 7-amino-actinomycin D (7-AAD) double-negative

gating analysis, indicating a pro-survival phenotype (Figures 1H

and 1I). To further confirm the sex differences in MN state

following social threat cueing, we performed RNA sequencing

(RNA-seq) in MNs of male and female SFC+mice after exposure

and identified 194 differentially expressed genes (DEGs) (Fig-

ure 1J; Table S1). Gene Ontology (GO) analysis of 125 upregu-

lated DEGs revealed that crucial immune-related pathways

were enriched in male MNs (Figure 1K). All of these GO terms

primarily consist of genes associated with innate immune

response, antimicrobial response, leukocyte chemotaxis/migra-

tion, positive regulation of T cell differentiation, and response to
2 Neuron 113, 1–17, January 22, 2025
interferon-gamma (IFN-g). Taken together, these data suggest a

sex-specific neutrophil response to socially cued threat, occur-

ring in circulation or at the CNS boundary, which may serve as

an adaptive process promoting host defenses.

Temporary alteration of threat reactivity emerges with
MN activity
Repeated threat exposure facilitates adaptation of threat re-

sponses, leading to extinction or habituation.24,25 1 day post-

exposure, both male and female SFC+ mice maintained strong

avoidance to SCs: they spent most of test time in chambers

without conspecifics (Figure S2A). Within 1–3 h post-exposure

(Figure 2A), male SFC+ mice showed reduced cue-evoked

avoidance: they spent less time in the non-social chamber and

more time with conspecifics compared with females or unex-

posed males (Figures 2B–2E). This suggests that despite being

insufficient to induce new learning interfering with threat mem-

ory, SC exposure facilitates short-term adaptation in males.

Interestingly, the attenuated behavioral response in males can

persist for at least a week (Figures 2F–2J). This long-term effect

benefits from SC re-exposure during post-testing, as SFC+

males failed to recover from social avoidance when the social

target was removed (Figure S2B). Indeed, this result conceptu-

ally seems to support previous observations that recall immedi-

ately after exposure promotes fear extinction.26

To determine if exposure-induced suppression of cue-evoked

responses reflected altered general state, we used the open field

test (OFT), the elevated plus maze (EPM), and the predator odor

exposure (POE) to assess the effects of exposure on anxiety-

related innate avoidance behaviors in SFC+ mice. After expo-

sure to SCs, male SFC+ mice showed increased time in EPM

open arms and reduced avoidance of 2-methyl-2-thiazoline (2-

MT) odor sources, while females exhibited no changes (Fig-

ure S2C). Thus, experiencing the socially cued threats appears

to blunt behavioral responses to generalized threatening stimuli

in males.

Neutrophil priming is reversible, returning to quiescence upon

removal of environmental factors. In male SFC+ mice, MN sur-

face molecule levels remained elevated for 3 h post-SC expo-

sure before decreasing (Figure S2D), seemingly consistent with

the temporal dynamics of behavioral effects. To test whether

short-term MN activity contributed to male-specific behavioral

outcomes, we pre-depleted MNs using the antibodies against

Ly6G (Figure 2K). We verified that anti-Ly6G treatment partially

abolished murine dural neutrophils (Figure 2L). After repeated

exposure to SCs, anti-Ly6G-treated male SFC+ mice showed

increased avoidance of conspecifics compared with controls,

despite no difference in non-social chamber time (Figures 2M

and 2N). In females, the anti-Ly6G treatment did not affect

post-exposure behavioral parameters (Figure S2E). Granulo-

cyte-macrophage colony-stimulating factor (GM-CSF) positively

regulates neutrophil priming and degranulation.27,28 We next

tested if GM-CSF-induced MN priming alters the response to

SCs in female SFC+ mice. Transcranial dural GM-CSF delivery

(Figure 2O) upregulated CD11b and CD177 levels on MNs (Fig-

ure 2P) and increased their respiratory burst capacity in vitro

(Figure S2F), indicating MN priming. Post-exposure GM-CSF in-

jection reduced non-social zone time and increased conspecific



Figure 1. Sex-specific MN priming after social threat cueing

(A) Average heatmaps showing location and time and relative time spent in the social chamber in SFC� and SFC+ mice.

(B) Schematic of the SFC paradigm and socially cued threat exposure.

(C and D) Male and female SFC+mice were repeatedly exposed to conspecifics or empty cups, and their MN surface phenotypes were analyzed 1 h later by flow

cytometry. Representative histograms (C) and relative mean fluorescence intensity (MFI) changes (D) of CD11b, CD177, CD45, and ICAM1 levels on MNs, gated

on CD45+ Ly6G+ cells.

(E) Schematic of functional analysis of isolated MNs after exposure to SCs.

(F) ROS generation inMNs frommale and female SFC+mice after exposure to SCs or absence thereof, measured by luminol-dependent chemiluminescence (CL)

(meninges were pooled from 2 mice, n = 6 per group).

(G) Comparison of the relative amplitude of change in area under the curve (AUC) between male and female in (F).

(H and I) Cell survival inMNs frommale and female SFC+mice after exposure to SCs or absence thereof, measured using cytometry analysis of annexin V/7-AAD-

stained cells and the quantitative analysis of % of living cells (meninges were pooled from 2 mice, n = 8 per group).

(J) Significant DEGs (fold change > 2, p < 0.05) after RNA-seq analysis in MNs from male and female SFC+ mice after exposure to SCs or absence thereof

(meninges were pooled from 2 mice, n = 6 per group).

(K) GO enrichment map for upregulated DEGs (male vs. female) in (J), generated by Metascape (p < 0.01). Blue symbols, males; pink symbols, females. Dots

represent individual mice (D) or independent experiments.

(G and I). ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S1.
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Figure 2. Temporary alteration of threat reactivity emerges with MN activity

(A) Schematic of the social approach test (SAT) before and after exposure session.

(B) Average heatmaps showing location and time during SATs in male SFC+ mice before and after exposure to SCs or absence thereof.

(C) Same as (B), but for females.

(D) Changes in the relative time spent on social avoidance and approach between male and female SFC+ mice after exposure to SCs or absence thereof.

(E) Comparison of changed avoidance responses to SCs.

(F) Schematic of a retention test for social avoidance responses.

(G) Average heatmaps showing location and time during retention tests in male SFC+ mice before and after exposure to SCs or absence thereof.

(H) Same as (G), but for females.

(I and J) Changes in the relative time spent on social avoidance (I) and approach (J) in male and female SFC+ mice during retention tests relative to prior to SC

exposure.

(K) Schematic of MN depletion in vivo using anti-Ly6G.

(L) MN depletion efficiency with anti-Ly6G measured by flow cytometry.

(M) Average heatmaps showing location and time during SATs in anti-Ly6G- and isotype-treated male SFC+ mice before and after exposure to SCs.

(N) Changes in the relative time spent on social avoidance and approach between anti-Ly6G- and isotype-treated male SFC+ mice after exposure to SCs.

(O) Schematic of inducing MN priming by GM-CSF dural injection.

(P) Heatmap showing the relative MFI changes of CD11b and CD177 on MNs 3 h after GM-CSF injection compared with saline injection.

(legend continued on next page)
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interaction in female SFC+ mice, while saline-treated females

maintained strong avoidance (Figures 2Q and 2R). In males,

GM-CSF slightly reduced avoidance zone time, though not

significantly (Figure S2G). Additionally, MN pre-depletion pre-

vented sociability restoration in males, while GM-CSF-mediated

MN priming promoted long-term adaptation to cue-evoked

avoidance in females (Figures S2H and S2I). Collectively, these

data suggest that MN activity modulates behavioral responses

to threat-related cues, potentially by attenuating internal arousal

or emotional states.

Neutrophil-specific surface signals restrict prefrontal
activity under threat
Neutrophils respond to stress through degranulation, rapidly ex-

panding cell membrane proteins, and supporting the microbici-

dal effector spectrum. Without actual infection, surface protein

induction is one of the few terminal events. Secretory vesicles

(SVs) are readily mobilized in response to minimal stimula-

tion.21,22 A previous proteomic study identified 33 conventional

membrane-localized proteins that co-present in both neutrophil

SV membrane and plasma membrane fractions,29 associated

with cell adhesion and migration (Table S2). These proteins

include CD177, a neutrophil-specific surface antigen.30 Our

analysis revealed that surface CD177, as a canonical neutrophil

activation marker for infection, was highly induced after SC

exposure (Figure 1C). Prominently, surface CD177 has recently

been identified as a potent neutrophil effector protein curbing

infection.31 Given this remarkable negative feedback role of

CD177 in pathogen threat response, we asked whether a

CD177-mediated signal could modulate behavioral responses

to psychological threats.

Cd177 ablation in mice cannot affect neutrophil function32 or

baselineMN frequency (Figure S3A), despite reported decreases

in peripheral neutrophils. Pre-exposure, male SFC+ Cd177-defi-

cient and wild-type (WT) littermates showed similar social

avoidance (Figures 3A and 3B). Post-exposure, male SFC+

Cd177-deficient mice spent less time in social zones and more

in non-social zones compared with littermates (Figures 3A and

3B), failing to recover from cue-evoked social avoidance (Fig-

ure S3B). Cd177 ablation also prevented the inhibitory effects

of SC exposure on the defensive response to EPM or POE in

male SFC+ mice (Figure 3C).

To further investigate the role of CD177 specific to meningeal

immune niche, we colonized WT neutrophils in the dura of

Cd177-deficient mice. As cranial bone marrow (BM) is a major

source of dural myeloid cells,33 we carried out a calvarial trans-

plantation experiment. The caudal region of the skull harbored a

large hematopoietic niche. A WT-cranial bone flap was trans-

planted onto the skull window of Cd177-deficient mice (Fig-

ure 3D). Colonization of the WT-bone flap resulted in increased

frequency of CD177+ cells in MNs from Cd177-deficient mice

(Figure 3E). Male SFC+ Cd177-deficient mice with WT-bone

flaps showed reduced cue-evoked social avoidance post-expo-
(Q) Same as (M), but for GM-CSF- and saline-treated female SFC+ mice.

(R) Same as (N), but for GM-CSF- and saline-treated female SFC+mice. Blue sym

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figure S2.
sure compared with knockout (KO)-flap recipients (Figures 3F

and S3C). As a complementary technique,34 head-irradiated

BM transplantation of WT-BM cells into Cd177-deficient

mice increased donor-derived CD177+ dural neutrophils (Fig-

ures S3D and S3E) and reduced cue-evoked behavioral threat

responses after SC exposure, particularly in social approach

(Figure S3F). To further validate CD177 as a mediator between

MN activity and behavioral outcomes, we repeated the dural in-

jections of GM-CSF in female SFC+ Cd177-deficient mice.

GM-CSF reduced post-exposure avoidance responses in WT

littermates but not in Cd177-deficient mice (Figures S3G

and S3H).

Superficial neocortical regions beneath the dura mater are

preferred for contacting macromolecules in the CSF.35 The pre-

limbic cortex (PrL) in the dorsomedial prefrontal cortex (dmPFC)

regulates subcortical responses to threats and evaluates stimuli

based on context or prior knowledge. PrL disinhibition is linked

to fear/anxiety.36–38 We investigated whether MN activity modu-

lates behavior by altering PrL neuronal reactivity. We first re-

corded the activities of PrL layer II/III excitatory neurons in

male SFC+ mice when witnessing conspecifics before and after

repeated SC exposure. A gene-encoding calcium sensor,

GCaMP6s, was expressed in PrL projection neurons (PNs) of

SFC+ mice (Figure 3H). Male SFC+ mice underwent a 1-min

SC recall before and after exposure (day 2) (Figures 3I and 3K).

In both trials, bulk changes in GCaMP6s fluorescence in PrL-

PNs were monitored using fiber photometry. SFC+ WT litter-

mates without SC exposure showed consistent induced

GCaMP6s response in both cued recall tests, indicating that

the inter-trial interval did not affect the potential of these neurons

to respond to conspecific cues (Figures S3I and S3J). By

contrast, SC exposure was associated with reduced GCaMP6s

fluorescence in subsequent recall (Figure 3L). Cd177-deficient

mice lacked this inhibitory response, instead showing a trend

toward increased GCaMP6s fluorescence (Figures 3M and 3N).

We hypothesized that blunted PrL-PN reactivity stemmed

from diminished response to general negative stimuli, not spe-

cific habituation to conditioned cues. To test this, we recorded

PrL-PN GCaMP6s responses to POE in SFC+ mice post-SC

exposure (Figures 3J and 3O). WT SFC+ mice showed signifi-

cantly attenuated 2-MT-evoked GCaMP6s responses after

exposure (Figure 3P), an effect impaired in Cd177-deficient

mice (Figures 2Q and 3R). Control SFC+ mice without cue expo-

sure maintained consistent fluorescence induction of GCaMP6s

between tests (Figures S3K and S3L). Collectively, these findings

indicate that CD177, as a socially threat-sensitive immune

signal, may be involved in regulating PrL activity.

CD177 orchestrates IFN-g-mediated prefrontal
inhibition
Given that CD177 lacks intracellular domains and direct intracel-

lular signaling cascades due to its glycosylphosphatidylinositol

anchoring property, we turned to addressing the tantalizing
bols, males; pink symbols, females. Dots represent individual mice. ns p > 0.05,
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Figure 3. Neutrophil-specific surface signals restrict prefrontal activity under threat

(A) Average heatmaps showing location and time during SATs in male SFC+ Cd177-deficient mice and their littermates before and after exposure to SCs.

(B) Changes in the relative time spent on social avoidance and approach between male SFC+ Cd177-deficient mice and their littermates after exposure to SCs.

(C) EPM- and POE-evoked avoidance behavior in male SFC+ Cd177-deficient mice and their littermates after exposure to SCs or absence thereof.

(D) Schematic of calvaria flap transplantation.

(E) Representative histogram and quantification of CD177+ MNs from Cd177-deficient mice 7 days after calvaria flap transplantation, gated on CD45+

Ly6G+ cells.

(F and G) Same as (A) and (B), but for male SFC+ mice transplanted with CD177+ or CD177� calvaria flaps.

(H) Schematic and representative image of AAV-dependent expression of GCaMP6s in the PrL of a mouse to monitor PrL excitatory neuronal activity via fiber

photometry. Scale bar, 200 mm.

(I and J) Schematic of cue recall (I) and POE (J) tests after socially cued threat experiences.

(K) Schematic of the test of GCaMP6s responses to conspecific in SFC+ mice before and after social exposure.

(legend continued on next page)
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possibility that CD177 might function to modulate the immune

microenvironment in the dura mater. The upregulated DEGs in

male MNs post-exposure showed a strong correlation with

T cell differentiation regulation (Figure 1K). This observation

prompted us to investigate potential alterations in meningeal

adaptive immunity.

Meningeal T cell-derived IFN-g and interleukin (IL)-17A can

modulate mPFC electrochemical signals.39,40 We first examined

the effect of physiological loss of CD177 on cytokine-producing

meningeal T cells. Flow cytometry analysis showed a modest

decrease in the percentage of IFN-g-producing CD3+ T cells in

the dura of Cd177-deficient mice but did not alter the potential

for cell-based IFN-g production (Figure S4A). Cd177 ablation

had no significant effect on meningeal IL-17A-producing CD3+

T cells (Figure S4A). Neutrophils have previously been reported

to regulate natural killer (NK) cell homeostasis.41 However, min-

imal IFN-g+ cells were detected in meningeal CD3-negative

lymphocyte population (Figure S4B).

We further hypothesized that MN CD177 upregulation in

response to socially cued threats would promote IFN-g produc-

tion by meningeal T cells. After SC exposure, male dural

meninges showed increased IFN-g-producing CD3+ T cells but

not IL-17A-producing CD3+ T cells (Figures 4A and 4B). Cd177

deficiency eliminated this effect (Figure 4B). Female SFC+

mice, whose MN surface phenotype was unaffected by cue

exposure (Figure 1D), showed no change in meningeal CD3+

IFN-g+ T cells (Figure S4C). We also analyzed the dura mater

of Cd177-deficient mice transplanted withWT-cranial bone flaps

and observed a relative increase in the frequency of IFN-g-pro-

ducing T cells (Figure S4D). Mice receiving WT-BM cells after

SC exposure also showed higher frequency of IFN-g-producing

CD3+ T cells in dura mater (Figure S4E), further supporting

meningeal induction of IFN-g by CD177.

The dural sinuses represent immune hubs for antigen-present-

ing cell (APC)-T cell interactions at steady state.42 Without addi-

tional stimulation, contact culture of mouse CD177+ neutrophils

with a mixture of APCs and naive CD3+ T cells induced a signif-

icant increase in the frequency of IFN-g-producing CD3+ T cells

(Figure S4F). Sequestration of neutrophils into compartments

completely abolished this effect (Figure S4F). It can be inferred

that CD177-induced T helper (Th)1-like responses involve phys-

ical interactions within the meninges, consistent with the proper-

ties of CD177 as a membrane-anchored protein.

IFN-g is a potent regulator of inhibitory neurotransmission.43

To examine whether lack of CD177-IFN-g signaling would affect

inhibitory transmission in the PrL, we first recorded minute inhib-

itory postsynaptic currents (mIPSCs) in PrL pyramidal neurons

from male SFC+ littermates and Cd177-deficient mice after SC
(L) Changes in GCaMP6s responses to conspecific after experiencing socially cue

WT mice.

(M) Same as (L), but for male SFC+ Cd177-deficient mice.

(N) Comparison of changed reactivity of GCaMP6s to conspecific between Cd17

(O) Schematic of the test of GCaMP6s responses to POE in SFC+ mice before a

(P) Changes in GCaMP6s responses to POE after experiencing socially cued th

WT mice.

(Q) Same as (P), but for male SFC+ Cd177-deficient mice.

(R) Same as (N), but for POE. Dots represent individual mice. ns p > 0.05, *p < 0

See also Figure S3.
exposure. WT mice showed increased mIPSC frequency but

not amplitude in PrL pyramidal neurons after exposure (Fig-

ure 4C). This effect was absent in Cd177-deficient mice (Fig-

ure 4C). To further strengthen this observation, we extracted

dmPFC synaptic proteins from SFC+ mice at 1 h after exposure.

Synaptic protein analysis revealed cue exposure-induced upre-

gulation of inhibitory synaptic markers glutamic acid decarboxy-

lase (GAD) and gephyrin in dmPFC, blocked by Cd177 ablation

(Figure 4D). We next sought to determine whether IFN-g neutral-

ization in CSF would reproduce the effects caused by Cd177

ablation. The aIFN-g neutralizing antibody and isotype controls

were injected into the cisterna magna of WT SFC+ mice 3 h

before exposure. Treatment with aIFN-g neutralizing antibody

significantly downregulated synaptic GAD and gephyrin levels

compared with isotype controls (Figure 4E), suggesting that

IFN-g may mediate the recruitment of GABAergic signals in

PrL after social threat cueing. Notably, these data are consistent

with the recent demonstration that IFN-g acts presynaptically to

enhance inhibitory tone.44,45

In line, we found that pre-treatment with aIFN-g neutralizing

antibody but not isotype control prevented the blunting of PrL

excitatory neuronal reactivity elicited by exposure: SFC+ mice

treated with aIFN-g neutralizing antibody showed highly evoked

PrL GCaMP6s responses during the presentation of conspecific

cues (Figures 4F–4I) or predator odor cues (Figures 4J–4M) in

both pre- and post-exposure tests.

IFN-g-driven suppression of threat-motivated behavior
requires PrLGad1 neurons
To determine whether meningeal IFN-g signaling and prefrontal

inhibitory tone after socially cued threats orchestrate behavioral

outputs, we bilaterally injected excitatory ‘‘designer receptors

exclusively activated by designer drugs’’ (DREADD) AAVs or con-

trol AAVs expressingmCherry under the control of Gad1 promoter

into the PrL ofWTmalemice (Figures 5A and 5B).We pre-injected

aIFN-g neutralizing antibody or isotype controls into the cisterna

magna of AAV-injected SFC+ mice, followed by the DREADD

ligandclozapineN-oxide (CNO)administrationafter exposure (Fig-

ure 5C). CNO-activated GABAergic neurons within the PrL (here-

after, PrLGad1 neurons) in DREADD-expressing (hM3D(Gq)) mice

(Figures S5A and S5B). Male SFC+ mice treated with aIFN-g

neutralizing antibody retained a strong avoidance response to so-

cial situations (Figures 5D and 5E), reduced open-arm exploration

(Figures 5F and S5C), and increased odor-evoked avoidance (Fig-

ure 5G) after SC exposure. Critically, chemogenetically activating

PrLGad1 neurons in SFC+ males treated with IFN-g neutralization

significantly suppressed excessive defensive responses to SCs

or other threats (Figures 5D–5G).
d threat and corresponding AUC analysis during cue presentation inmale SFC+

7-deficient mice and their littermates.

nd after social exposure.

reat and corresponding AUC analysis during odor presentation in male SFC+

.05, **p < 0.01.
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Figure 4. CD177 orchestrates IFN-g-mediated prefrontal inhibition

(A and B) Representative density plots (A) and quantification (B) of IFN-g+ and IL-17A+ T cell frequency in the dura mater from male SFC+ Cd177-deficient mice

and their littermates 1 h after exposure to SCs or absence thereof, gated on CD45+ CD3+ cells.

(C) Representative mIPSC traces, as well as quantification of average frequency and amplitude recorded from layer 2/3 PrL pyramidal neurons of brain slices

collected from SFC+ mice 1 h after exposure to SCs or absence thereof (neurons from 4 mice per group).

(D) Western blot analysis of GAD and gephyrin in the synaptosome fraction of dmPFC collected from SFC+mice 1 h after exposure to SCs or absence thereof (n =

5–6 independent samples per group).

(E) Effects of intracisternal injection of aIFN-g neutralizing antibodies on the expression of GAD and gephyrin in the synaptosome fraction of dmPFC (n = 6 in-

dependent samples per group).

(F) Schematic of the test of GCaMP6s responses to conspecific after aIFN-g pre-treatment.

(G) Changes in GCaMP6s responses to conspecific after experiencing socially cued threat and corresponding AUC analysis during cue presentation in male

SFC+ WT mice treated with isotype controls.

(H) Same as (G), but for male SFC+ WT mice treated with aIFN-g neutralizing antibodies.

(legend continued on next page)

ll
Article

8 Neuron 113, 1–17, January 22, 2025

Please cite this article in press as: Wu et al., Meningeal neutrophil immune signaling influences behavioral adaptation following threat, Neuron (2024),
https://doi.org/10.1016/j.neuron.2024.10.018



ll
Article

Please cite this article in press as: Wu et al., Meningeal neutrophil immune signaling influences behavioral adaptation following threat, Neuron (2024),
https://doi.org/10.1016/j.neuron.2024.10.018
We next investigated whether IFN-g administration or concur-

rently inhibiting PrLGad1 neurons affects post-exposure defen-

sive reactivity in Cd177-deficient mice. We first transduced

hM4D(Gi) into PrLGad1 neurons by injecting inhibitory DREADD

AAVs under the control of Gad1 promoter into the PrL of

Cd177-deficient mice (Figures 5H and 5I). A single injection of re-

combinant IFN-g into the CSF of male SFC+ Cd177-deficient

mice 1 h before post-test reduced the expression of defensive

behaviors evoked by SCs (Figure 5K), EPM (Figures 5M and

S5D), and POE (Figure 5N). Chemogenetically inhibiting

PrLGad1 neurons blocked these effects of IFN-g administration

(Figures 5K–5N). IFN-g reportedly primes microglia, which can

also elevate GABAergic tone.46,47 Microglial activation markers

remained unchanged after SC exposure or IFN-g treatment

(Figures S5E–S5G), suggesting a GABAergic neuronal effect

that may be independent of microglial priming. These results

indicate the meningeal CD177-IFN-g signaling axis mediates

behavioral effects, likely by fostering the control of emotional ep-

isodes by strengthening prelimbic neural inhibition.

Meningeal immune signaling amenable to context-
specific sex hormonal modulation
Our experiments revealed a potential typological dependence of

cues and sex differences in MN responses to cued threats, sug-

gesting a sexually dimorphic factor controlling meningeal im-

mune signaling. Testosterone, a ‘‘social hormone’’48 that

exhibits pulsatile secretion in response to social stimuli in

males.49 Exposure to SCs increased circulating testosterone in

male SFC+ mice but not in females or acoustic exposure

(Figures S6A and S6B). To assess the effects of socially relevant

testosterone response on MNCD177, we tested three additional

stimulus models (Figure 6A). Male mice showed increased circu-

lating testosterone in response to same-sex intruders and poten-

tial mates but not to acute restraint stress (Figure 6A). Notably,

only social intruder stimuli significantly upregulated MN CD177

levels (Figure 6B). Both social intrusions and social threat cueing

contain intrinsic or conditioned warning values. We intuited that

testosterone’s effect on MNs may be contingent upon the inter-

nal state of individuals, wherein threatened homeostasis poten-

tially fosters or magnifies this effect.

To test the combined effect of testosterone and stress on

MNs, we administered exogenous testosterone to male mice

in a natural state or under restraint stress (Figure 6C). While a

single testosterone injection minimally altered CD177 MFI on

MNs, concurrent testosterone treatment with restraint stress

significantly upregulated it (Figure 6D). These data support

the idea that testosterone as a regulator of neutrophils am-

plifies MN priming, aligning with the reported positive role of

androgen signaling in the number, maturation, or function of

neutrophils.50–52
(I) Comparison of changed reactivity of GCaMP6s to conspecific between male S

(J) Schematic of the test of GCaMP6s responses to POE after aIFN-g pre-treatm

(K) Changes in GCaMP6s responses to POE after experiencing socially cued thre

mice treated with isotype controls.

(L) Same as (K), but for male SFC+ WT mice treated with aIFN-g neutralizing ant

(M) Same as (I), but for POE. Dots represent neurons (C) or individual mice. ns p

See also Figure S4.
The context-dependent regulation by testosterone raises the

possibility that transient threat experience may shape a stressful

internal milieu. Acute stress-responsive peptides can indepen-

dently prime neutrophils and modulate their function,53–56 then

one would predict that socially driven testosterone responses in

males may further promote neutrophil state transitions on this ba-

sis. To preliminarily test this prediction, we focused on

endothelin-1 (ET-1), a conserved stress-responsive molecule57–59

that can independently prime neutrophils.56 We found that stimu-

lation of murine neutrophils with low concentrations of ET-1 or

testosterone did not significantly affect cell surface CD177 levels;

however,when testosteronewas added to themediumcontaining

ET-1, the MFI of CD177 was induced (Figures 6E and 6F).

Androgen signaling reportedly promotes STAT3 disinhibition and

ERK activation in neutrophils,50 which may be a molecular basis

for fueling priming.

In support of a role for testosterone reactivity in orchestrating

meningeal immunity and behavioral response, castration of

SFC+malemice reducedCD177 levels onMNsand the frequency

of IFN-g-producingmeningeal CD3+ T cells after exposure to SCs

(Figures 6G and S6C). These mice maintained the SC-evoked

avoidance responses, unlike sham-operated mice (Figure 6H). A

single post-exposure testosterone treatment restored CD177

levels (Figure S6D), CD3+ IFN-g+ T cell frequency (Figure 6G),

and inhibitory social avoidance (Figure 6H). Long-term testos-

terone replacement did not affect behavioral responses (Fig-

ure S6C), suggesting gonadal feedback to SCs, rather than ho-

meostatic testosterone, may transmit regulatory signals.

To further confirm the foregoing findings, we repeated the post-

exposure single testosterone treatment in female SFC+mice. Fe-

males treatedwith a single testosterone exhibited significantly up-

regulatedCD177 levelsonMNs (FigureS6E),meningeal frequency

of IFN-g+ CD3+ T cells (Figure S6F), and reduced social avoidance

response (Figure S6G). Critically, these effects were blocked in

Cd177-deficient SFC+ females (Figures S6F and S6G).

Whether these observations can be generalized to responses

to threat-predicting non-SCs, where the presence of environ-

mental social signals unrelated to the threat itself may also

impact meningeal immune homeostasis and the behavioral

regulation it executes. To this end, mice were exposed to acous-

tically cued threats paired with opposite-sex conspecifics (Fig-

ure 6I). Social pairing induced upregulation of circulating testos-

terone levels in male mice exposed to acoustic cues (Figure 6J).

Furthermore, male-biased upregulation of CD177 on MNs (Fig-

ure 6K), the frequency of meningeal CD3+ IFN-g+ T cells (Fig-

ure 6L), and short-term adaptation to sound-evoked fear

(Figures 6M–6O) were also observed. Taken together, our results

propose that separable perceptions of SCs and threat values

convergently drive meningeal immune activity, a process that

is highly regulated by androgen responsiveness.
FC+ WT mice treated with aIFN-g neutralizing antibodies and isotype controls.

ent.

at and corresponding AUC analysis during odor presentation in male SFC+WT

ibodies.

> 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 5. IFN-g-driven suppression of threat-motivated behavior requires PrLGad1 neurons

(A and B) Schematic (A) and representative image (B) of AAV-dependent expression of excitatory DREADD hM3D(Gq) in the PrL. Scale bar, 250 mm.

(C) Experimental schema for IFN-g neutralization in male WT mice.

(D) Average heatmaps showing location and time during SATs before and after exposure to SCs in male SFC+ WT mice treated with isotype controls, aIFN-g or

aIFN-g combined with chemogenetic activation of PrLGad1 neurons.

(E) Changes in the relative time spent on social avoidance and approach after exposure to SCs.

(F and G) EPM- (F) and POE-evoked (G) avoidance behaviors after exposure to SCs in male SFC+ WT mice treated with isotype controls, aIFN-g or aIFN-g

combined with chemogenetic activation of PrLGad1 neurons.

(H and I) Schematic (H) and representative image (I) of AAV-dependent expression of inhibitory DREADD hM4D(Gi) in the PrL. Scale bar, 250 mm.

(J) Experimental schema for IFN-g administration in male Cd177-deficient mice.

(K) Average heatmaps showing location and time during SATs before and after exposure to SCs in male SFC+ Cd177-deficient mice treated with aCSF, IFN-g, or

IFN-g combined with chemogenetic inhibition of PrLGad1 neurons.

(L) Changes in the relative time spent on social avoidance and approach after exposure to SCs.

(M and N) EPM- (M) and POE-evoked (N) avoidance behaviors after exposure to SCs in male SFC+ Cd177-deficient mice treated with aCSF, IFN-g, or IFN-g

combined with chemogenetic inhibition of PrLGad1 neurons. Dots represent individual mice. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figure S5.
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Sex-specific neutrophil priming signatures in human
threat responses
Anxious or traumatic individuals often attend to and over-evaluate

facial cues due to altered sensory gating.60–63 Environmental so-

cial informationmaybe inadvertentlyprocessedalongsideprimary
10 Neuron 113, 1–17, January 22, 2025
non-social danger signals. Moreover, human males appear to be

sensitive to emotional cues in faces and exhibit greater psycho-

physiological activation,64,65 including elevated testosterone

response.66 Thus, the sex-specific hormone-neutrophil-emotion

regulatoryaxismayextend tohuman responses togeneral threats.



Figure 6. Meningeal immune signaling amenable to context-specific sex hormonal modulation

(A) Schematic of the social or non-social stimuli and the circulating testosterone levels measured by ELISA.

(B) Representative histograms of CD177 levels on MNs and quantification of the relative MFI changes of CD177 induced by social or non-social stimuli, gated on

CD45+ Ly6G+ cells.

(C and D) Schematic of restraint stress combined with testosterone injection (C) and quantification (D) of the relative MFI changes of CD177, gated on CD45+

Ly6G+ cells.

(E and F) Representative histograms (E) of CD177 levels onMNs and quantification (F) of the relative MFI changes of CD177 induced by in vitro incubation of ET-1,

testosterone, or ET-1 combined with testosterone.

(G) Representative contour plots and quantification of meningeal IFN-g+ T cell frequency in castrated or sham-operatedmale SFC+WTmice 1 h after exposure to

SCs, gated on CD45+ CD3+ cells.

(legend continued on next page)
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Re-analysis of published datasets allowed us to evaluate

aforementioned possibility. Human blood gene expression data

came from patients with anxiety disorders undergoing fear expo-

sure under the guidance of therapists.67,68 CIBERSORT estima-

tion69 showed only neutrophil numbers significantly increased

post-exposure, returning to baseline after 24 h (Figures S7A

and S7B). This reversible increase in the number of circulating

neutrophils may be part of an acute stress response.9Microarray

studies indicatedneutrophil primingaccompanies transcriptional

changes,70,71 and we next sought to identify these gene

signatures to characterize neutrophil states. Additionally, we

generated signature gene sets for androgen and stress hor-

mone-induced transcriptional activation to assess individual

testosterone reactivity and stress levels (Figures 7A–7E), as

detailed in the STAR Methods.

Gene set variation analysis (GSVA) revealed a sexually dimor-

phic blood transcriptional response after exposure. Males

but not females showed fluctuations in neutrophil priming signa-

tures (NPSs) and significant NPS enrichment post-exposure

(Figure 7F). Male-biased exposure-induced enrichment was

also found in the canonical pathway of neutrophil degranulation

(Figure S7B). Correspondingly, androgen-induced gene signa-

tures in the male blood increased significantly in response to

exposure compared with females (Figure 7G), suggesting sex-

specific testosterone responses during human threat

anticipation.

Cortisol release, a stress-sensitive biological mechanism,

is triggered during threat anticipation and exposure and

decayed after the end of exposure.72,73 We were interested in

changes in blood cortisol-induced gene signatures within 24 h

post-exposure, which may reflect the persistence or resolution

of emotional states after exposure. Male blood transcripts

showed more and consistent negative enrichment 24 h after

exposure compared with females (Figure 7H). Interestingly, the

magnitude of the exposure-induced shifts in NPS was more

correlated with shifts in stress-related gene signatures in males

than females (Figure 7I). These results suggest a parallel relation-

ship among testosterone signaling, neutrophil activity, and

emotional state in the human threat response (Figure 7J).

DISCUSSION

The immune system is controlled by and influences emotional

states, but the precise mechanisms remain unclear. Here, we

propose a model where dura-resident neutrophils sense

conspecific cues that transmit danger signals and are primed

in a sex-dependent manner. These neutrophils drive meningeal
(H) Left: average heatmaps showing location and time during SATs before and aft

with vehicle or testosterone; right: changes in the relative time spent on social av

(I) Schematic of the socially paired exposure to acoustical threats.

(J) Changes in circulating testosterone levels in male and female mice exposed t

(K) Same as (J), but for CD177 levels on MNs, gated on CD45+ Ly6G+ cells.

(L) Same as (J), but for meningeal IFN-g+ T cell frequency, gated on CD45+ CD3

(M) Schematic of the test of acoustically evoked defensive response after expos

(N) Changes in cue-evoked freezing of male and female mice before and after ex

(O) Comparison of changed defensive responses to acoustical cues. T, testostero

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figure S6.
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Th1-like immunity via CD177, negatively modulating the defen-

sive response through IFN-g-mediated prefrontal inhibition.

Our findings position meningeal immunity at the intersection of

psychosocial challenges and behavior, suggesting neutrophils

as accessible targets for emotional regulation.

The primed phenotype of MNs was likely triggered synergisti-

cally by androgen signaling and stress-responsive peptides into

the circulation, stemming from the perception of external stimuli.

Such factors have been shown to positively regulate neutrophil

function.50–56 Collaboratively, the communication among these

threat-responsive elements at the peripheral-meningeal-brain

interface rapidly reshaped male emotional states, fostering

adaptation to threat. Approaching dangerous conspecifics is

risky, risking injury and pathogen exposure. Priming immune de-

fenses may mitigate infection risk when approaching, reflecting

an immune-mediated sociability-infection trade-off. Evolution-

arily, this mechanism may advantage males in frequent social

challenges by enhancing immunity and encouraging approach.

The human dmPFC processes complex social information74

and assesses threatening situations in response to conditioned

stimuli,75 acting as a source of negative affect. These functional

insights support the role of this brain region as a key site for

perceiving social stimuli and interpreting threats. The mouse

PrL region is anatomically and functionally coupled to the human

dmPFC, and it appears that they are highly close to the immuno-

logically active dural sinuses.42,76 Chemogenetic inhibition of

PrLGad1 neurons blocked behavioral effects of CSF-delivered

IFN-g, linking this cortical region to meningeal immunity.

Remarkably, L1 of the PrL is located in a dominant position for

this CSF-contacting construct,39 which is mainly composed of

GABAergic neuronal cell somas and has been reported to

strongly inhibit L2/3 excitatory neurons.77 These observations

actually reinforce the notion that meningeal-driven immune

signaling preferentially tunes cortical inhibition.

Excitatory inputs from the PrL to basolateral amygdala (BLA)

are associated with social withdrawal and fear expression.78

While the BLA, an internal nucleus, may have limited direct

response to CSF-derived signals,35 a direct regulatory role of

blood testosterone can’t be ruled out. Testosterone administra-

tion promotes threat approach and social dominance, increasing

amygdala responses,79 while reducing amygdala-prefrontal

connectivity and shifting to subcortical regions.80 Thus, modifi-

cation of the larger emotional circuits involving the PFC and

amygdala is likely a major aspect of the sophisticated role of

testosterone. Our data highlight a more indirect scenario: testos-

terone facilitates PrL inhibition by a meningeal immune axis,

potentially regulating threat responses top-down.
er exposure to SCs in castrated or sham-operated male SFC+WTmice treated

oidance and approach after exposure to SCs.

o conditioned acoustic stimuli alone or in pairs.

+ cells.

ure.

posed to conditioned acoustic stimuli alone or in pairs.

ne. Dots represent independent experiments (F) or individual mice. ns p > 0.05,



Figure 7. Sex-specific neutrophil priming signatures in human threat responses

(A) Characterization of neutrophil, testosterone, and stress hormone responses after fear exposure in human subjects using blood cell transcriptome.

(B–D) Venn diagram showing signatures of neutrophil priming and androgen- and cortisol-induced transcriptional activation.

(E) Schematic of the GSVA.

(F) Left and middle: trajectories of post-exposure NPS in men and women; right: comparison of the magnitude of changes between men and women.

(G) Same as (J), but for androgen-induced gene signatures.

(H) Same as (J), but for cortisol-induced gene signatures.

(I) Correlation analysis between the changes of NPS induced by exposure and the changes of cortisol-induced gene signatureswithin 24 h of the end of exposure.

(J) Proposedmodel for the dynamics of sex hormone, neutrophil activity, and stress response in males exposed to fear-provoking cues. Blue symbols, men; pink

symbols, women. Dots represent individual subjects. *p < 0.05, **p < 0.01.

See also Figure S7.
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Hormonal fluctuations triggered by reproductive events may

contribute to sex differences in anxiety. Changes during

menstruation and reproduction can increase anxiety in

women.81,82 While much focus has been placed on female

emotional vulnerability, male resistance mechanisms are less

explored. We propose that rapid testosterone response to SCs

reduces negative emotions and avoidance in male mice through

immune signals at the meningeal interface, aligning with findings

that testosterone promotes social approach in men.83 SCs may

trigger immune responses in an unexpectedly sensitive manner,

as merely viewing photographs containing negative SCs has

been reported to enhance the induction of pro-inflammatory cy-
tokines in blood leukocytes.84 We found that IFN-g acts like a

neuromodulator, which regulates neural and behavioral threat

reactivity. Interestingly, IFN-g is one of the few pro-inflammatory

cytokines that is reduced in anxiety disorders.85 Overall, a

comprehensive, sometimes personalized, endocrine-immune-

neural circuit may shape behavioral traits and resilience

following stress events.

In summary, our findings support the notion that immune cell

populations inhabiting at brain boundaries possess ‘‘wireless’’

capabilities to access neuronal circuits, supporting brain ho-

meostasis.86 Neutrophils, within the dura mater, represent regu-

lators of neural processes, broadening their function from
Neuron 113, 1–17, January 22, 2025 13
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orchestrating immune defenses to influencing neuro-based

defensive reactions. Ultimately, these intricate mechanisms are

dedicated to maintaining host homeostasis in the face of com-

plex physical and social environmental challenges.
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44. Döhne, N., Falck, A., Janach, G.M.S., Byvaltcev, E., and Strauss, U.

(2022). Interferon-g augments GABA release in the developing neocortex

via nitric oxide synthase/soluble guanylate cyclase and constrains

network activity. Front. Cell. Neurosci. 16, 913299. https://doi.org/10.

3389/fncel.2022.913299.

45. Flood, L., Korol, S.V., Ekselius, L., Birnir, B., and Jin, Z. (2019). Interferon-g

potentiates GABAA receptor-mediated inhibitory currents in rat hippo-

campal CA1 pyramidal neurons. J. Neuroimmunol. 337, 577050. https://

doi.org/10.1016/j.jneuroim.2019.577050.

46. Ta, T.T., Dikmen, H.O., Schilling, S., Chausse, B., Lewen, A., Hollnagel,

J.O., and Kann, O. (2019). Priming of microglia with IFN-g slows neuronal

gamma oscillations in situ. Proc. Natl. Acad. Sci. USA 116, 4637–4642.

https://doi.org/10.1073/pnas.1813562116.

47. Jiang, J., Tang, B., Wang, L., Huo, Q., Tan, S., Misrani, A., Han, Y., Li, H.,

Hu, H., Wang, J., et al. (2022). Systemic LPS-induced microglial activation

results in increased GABAergic tone: A mechanism of protection against

neuroinflammation in the medial prefrontal cortex in mice. Brain Behav.

Immun. 99, 53–69. https://doi.org/10.1016/j.bbi.2021.09.017.

48. Eisenegger, C., Haushofer, J., and Fehr, E. (2011). The role of testosterone

in social interaction. Trends Cogn. Sci. 15, 263–271. https://doi.org/10.

1016/j.tics.2011.04.008.

49. Zilioli, S., and Bird, B.M. (2017). Functional significance of men’s testos-

terone reactivity to social stimuli. Front. Neuroendocrinol. 47, 1–18.

https://doi.org/10.1016/j.yfrne.2017.06.002.

50. Chuang, K.H., Altuwaijri, S., Li, G., Lai, J.J., Chu, C.Y., Lai, K.P., Lin, H.Y.,

Hsu, J.W., Keng, P., Wu, M.C., et al. (2009). Neutropenia with impaired

host defense against microbial infection in mice lacking androgen recep-

tor. J. Exp. Med. 206, 1181–1199. https://doi.org/10.1084/jem.20082521.

51. Li, F., Xing, X., Jin, Q., Wang, X.M., Dai, P., Han, M., Shi, H., Zhang, Z.,

Shao, X., Peng, Y., et al. (2024). Sex differences orchestrated by andro-

gens at single-cell resolution. Nature 629, 193–200. https://doi.org/10.

1038/s41586-024-07291-6.

52. Deitch, E.A., Ananthakrishnan, P., Cohen, D.B., Xu, D.Z., Feketeova, E.,

and Hauser, C.J. (2006). Neutrophil activation is modulated by sex hor-

mones after trauma-hemorrhagic shock and burn injuries. Am. J.

Physiol. Heart Circ. Physiol. 291, H1456–H1465. https://doi.org/10.1152/

ajpheart.00694.2005.

53. Bedoui, S., Kromer, A., Gebhardt, T., Jacobs, R., Raber, K., Dimitrijevic,

M., Heine, J., and von Hörsten, S. (2008). Neuropeptide Y receptor-specif-

ically modulates human neutrophil function. J. Neuroimmunol. 195, 88–95.

https://doi.org/10.1016/j.jneuroim.2008.01.012.

54. Sharp, B.M., Keane, W.F., Suh, H.J., Gekker, G., Tsukayama, D., and

Peterson, P.K. (1985). Opioid peptides rapidly stimulate superoxide pro-

duction by human polymorphonuclear leukocytes and macrophages.

Endocrinology 117, 793–795. https://doi.org/10.1210/endo-117-2-793.

55. Czepielewski, R.S., Porto, B.N., Rizzo, L.B., Roesler, R., Abujamra, A.L.,

Pinto, L.G., Schwartsmann, G., Cunha, F.Q., and Bonorino, C. (2012).

Gastrin-releasing peptide receptor (GRPR) mediates chemotaxis in neu-

trophils. Proc. Natl. Acad. Sci. USA 109, 547–552. https://doi.org/10.

1073/pnas.1110996109.

56. Hafström, I., Ringertz, B., Lundeberg, T., and Palmblad, J. (1993). The ef-

fect of endothelin, neuropeptide Y, calcitonin gene-related peptide and

substance P on neutrophil functions. Acta Physiol. Scand. 148,

341–346. https://doi.org/10.1111/j.1748-1716.1993.tb09565.x.

57. Treiber, F.A., Kapuku, G.K., Davis, H., Pollock, J.S., and Pollock, D.M.

(2002). Plasma endothelin-1 release during acute stress: role of ethnicity

and sex. Psychosom. Med. 64, 707–713. https://doi.org/10.1097/01.psy.

0000021952.59258.1c.

58. D’Angelo, G., Loria, A.S., Pollock, D.M., and Pollock, J.S. (2010). Endothelin

activation of reactive oxygen species mediates stress-induced pressor

response in Dahl salt-sensitive prehypertensive rats. Hypertension 56,

282–289. https://doi.org/10.1161/HYPERTENSIONAHA.110.152629.
16 Neuron 113, 1–17, January 22, 2025
59. Fox, B.M., Becker, B.K., Loria, A.S., Hyndman, K.A., Jin, C., Clark, H.,

Johns, R., Yanagisawa, M., Pollock, D.M., and Pollock, J.S. (2018).

Acute Pressor Response to Psychosocial Stress Is Dependent on

Endothelium-Derived Endothelin-1. J. Am. Heart Assoc. 7, e007863.

https://doi.org/10.1161/JAHA.117.007863.

60. Bradley, B.P., Mogg, K., White, J., Groom, C., and de Bono, J. (1999).

Attentional bias for emotional faces in generalized anxiety disorder. Br.

J. Clin. Psychol. 38, 267–278. https://doi.org/10.1348/014466599162845.

61. Stein, M.B., Simmons, A.N., Feinstein, J.S., and Paulus, M.P. (2007).

Increased amygdala and insula activation during emotion processing in

anxiety-prone subjects. Am. J. Psychiatry 164, 318–327. https://doi.org/

10.1176/ajp.2007.164.2.318.

62. Fonzo, G.A., Ramsawh, H.J., Flagan, T.M., Sullivan, S.G., Letamendi, A.,

Simmons, A.N., Paulus, M.P., and Stein, M.B. (2015). Common and disor-

der-specific neural responses to emotional faces in generalised anxiety,

social anxiety and panic disorders. Br. J. Psychiatry 206, 206–215.

https://doi.org/10.1192/bjp.bp.114.149880.

63. Shin, L.M., Wright, C.I., Cannistraro, P.A., Wedig, M.M., McMullin, K.,

Martis, B., Macklin, M.L., Lasko, N.B., Cavanagh, S.R., Krangel, T.S.,

et al. (2005). A functional magnetic resonance imaging study of amygdala

and medial prefrontal cortex responses to overtly presented fearful faces

in posttraumatic stress disorder. Arch. Gen. Psychiatry 62, 273–281.

https://doi.org/10.1001/archpsyc.62.3.273.

64. Mazurski, E.J., Bond, N.W., Siddle, D.A., and Lovibond, P.F. (1996).

Conditioning with facial expressions of emotion: effects of CS sex and

age. Psychophysiology 33, 416–425. https://doi.org/10.1111/j.1469-

8986.1996.tb01067.x.

65. Schienle, A., Sch€afer, A., Stark, R., Walter, B., and Vaitl, D. (2005). Gender

differences in the processing of disgust- and fear-inducing pictures:

an fMRI study. NeuroReport 16, 277–280. https://doi.org/10.1097/

00001756-200502280-00015.

66. Zilioli, S., Caldbick, E., and Watson, N.V. (2014). Testosterone reactivity to

facial display of emotions in men and women. Horm. Behav. 65, 461–468.

https://doi.org/10.1016/j.yhbeh.2014.04.006.

67. Martins, J., Czamara, D., Lange, J., Dethloff, F., Binder, E.B., Turck, C.W.,

and Erhardt, A. (2019). Exposure-induced changes of plasmametabolome

and gene expression in patients with panic disorder. Depress. Anxiety 36,

1173–1181. https://doi.org/10.1002/da.22946.

68. Misiewicz, Z., Iurato, S., Kulesskaya, N., Salminen, L., Rodrigues, L.,

Maccarrone, G., Martins, J., Czamara, D., Laine, M.A., Sokolowska, E.,

et al. (2019). Multi-omics analysis identifies mitochondrial pathways asso-

ciated with anxiety-related behavior. PLoS Genet. 15, e1008358. https://

doi.org/10.1371/journal.pgen.1008358.

69. Newman, A.M., Liu, C.L., Green, M.R., Gentles, A.J., Feng, W., Xu, Y.,

Hoang, C.D., Diehn, M., and Alizadeh, A.A. (2015). Robust enumeration

of cell subsets from tissue expression profiles. Nat. Methods 12,

453–457. https://doi.org/10.1038/nmeth.3337.

70. Neuenfeldt, F., Schumacher, J.C., Grieshaber-Bouyer, R., Habicht, J.,
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Chemicals, peptides, and recombinant proteins
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Luminol TCI Cat# A5301

Lipopolysaccharide (LPS) Sigma-Aldrich Cat# L2630

Testosterone enanthate Absin Cat# abs47034289

Testosterone Sigma-Aldrich Cat# T1500

DAPI Abcam Cat# ab228544

2-methyl-2-thiazoline Aladdin Cat# M103076

Clozapine-N-oxide (CNO) MCE Cat# HY-17366

Endothelin 1 (human, porcine) R&D system Cat# 1160

Recombinant Murine GM-CSF PeproTech Cat# 315-03

Recombinant Murine IFN-g PeproTech Cat# 315-05

Recombinant Murine IL-4 PeproTech Cat# 214-14

eBioscience Cell stimulation Kit Thermo Fisher Cat# 00-4975-93

eBioscience Foxp3/Transcription Factor Staining Buffer Set Thermo Fisher Cat# 00-5523-00
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Deposited data

Bulk RNA-sequencing data generated
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This paper GSE276662

Membrane proteome data of human neutrophils Uriarte et al.29 https://doi.org/10.4049/jimmunol.180.8.5575

Gene expression data for human fear exposure Misiewicz et al.68 GSE119995

Experimental models: Organisms/strains

Mouse: B6. WT Charles River N/A

Mouse: B6.Cd177-/- GemPharmatech T012005

Software and algorithms

Graphpad Prism v9 GraphPad https://www.graphpad.com/; RRID: SCR_002798

ANY-maze Stoelting http://www.anymaze.co.uk/index.htm

FlowJo v10 BD Biosciences https://www.flowjo.com/

PatchMaster HEKA Elektronik https://www.heka.com/

pClamp Molecular Devices https://www.moleculardevices.com/

Mini analysis 6.0.3 Synaptosoft https://www.synaptosoft.com/

LAS X Leica Microsystems https://www.leica-microsystems.com/

Fiji (ImageJ) https://fiji.sc https://fiji.sc; RRID: SCR_002285

R The R Foundation https://www.r-project.org

DESeq2 Love et al.87 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

GSVA v1.40.1 H€anzelmann et al.88 http://bioconductor.org

CIBERSORT Newman et al.69 https://cibersortx.stanford.edu/

Metascape Metascape.org https://metascape.org; RRID:SCR_016620
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Adult (over 2 months old) wild-type C57BL/6 mice or Cd177-deficient mice were used for experiments. In all experiments, mice were

age-matched. Littermate controls were used in all genetic deletion studies. Mice of both sexes were used to identify potential sex

differences, and analyses based on sex can be found in Table S3. Mice were maintained under SPF conditions on a 12 h light-

dark cycle, and provided food and water ad libitum. All behavioral procedures were performed during the dark cycle. All procedures

were performed in accordance with the Chongqing Science and Technology Commission guidelines for animal research and

approved by the Children’s Hospital of Chongqing Medical University Animal Care Committee. Every effort was made to minimize

the number of animals used and their suffering.
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METHOD DETAILS

Threat conditioning
The socially cued fear (threat) conditioning paradigm was modified from previously described procedures.89 Prior to conditioning,

mice were individually housed for 1 week to enhance social motivation, and they remained individually housed throughout the entire

process. All animals were habituated to the operant environment for 3 d before fear conditioning began. Mice were placed into a

sound-attenuating shock chamber (32332340 cm) with white light illumination, containing two identical diagonally placed empty

wire cups. After 2 min of habituation, an unfamiliar conspecific of the same sex was then placed into one of the cups and the exper-

imental mice were allowed to explore freely for 2 min. During conditioning, the occurrence of socially motivated behaviors co-termi-

nating with a 0.8 mA, 1 sec foot-shock delivered through grid floors. The behavior is pre-defined to occur in three types sequentially:

the first involves direct contact, i.e. nose-to-nose sniffing; the second and third types involve entering a certain range (without direct

contact) where the social target is located, indicating an attempt to approach. Mice were exposed to a total of 3 behavior foot-shock

pairings. The behavior of mice was observed through a video system and electric shocks were delivered manually. The interval be-

tween foot-shocks depends on the latency period of mouse socially motivated behaviors. All mice received foot-shocks at intervals

not exceeding 3min. Themajority of mice did not approach the social target for at least 5min after the final foot-shock. 5min after the

last pairing ended, the social targets were removed and the mice continued to remain in the conditioning chamber for 3 min before

returning to the home cage. Mice generated through the above methods exhibited robust social avoidance characteristics.

Object-cued fear conditioning is designed to train mice to associate inanimate object cues with threats. All animals were habitu-

ated to the operant environment for 3 d before fear conditioning began. Mice were placed into a sound-attenuating shock chamber

with white light illumination and allowed to freely explore the environment for 2 min. After the environmental exploration, a neutral

object (plastic ball) was placed in one of the corners of the ground and the mice were allowed to explore freely again for 2 min. After

neutral object exploration, a new object (LEGOblock) was placed in the opposite corner away from themice. Once themice explored

the new object (sniff), they received a foot-shock (0.8 mA, 1 sec). Consistent with SFC, in subsequent pairings, mice received a foot-

shock once they enter within a certain range of the new object position. The mice underwent 3 pairings, with intervals between foot

shocks not exceeding 3 min, and the majority of mice did not approach the new object for at least 5 min after the final pairing. 5 min

after the last pairing ended, the new objects were removed and the mice continued to remain in the conditioning chamber for 3 min

before returning to the home cage. Mice remained individually housed throughout all procedures.

For classic acoustically cued fear conditioning, mice were placed into a sound-attenuating shock chamber with white light illumi-

nation. Mice were conditioned with 3 presentations (at an average interval of 60 s) of tones (CS: 3 kHz, continuous 30 sec, 70 dB) that

were co-terminated with foot-shocks (US: 0.8 mA, 1 sec). After the last tone-shock pairing, mice remained in the shock chamber for

1 min before returning to their home cages. Mice remained individually housed throughout all procedures.

Threat exposure
For exposure to socially cued threat, conditioned mice were placed in a new home cage (29318316 cm) lined with a thin layer of

bedding, then sequentially exposed to 5 novel conspecifics of the same sex for 3 min each (at an average interval of 3 min). The con-

specifics were confined within wire cups placed on the short side of the home cage. Controls were exposed to empty wire cups only.

For exposure to object-cued threat, the procedure was the same as above, but the objects (LEGO block) paired during conditioning

were placed on one side of the home cage, and controls were exposed to neutral object cues (plastic ball). For exposure to acous-

tically cued threat, conditioned mice were placed in a new context (context B; solid plastic floor, black walls and dim lighting) that

was different from that during conditioning (context A). After 2 min of habituation, mice were exposed to 15 presentations of the

CS (at an average interval of 30 s) in the absence of the US.

Cell isolation
Mice were lethally sedated and perfused with ice-cold phosphate buffered saline (PBS). Before perfusion, peripheral blood was

collected transcardially with heparin, and RBCs were lysed with RBC lysis buffer. Cells of the cranial dura were isolated by mechan-

ical dissociation.17 In contrast to enzymatic dissociation, mechanical dissociation was also shown to have no effect on neutrophil

surface marker levels.90 After perfusion, the mouse skull cap was removed and the dura was carefully peeled off using fine forceps.

The isolated dura mater was cut into small pieces in 3.5-mm cell culture dishes containing 10% FBS in ice-cold RPMI-1640, and

gently pressed through a 70-mm cell strainer using a sterile plastic plunger to obtain a single-cell suspension. For neutrophil prepa-

ration, bone marrow cells were flushed from the bone marrow cavity with Hanks-1 buffer (D-Hanks + 0.5% BSA + 10 mM Hepes) as

previously described.91 After RBCs lysis, a discontinuous Percoll density gradient centrifugation was performed. Neutrophils were

collected from the bands between 81% and 60% of Percoll.

Flow cytometry
Cells were diluted to 1-2 3 106/100 mL and incubated with purified rat anti-mouse CD16/CD32 antibody in staining buffer (13 PBS

contained 2% FBS). Cell surface antigens were stained with the fluorochrome-conjugated antibodies. For intracellular staining of cy-

tokines, cells were stimulated with phorbol 12-myristate 13-acetate (PMA) plus ionomycin, and Brefeldin A (from eBioscience Cell

stimulation Kit) for 4.5 h. At the end of stimulation, cells were fixed and stained using the intracellular fixation and permeabilization
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kit (eBioscience Foxp3/Transcription Factor Staining Buffer Set) according to the manufacturer’s instructions. Stained cells were

analyzed on Meet NL-CLC flow cytometer (Cytek Biosciences) or Guava easyCyte Systerm (Luminex Corporation) or CytoFLEX

(Beckman Coulter). The data were analyzed using FlowJo software.

Neutrophil ROS assays
Mouse dural cells were collected and neutrophils (MNs) were isolated. Each sample was pooled from 2 mice in the same experi-

mental group. For measurement of total cellular ROS generation, neutrophils were incubated with the reaction buffer (HBSS with

Ca2+ and Mg2+ containing 0.25% BSA, 10 mM luminol, and 100 U/mL HRP), followed by 0.2 mM PMA (Sigma-Aldrich) stimulation.

Chemiluminescence was read continuously in a plate reader (Tecan).

Neutrophil survival analysis
Isolated mouse MNs were cultured for 3 h in the presence of 100 ng/mL LPS (0111:B4; Sigma-Aldrich). After 3 h, the cells were

washed and the cell viability and cell death of the MNs were detected by fluorescein-labeled Annexin V antibody and 7-amino-

actinomycin D (7-AAD) double staining.92 Viable cells (Annexin V negative/7-AAD negative), early-apoptotic cells (Annexin V posi-

tive/7-AAD negative), late-apoptotic and early necrotic cells (Annexin V positive/7-AAD positive).

Depletion of MNs
For neutrophil depletion, 100 mg of anti-Ly6G (clone 1A8; Bio X cell) or rat anti-IgG2a (clone 2A3; Bio X cell) for control in 200 mL saline

was injected intomice intraperitoneally 2 d before SFC and on the day of SFC. Depletion efficiency of MNswas detected 1 d after final

injection by gating CD45+ SSChigh CD11b+ cells.

Bulk RNA sequencing
Transcriptional differences in MNs from male and female mice post-exposure were determined using RNA sequencing analysis

by Bioprofile (Shanghai, China). The mRNA possessing a polyA structure was purified from the total RNA with the aid of Oligo

(dT) beads. After fragmentation took place, the first strand of cDNA was synthesized by employing random hexamer primers and

reverse transcriptase with RNA serving as the template, and the first strand cDNA was utilized as the template for the synthesis

of the second strand cDNA. After the library was constructed, paired-end sequencing of these libraries was carried out by means

of Next-Generation sequencing (NGS) technology based on the Illumina sequencing platform. The raw reads were filtered, and all

subsequent downstream analyses were conducted on high-quality clean data. The DEseq2 algorithm was used to determine differ-

entially expressed genes. Pathway enrichment analysis was performed using Metascape web-based tools.

Cranial bone flap transplantation
Cranial bone flap transplantation was performed as previously described.33 Mice were placed on a 37�C heating pad under 1.5%

isoflurane anesthesia. The head of Cd177-deficient mouse was shaved, and a median skin incision was made to expose the skull.

The skull of Cd177-deficient mice was thinned with an electric drill until the bone flap was sufficiently freed from the surrounding skull

and epidural space. Sufficient artificial CSF (aCSF) irrigation was used during skull thinning to avoid hyperthermia and adhesion of the

duramater to the inner surface of the skull, whichmay cause tearing of the duramater during subsequent skull removal. The skull was

ground sufficiently until the bone flap was floating. Fine forceps tips were used to lift the bone flap to form a cranial window. Simul-

taneously, sex- and age-matched WT donor mice were lethally sedated, decapitated, and calvaria removed. The donor skull was

scissored to create a bone flap of similar size and location to the recipient’s cranial window. The meninges of the donor bone flap

were stripped and placed over the recipient cranial window. After transplantation, the donor bone flap was fixed with cyanoacrylate

glue. After the skin was sutured, themicewere placed on a heating pad to recover. The state of themicewas observed every day, and

those with poor state or poor healing of the surgical window were euthanized and no follow-up experiments were performed.

Cranial bone marrow transplantation
Eight-week-old Cd177-deficient mice were anesthetized with a dose of 100 mg kg-1 ketamine and 10 mg kg-1 xylazine administered

by i.p. injection. Mice were inserted into a 1-inch-thick lead shield leaving only the head exposed. Each mouse received 9.5 Gy of

gamma irradiation. Immediately after irradiation, Cd177-deficient micewere reconstituted with 23106WT bonemarrow cells injected

intravenously into the orbital venous plexus. After at least 4 weeks of recovery, mice were subjected to behavioral manipulation.

Cranial dura delivery
Cranial dura delivery of GM-CSF was performed similar to that previously described.33,93 Briefly, after the last social extinction

training session, mice were placed on a 37�C heating pad under 1.5% isoflurane anesthesia. The head of the mouse was shaved,

and a median skin incision was made to expose the skull. Immediately afterwards, using the tip of an electric drill, the skull was care-

fully thinned at 4 locations near the bregma and lambda on the top of the skull until the dura mater layer was exposed. During this

period, if the dura mater or brain was damaged during drilling, the mice were sacrificed and not used in subsequent experiments.

1-mL of 500 mg/mL GM-CSF or saline was applied to each cranial hole for 5 min. After the skin was sutured, the mice were placed

on a heating pad to recover.
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Social approach tests
Social approach test was conducted in a three-chambered arena constructed of gray translucent acrylic (60340330 cm). In each of

the left and right chambers, there was a transparent, windowed cylindrical cup. Themice were first allowed to freely explore all cham-

bers for 5min to habituate. During the testing phase, mice were initially confined to the central chamber. A stranger conspecific of the

same sex was placed into one of the cups. Immediately afterwards, mice were free to explore the three chambers for 5 min. Between

two tests, the chamber was cleaned with 70% ethanol in water to remove odors. All behavioral tests were performed in dim light.

ANY-Maze video tracking system (Stoelting) was used to automatically identify the movement trajectories of all tested mice and

generate heatmaps. Approach (%) and avoidance (%) were defined by the ratio of the time in the chamber with the stranger mouse

and the time in the chamber with the empty cage to the total time of the test, respectively.

Open field
Mice were transferred to the testing room 1 h before the start of the experiment. Mice were placed in a grey translucent acrylic arena

(40340 cm) with dim lighting. Mice were allowed to explore freely for 10 min. The behavior of the mice was tracked using the ANY-

Maze video tracking system (Stoelting) and the time spent in the center (20320 cm) was recorded.

Elevated plus maze
Mice were transferred to the testing room 1 h before the start of the experiment. The plus maze consisted of 4 arms (2 open without

walls and 2 enclosed by 15-cm-high walls) that were 30 cm long and 5 cm wide. The maze was elevated 75 cm off the floor. Mice

were placed into the center hub with dim lighting and allowed to explore the plus maze for 5 min. ANY-Maze video tracking system

(Stoelting) was used to quantify the time spent in each arm and the number of entries.

Predator odor exposure
The fox anogenital product (2-methyl-2-thiazoline 2-MT) as an ecologically relevant aversive stimulus can evoke physical avoidance

in mice. On the test day, mice were transferred to the testing room and placed in a new home cage (29318316 cm). 200 mL of 2-MT

dilution (1/500) was dropped onto circular filter paper affixed above the cap of the 50-mL centrifuge tube. The tube cap was fixed to

the side of the cage. Mice were allowed to explore freely for 5 min. At the end of each test, the filter paper was removed and 70%

ethanolic water was used to clean the chamber to remove odors. Avoidance behavior is the amount of time the animals spent inside

the far region (1835 cm).

Viruses
AAV2/9-CaMKIIa-GCaMP6s, AAV2/9-Gad1-hM3D(Gq)-mCherry, AAV2/9-Gad1-hM4D(Gi)-mCherry, and AAV2/9-Gad1-MCS-

mCherry-33Flag were purchased fromObio Technology Co. (Shanghai, China). All AAV titers ranged from 3-531012 genomic copies

per mL.

Stereotaxic surgery
For Stereotaxic surgery, mice (8-12 weeks) were anesthetized with 1.5% isoflurane. Viruses were bilaterally or ipsilaterally injected by

a 32G metal needle connected to a hamilton syringe which mounted on a microinjection pump (RWD). To infect PrL neurons with

virus, AAV2/9-CaMKIIa-GCaMP6s, AAV2/9-Gad1-hM3D(Gq)-mCherry, AAV2/9-Gad1-hM4D(Gi)-mCherry, or AAV2/9-Gad1-MCS-

mCherry-33Flag was injected into PrL of mice (700 nL/site; A/P: 2.80 mm, M/L: ±0.20 mm, D/L: -1.30 mm). For fiber photometry,

an optic fiber patch cord (200-mm diameter, 0.37 NA) was unilaterally implanted into the virus injection area in the PrL. The fiber

was implanted 200 mm above the virus injection site. The fiber was secured to the skull using dental cement and a small screw.

Fiber photometry
Fiber photometry was used for recording of the activity of glutamatergic neural populations within the PrL by expressing a genetically

encoded Ca2+ indicator and implanting an optic fiber. In the fiber photometry system (ThinkerTech), a laser beam initially directed

from a 488-nm laser (OBIS 488LS; Coherent) was reflected by a dichroic mirror (MD498; Thorlabs), focused by an objective lens

(0.3 NA; Olympus). The patch cord was coupled with a free optic fiber, and GCaMP6s fluorescence was collected with an optical

commutator (Doris Lenses). Mice were habituated with fiber in a customized chamber (25320330 cm). For SC recall, each mouse

was exposed to a single 60-sec SC presentation after a 5-min habituation period, only once. For predator odor stimulation, in a single

test, each mouse was exposed to 3 presentations of odor, each lasting 30 sec, with intervals randomly ranging from 60 to 120 sec.

DF/F was calculated post hoc using the formula: DF/F=F-F1/F1-F0 for the whole experimental time, where F0 and F1 represent the

values of GCaMPs signals before and after patch cord connection to mice at the beginning of the experiment, respectively. Area

under the curve (AUC) was used to analyze the data.

Chemogenetic manipulation
For chemogenetic activation or inhibition of GABAergic neurons in the PrL, AAV2/9-Gad1-hM3D(Gq)-mCherry and AAV2/9-Gad1-

hM4D(Gi)-mCherry were injected bilaterally into the PrL of male WT and Cd177-deficient mice, respectively. The SFC procedure

was performed 4 weeks after AAV injection. CNO (1 mg/kg dissolved in saline; MCE) was delivered intraperitoneally 1 h before
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post-test to assess the effect of GABAergic neuronal activation or inhibition on the behavioral consequences mediated by IFN-g

manipulation.

Intra-cisterna magna injections
Micewere anesthetized with 1.5% isoflurane. The head of themouse was secured in a stereotaxic frame. The skin above the cisterna

magnawas cleaned and sanitizedwith iodine and 70%ethanol before a 10-mm linear incision wasmade in themidline from the top of

the skull to the neck (C2 vertebra). The muscle layer was dissected, and the deepmuscle was gently dissected with a cotton swab to

fully expose the cisterna magna. The aCSF containing antibody or cytokine was injected slowly into the cisterna magna at a rate of

2 mL/min using a hamilton syringe (coupled to a 32G needle). For IFN-g neutralization, 2.5 mg of anti-IFN-g (clone XMG1.2; Bio X cell)

or rat anti-IgG1 (clone HRPN; Bio X cell) for isotype control in 1 mL aCSF was injected. For IFN-g administration, recombinant murine

IFN-g (1 mL, 20 ng; Peprotech) or aCSF was injected. The syringe was left in place for 2 min to minimize CSF backflow. After the skin

was sutured, the mice were placed on a heating pad to recover. Behavioral procedures were performed at least 2-3 h after recovery.

Western blotting
Synaptosomeswere isolated from themouse dmPFC using Syn-PERSynaptic Protein Extraction Reagent (Thermo Fisher) according

to the manufacturer’s instructions. The synaptosomal proteins were separated on 10% SDS-PAGE gels and transferred to polyviny-

lidene fluoridemembranes (Bio-Rad). Themembranes were then incubated with 5% fat-freemilk in TBS contains 0.1% Tween-20 for

1 h at room temperature to block non-specific binding site. The target proteins were immunoblotted with primary antibody overnight

at 4�C to anti-GAD (1:3000), anti-gephyrin (1:2000) or anti-b-actin (1:2000). On the next day, the membranes were washed and incu-

bated with anti-mouse HRP or anti-rabbit HRP secondary antibody (1:4,000, 2 h at room temperature). The protein band was visu-

alized in the Bio-Rad Imager. Band intensities were quantified using Fiji (NIH).

Ex vivo whole-cell electrophysiology
Mice were deeply anesthetized and perfused with 15mL of NMDGbased ice-cold cutting solution containing 92mMNMDG, 2.5 mM

KCl, 1.25 mM NaH2PO4$H2O, 30 mM NaHCO3, 20 mM HEPES, 25 mM D-glucose, 5 mM Na-ascorbate, 3 mM Na-pyruvate, 2 mM

Thiourea, 12 mM NAC, 0.5 mM CaCl2 and 10 mM MgCl2 (with osmolarity of 295-305 mOsm/L). After decapitation, the brain was

rapidly removed and immersed in ice cold NMDG buffer oxygenated with 95% O2 and 5% CO2. Acute coronal slices (300-

400 mm) were cut on a vibratome (Leica Microsystems) and then incubated in carbogen (95% CO2/5% O2) NMDG buffer (35 �C)
to recover for 15 min. All slices were transferred into a braincubator filled with incubation buffer containing 92 mM NaCl, 2.5 mM

KCl, 1.25 mM NaH2PO4$H2O, 30 mM NaHCO3, 20 mM HEPES, 25 mM D-glucose, 5 mM Na-ascorbate, 3 mM Na-pyruvate,

2 mM Thiourea, 12 mM NAC, 2 mM CaCl2 and 2 mM MgCl2 (pH 7.4, 295-305 mOsm/L) for 1 h at room temperature (23-25 �C) prior
to recording. Then the slices were transferred out to the flow chamber filled with bubbled recording solution including 120 mMNaCl,

2.5 mM KCl, 1.25 mM NaH2PO4$H2O, 24 mM NaHCO3, 5 mM HEPES, 12.5 mM D-glucose, 2 mM CaCl2 and 2 mMMgCl2 at pH 7.4,

295-305mOsm/L. For theminiature responses, themIPSCswere recorded at holding potential of 70mV in buffer containing synaptic

blockers (20 mM CNQX, 50 mM AP5 and 0.5 mM TTX). Borosilicate glass electrodes (4-6 MU) were filled with intracellular solution

consisting of 140 mMCsCl, 0.15 mMCaCl2, 10 mMHEPES, 4.25 mMMgCl2, 0.5 mM EGTA and 4mMK-ATP, pH 7.2-7.3 with CsOH

(295-305 mOsm/L). The parameters of mIPSCs were quantified by Mini Analysis Program 6.0.3 (Synaptosoft Inc.).

Histology
To confirm DREADD-mediated neuronal activation, 1h after CNO injection, mice were lethally sedated and perfused transcardially

with ice-cold PBS. Brains were removed and fixed in 4% paraformaldehyde at 4�C for 48h before dehydration, OCT-embedding,

sectioning, and staining. The brain sections were fixed in 4% paraformaldehyde for 30 min at room temperature, and then washed

in PBS thrice (10 min each time) and used QuickBlock Blocking Buffer for Immunol Staining (Beyotime) for 1 h. Sections were incu-

bated overnight at 4�C with c-Fos (9F6) Rabbit mAb (Cell Signaling) followed by incubation with the corresponding fluorescent-con-

jugated secondary antibodies. Slides were prepared using a DAPI-containing mounting medium and imaged under a Leica DM6B

microscope.

Co-culture
CD3+ T-cells were purified from mouse spleen with the MojoSort Mouse CD3 T Cell Isolation Kit (BioLegend) according to the man-

ufacturer’s instructions. To generate immature monocyte-derived DCs (moDCs), we cultured isolated monocytes for 6 days in me-

dium supplemented with IL-4 (10 ng/mL; Peprotech) and GM-CSF (20 ng/mL; Peprotech), and the medium was changed every other

day. Purified mouse BM neutrophils (23106) were stimulated with GM-CSF (10 ng/mL) for 30 min at 37�C to prime neutrophils.28

Immature moDCs were stimulated with LPS (100 ng/mL) for 3h to induce maturation. Pre-stimulated neutrophils (at a neutrophil/

moDC ratio of 20:1) were cultured in contact with moDC-T-cell (1:10) cocultures or added to Transwell (0.4-mm pore; Corning) in

the upper chamber. After 24 h of co-culture, the cultures were collected and the proportion of IFN-g+ cells in CD3+ T-cells was

measured by flow cytometry.
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Orchidectomy
Mice were anesthetized with 1.5% isoflurane and subjected to a midline incision in the scrotum to expose the testes. The vas def-

erens and testicular vessels were ligated. The testis and epididymis were removed, and the incision was closed with sutures after

successful hemostasis. Sham surgery was performed similarly, with only the testes exposed, without ligation or removal. After sur-

gery the mice were placed on a heating pad to recover. The behavioral procedures were performed 2 weeks later.

Testosterone treatment
For testosterone replacement, following the surgery, castrated or sham mice were subcutaneously injected at the end of the light-

cycle with vehicle (corn oil with 2.5% DMSO) or testosterone enanthate (5 mg kg-1 body weight) every other day, three times a week.

In experiments assessing the acute effects of testosterone, mice received a single subcutaneous injection of testosterone (1 mg kg-1

body weight for castrated and female mice, 10 mg kg-1 body weight for male mice) or vehicle (corn oil with 2.5%DMSO) immediately

following the end of exposure to SCs or before the onset of restraint stress. For testosterone stimulation in vitro, isolated neutrophils

were seeded in a 6-well dish at a density of 53106 cells/well and incubated with10-8 M testosterone or 10-10 ET-1, separately or in

combination, for 1 h.

Hormone assays
Mouse serum was collected. Testosterone concentrations were measured by a commercially available ELISA kit (R&D Systems) ac-

cording to the manufacturer’s protocol.

Social stimuli
All experimental mice were housed individually 24 h before the start of social session. For the social intruder stimulation, mice of the

same background and sex who were unfamiliar with each other were pre-designated as either residents (experimental mice) or in-

truders. The intruder was removed from its home cage and placed in the resident’s cage for 15 min. After the 15-min interaction

ended, the intruder was removed. For mating stimulation, a conspecific of the opposite sex was placed in the cage of the experi-

mental mouse and allowed to interact for 15 min.

Restraint stress
Restraint stress was generated by placing mice into well-ventilated restraint cylinders for 15 min without squeezing. Mice were indi-

vidually restrained in home cages. In some experiments, mice were given a single subcutaneous dose of testosterone immediately

following the end of 15 min of restraint.

Socially paired exposure to acoustical threats
During the exposure of conditioned acoustical cues, social stimuli were given before the start of the second CS and until the end of

the 15th CS. Briefly, a pre-acclimatized conspecific of the opposite sex was placed in the chamber (context B) between the first CS

and the second CS until the end of the exposure. Consistent with the social paradigm, test mice were returned to context B for post-

test within 3 h after exposure. For post-test, mice were exposed to 3 presentations of the CS (at an average interval of 30 s) in the

absence of the US. Freezing behaviors (no movement other than breathing) were manually counted frame by frame by colleagues

blinded to experimental groups. Freezing (%) was calculated by dividing the freezing time by the tone duration.

Human dataset analysis
The blood microarray dataset of human fear exposure was extracted from the GSE119995 sequences of GEO, and the difference of

cell-type fraction between men and women in peripheral blood cells before and after exposure was analyzed by CIBERSORT.

In order to generate NPS, we initially obtained the upregulated DEGs in primed human neutrophils from two independent

studies,70,71 where there was relatively less intersection between the two sets of upregulated genes. As a complementary gene

set, we also compiled all the genes in the MSigDB-C5 pathways related to neutrophil function and activation. The intersection of

these gene sets contained 36 genes, which we refer to as human NPS. To identify the signatures of androgen-induced transcriptional

activation, we obtained 1168 overlapping androgen-regulated genes from 9 independent tumor cell microarray datasets.94 The up-

regulated DEGs with androgen receptor (AR)-binding domains identified and validated in an androgen stimulation study95 in non-tu-

mor cells were included as a complementary gene set. The 31 overlapping genes between the two gene sets serve as the gene signa-

ture for cellular response to androgen. Finally, we compiled 417 upregulated DEGs from 3 independent in vivo glucocorticoid

receptor (GR)-stimulated blood cell transcription studies96–98 and included 6043 upregulated DEGs identified in ex vivo GR-stimu-

lated peripheral blood mononuclear cells99 as a complementary gene set. Furthermore, 48 target genes induced by GR stimulation

fromWiki Pathways Human were also included. The intersection between the gene sets yielded 46 genes regulated positively by GR.

We refer to this gene set as the gene signature for cellular response to corticosteroid.

Gene Set Variation Analysis (GSVA) is a non-parametric, unsupervised method used to estimate the enrichment changes of gene

sets between samples in an expression dataset.88 We used the R Bioconductor opensource package gsva (version 1.40.1) to calcu-

late the enrichment scores for each sample in the gene set. GSVA was run on each dataset separately.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data are mean ± SEM. Statistical analyses were performed with GraphPad Prism 9. For comparisons across multiple groups of

defensive behavior pre- and post-exposure, either 2-way or 3-way repeated-measures ANOVA was used, and Sidak multiple com-

parisons test was used as appropriate. For the other comparisons acrossmultiple groups, either 1-way ANOVA or 2-way ANOVAwas

used to analyze data, and Tukey multiple comparisons test was used as appropriate. Direct comparisons between two groups were

tested using either an unpaired t test or paired t test, where appropriate. The datasets produced and/or analyzed in this study can be

obtained from the corresponding author upon reasonable request.

Sample sizes, test, statistics, and significance levels for each experiment are listed in Table S3. t-tests and post hoc comparisons:

ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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