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Central neurons encode interleukin-1f signals and
mediate stress-induced inflammation

Okito Hashimoto™@®, Tyler D. Hepler'*®, Aisling Tynan'@®, Alejandro Torres'®, Jian Hua Li*@®, Michael Brines'®, Kevin ). Tracey*?*®, and

Sangeeta S. Chavan*>*@®

The brain encodes and stores information about peripheral inflammation and can directly recapitulate prior inflammatory
responses. However, whether individual cytokines activate specific neural circuits to produce distinct physiological responses
remains unknown. To address this fundamental question, we mapped brain-wide responses to IL-1B and found prominent
engagement of the bed nucleus of the stria terminalis (BNST). Using targeted recombination in active populations, snRNA
sequencing, and circuit tracing, we discovered that corticotropin-releasing hormone-expressing BNST neurons encode IL-
1B signals. Chemogenetic reactivation of these neurons precisely recapitulates the physiological signatures of IL-1B exposure
with increased circulating IL-6 and corticosterone and tachycardia. These responses require a defined BNST->paraventricular
nucleus->rostral ventrolateral medulla—p receptor adrenergic signaling pathway. Critically, restraint stress also activates
these BNST IL-1B-encoding neurons to generate the same physiological responses. Our findings establish how a single
inflammatory mediator uses a precise neural circuit to activate systemic responses and provide mechanistic insight into the
neuroimmune interactions underlying stress-related psychiatric and inflammatory diseases.

Introduction

The brain continuously monitors peripheral inflammatory
states and coordinates adaptive physiological responses to opti-
mize host defense, protect against tissue injury, and promote
recovery (Dantzer, 2018; Kipnis, 2018; Pavlov et al., 2018;
Sammons et al., 2024). Through specialized sensory pathways,
including the vagus nerve, the central nervous system receives
information about inflammatory mediators and responds by
orchestrating sickness behaviors and immunomodulatory re-
sponses (Maier et al., 1998; Salvador et al., 2021; Silverman et al.,
2023). This bidirectional communication between the nervous
and immune systems operates through discrete neural circuits
that maintain homeostatic control over inflammatory processes,
preventing both inadequate responses to threats and excessive
inflammation that damages healthy tissue.

Among the molecular messengers that link peripheral in-
flammation to central neural responses, cytokines serve as
critical signaling molecules that inform the brain about the na-
ture and magnitude of inflammatory challenges (Salvador et al.,
2021). We and others have demonstrated that specific cytokines
activate distinct populations of vagus sensory neurons in a
cytokine-specific manner, transmitting signals that inform the
brain of emerging inflammatory states (Huerta et al., 2025; Jin

et al., 2024; Steinberg et al., 2016; Zanos et al., 2018). This
cytokine-specific neural communication represents a funda-
mental mechanism by which the brain encodes information
about peripheral immune challenges and subsequently modu-
lates systemic inflammatory responses through efferent neural
pathways.

IL-1B, a pivotal inflammatory mediator, acts both locally to
amplify immune responses and systemically to signal the brain
via specific neural pathways. Peripheral administration of IL-13
elicits characteristic sickness behaviors including fever, reduced
food intake, and cardiovascular changes, which are abrogated by
IL-1 receptor antagonists or vagotomy, demonstrating vagus
nerve dependence of these responses (Gaykema et al., 2000;
Goehler et al., 2000; Maier et al., 1998; Watkins et al., 1995).
Previous work from our laboratory established the inflamma-
tory reflex, a neural circuit wherein vagal sensory neurons de-
tect inflammatory mediators and relay this information to
brainstem nuclei, which in turn activate efferent pathways that
terminate in the spleen to suppress cytokine production
(Borovikova et al., 2000; Chavan et al., 2017; Kressel et al., 2020;
Rosas-Ballina et al., 2008; Tracey, 2002; Zanos et al., 2018). This
prototypical neuroimmune circuit demonstrates how peripheral
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inflammatory signals are encoded in neural activity and trans-
lated into precise physiological responses. However, the circuit
organization for specific cytokines, like IL-1B, and the specific
neural populations responsible for encoding cytokine-specific
information, have not been defined.

The bed nucleus of the stria terminalis (BNST) represents a
compelling candidate brain region for cytokine signal integra-
tion and stress response coordination (Dantzer et al., 2008; Kim
et al., 2013). This neurochemically diverse structure contains
multiple GABAergic and glutamatergic neuronal subtypes, each
expressing distinct neuropeptides, including corticotropin-
releasing hormone (CRH), which plays central roles in orches-
trating stress responses (Lebow and Chen, 2016; Ortiz-Juza et al.,
2021). The BNST receives inputs from multiple brain regions
involved in threat detection and stress processing and projects to
hypothalamic and brainstem areas that coordinate physiological
stress responses (Barbier et al., 2021; Dabrowska et al., 2016;
Huang et al., 2021). Importantly, CRH-expressing BNST neurons
have been implicated in cardiovascular responses to stress and in
anxiety-related behaviors, suggesting they may serve as critical
integrators of inflammatory and psychological stressors (Nijsen
et al., 2001).

Here we used targeted recombination in active populations
(TRAP) and whole-brain serial two-photon tomography (STPT)
to map IL-1B-responsive neurons. Single-nucleus RNA sequenc-
ing (snRNA-seq) identified CRH-expressing neurons in the BNST.
Chemogenetic reactivation of these CRH* BNST neurons re-
capitulates the physiological signature of IL-1f, including cardi-
ovascular changes and cytokine production. These neurons
respond to both inflammatory and psychological stressors and are
required for stress-induced inflammatory responses through a
BNST—sparaventricular nucleus—f receptor adrenergic pathway,
revealing cytokine-responsive neural circuits as fundamental
organizing principles of neuroimmune communication.

Results

IL-1B activates discrete brain regions with prominent BNST
engagement

Systemic IL-18 administration induces characteristic physio-
logical responses, including alterations in core body tempera-
ture, heart rate, circulating cytokines, and corticosterone levels.
We confirmed that i.p. injection of IL-1B (5 ug/kg) in mice elicits
significant changes across these physiological responses within
2 h (Fig. S1, A-F). To systematically map brain regions activated
by peripheral IL-18, we employed TRAP methodology combined
with whole-mount STPT. TRAP2-tdTomato mice were injected
with 4-hydroxytamoxifen (4-OHT) followed by either IL-1B or
vehicle (PBS), resulting in permanent tdTomato labeling of IL-
1B-activated neurons. STPT imaging generated complete 290-
section coronal datasets that were analyzed using automated
cell counting algorithms (Fig. 1 A). IL-1B administration acti-
vated multiple brain regions with established roles in inflam-
matory signaling, including the nucleus tractus solitarius, the
paraventricular nucleus of the hypothalamus (PVN), and the
BNST (Fig. 1, Band C; and Fig. S1 G). Notably, the BNST exhibited
the most robust activation following IL-1B exposure as compared
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with control conditions, primarily within the dorsal region
(Fig. 1 C).

IL-1B-responsive BNST neurons recapitulate complete IL-1B
physiological responses

To determine whether BNST neurons encode IL-1B-specific in-
formation, we combined TRAP methodology with chemogenetic
reactivation. IL-1B-responsive BNST neurons were captured
using bilateral stereotaxic injection of Cre-dependent hM3Dg-
mCherry AAV followed by IL-1B administration (Fig. 1 D). Viral
targeting specificity was confirmed through postmortem analysis
of mCherry expression co-localized with c-Fos activation fol-
lowing clozapine N-oxide (CNO) administration (Fig. 1 E). Che-
mogenetic reactivation of IL-13-TRAPed BNST neurons with CNO
precisely reproduced the physiological signature of systemic IL-
1B exposure. These manipulations induced significant hypo-
thermia, with core body temperature decreasing over 6 h (Fig. 1, F
and G), concurrent tachycardia lasting 60 min (Fig. 1, H and I),
and significant increases in circulating IL-6 (from 26.2 + 8.3 to
275.5 + 74.1 pg/ml) and corticosterone levels (Fig. 1, ] and K). These
responses were indistinguishable from those produced by pe-
ripheral IL-1B administration (Fig. S1, A-F), demonstrating that
IL-1B-responsive BNST neurons are sufficient to activate the
physiological program triggered by this cytokine. Importantly, CNO
alone did not change serum IL-6 levels and heart rate (Fig. S1, Hand
I). To assess whether these neurons are required for IL-1B re-
sponses, we genetically ablated IL-13-TRAPed BNST neurons using
Cre-dependent diphtheria toxin A (dtA) virus (Fig. S2 A). Targeted
ablation significantly attenuated IL-1B-induced tachycardia (Fig. S2
B) while leaving temperature, cytokine, and corticosterone re-
sponses intact (Fig. S2, C-E), indicating that BNST neurons are
specifically required for this cardiovascular component of IL-
1B responses, with parallel pathways mediating other physio-
logical effects of systemic administration of IL-1p.

CRH-expressing BNST neurons mediate IL-1B-specific
physiological responses
The BNST contains neurochemically diverse cell populations
that coordinate distinct aspects of stress and anxiety responses
(Ortiz-Juza et al., 2021). To identify which BNST neuronal sub-
types mediate IL-1B responses, we performed snRNA-seq of the
entire BNST, capturing 11,564 individual cells with neuronal and
five nonneuronal populations (Fig. S3 A). Louvain clustering
analysis revealed 17 distinct neuronal clusters (9,348 neurons
total) (Fig. 2 A). As expected, GABAergic neurons (Slc32al/Vgat
expressing) comprised the vast majority of BNST cells compared
with glutamatergic neurons (Slcl7a6/Vglut2 expressing) (Fig. 2
B). Analysis of neuropeptide expression patterns identified four
major BNST neuronal subtypes: crh, somatostatin (sst), prody-
norphin (pdyn), and preproenkephalin (penk)-expressing pop-
ulations (Fig. 2 B and Fig. S3 B). To determine whether specific
subsets mediate IL-1B responses, we performed chemogenetic
activation experiments using Cre-dependent hM3Dg-mCherry
virus in corresponding transgenic mouse lines.

Selective activation revealed distinct physiological profiles
across BNST neuronal subtypes. Sst* and pdyn+ neurons
induced robust tachycardia and corticosterone responses but no

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20252000

920z Yo1e 60 U0 3senb Aq 4pd-0002520Z Wel/z8y.z0z/000252028/v/czz/Hpd-joe/wal/Bio sseidnyj/:dpy wouy papeojumoq

20f 16



A 290 Sections

C Bregma 0.14

Ventral BNST

Dorsal BNST

D

AAV-hSyn-DIO-hM3D-
mCherry

4-OHT

-

40 Injection

w
®

v

Core Body Temperature (°C)
w
(=3}

30

IL-1B

—CNO ()
—CNO (+)

-1 0+ +2

+I3

4

Time (hours)

+

+‘5

)
o

A Minimum Core Body Temperature (°C)
)

'
o]

.

+6

o)

2500

2weeks o minutes g 1week p 2hours  serumy A )
— . Brain \ il
by N N s ¢ Collection S 2

- N
o =1
1 1

tdTomao(+) cells

CNO Bregma 0.14
or

Saline

1004 — CNO (-
Injection * [ — CNO 8)
|
—_ |
£ |
é.,. 50 |
14
I
<
oﬂwp. WA V‘"VWW
1
]
i
1
-50 ; \ . . | |
-10 +0 +0 +20 +30 +40 +50 +60
Time (min)

A HR AUC (bpm-min)

A

Ventral BNST
25+ ]

* PBS
- Fookk ** Hohk o -t °|L-1B
3 2000
o
3 1500
(8]
£ 1000
g s
o _ . +
Eal M 4 & .1 L g
| i .I.I u:.l'“" i G de.
PBNc LC AP NTS RVLM
Region

Dorsal BNST

60 Kkokkk
0
]
o
—~ 40
X
[]
©
€ 20
£ O
2 %

J 1000, i
£ 800
o
2
600+
@
= .
400
E .
B L]
& 200 ”
(]
(- o=t

CNO - +

*
6000 400,
T E
L] =]
[} c
4000 ;’ 300
: 5
. s
2000 @ 200
T . 8
3 £
O ° 8
100+
o Dl | N | — £
2 N
-2000 ;
CNO - + CNO

T T

- +

Figurel. Distinct neuronal populations in the BNST recapitulate IL-1f responses. (A) STPT of the whole mouse brain of TRAP2-tdTomato mice. Top lane:
overview of the STPT data acquisition and registration; middle lane: representative coronal sections; and bottom lane: areas showing tdTomato* neuronal cell

Hashimoto et al.

CRH* BNST neurons encode IL-1B signals

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20252000

920z Yo1e 60 U0 3senb Aq 4pd-0002520Z Wel/z8y.z0z/000252028/v/czz/Hpd-joe/wal/Bio sseidnyj/:dpy wouy papeojumoq

30f16



22 JEM
QD D
03'-

bodies. (B) tdTomato* cell count in indicated brain region in IL-1B (5 pg/kg; n = 6) and PBS-injected groups (n = 6). PVT, paraventricular nucleus of the thalamus;
PBNc, parabronchial nucleus complex; LC, locus coeruleus; AP, area postrema; NTS: nucleus of the tractus solitarius. Data are represented as individual mouse
data points with mean + SEM. This experiment was completed once. One-way ANOVA with Tukey’s multiple comparison test. (C) Representative images
showing immunofluorescence staining of the labeled cells (tdTomato, red) co-stained with DAPI (blue) in the BNST. tdTomato* cell count in the dorsal and
ventral BNST regions after exposure to IL-1B. Data are represented as individual mouse data points pooled from two independent experiments. Unpaired t test.
Scale bar, 100 um. (D) Schematic of TRAPing IL-13-responsive BNST neurons and their reactivation in TRAP2 mice. (E) Representative images of BNST showing
Gq-DREADD-mCherry-expressing cells (red) co-stained with c-Fos (green) after CNO administration. Scale bar, 20 pum. (F) Core body temperature for 6 h after
reactivation with saline (black) as a control or CNO (red). (G) Minimum change in core body temperature at 1 h after injection. Data are represented as individual
mouse data points pooled from two independent experiments. Unpaired t test. (H) AHR for 60 min after reactivation of IL-13-TRAPed neurons with saline
(black) or CNO (red). Saline, n = 8 mice; CNO, n = 10 mice, mixed-effects analysis with Sidék correction. (I) AUC of AHR after reactivation. Data are represented
asindividual mouse data points from three independent experiments. Unpaired t test. (J and K) Serum levels of IL-6 and corticosterone at 2 h after saline or CNO
administration. Data are represented as individual mouse data points pooled from three independent experiments. Unpaired t test. *P < 0.05, **P < 0.01, ***P <

0.001, and ****P < 0.0001. Box and whisker plots show the minimum, maximum, median, and 25th and 75th percentiles.

IL-6 response, while penk® neurons triggered IL-6 elevation
without affecting heart rate (Fig. 2, C-E). Remarkably, Crh*
neuron activation precisely recapitulated the dual cardiovascu-
lar and inflammatory responses observed with IL-13-TRAPed
neuron reactivation: significant increases in both heart rate
and circulating IL-6 levels (Fig. 2, C and D). Immunohisto-
chemical analysis confirmed CRH expression in IL-13-TRAPed
BNST neurons (Fig. S3 C), establishing CRH* BNST neurons as
the specific population that encodes IL-1B information and or-
chestrates its physiological responses.

Adrenergic signaling mediates CRH* BNST neuron effects
Inflammatory stressors activate catecholamine release through
sympathetic and adrenal pathways (Goldstein, 2021; Nance and
Sanders, 2007). Prior work (Morimoto et al., 1992) has shown
that IL-1B administered i.p. within the range used in our experi-
ments (5 pg/kg) increased circulating norepinephrine and acti-
vated tachycardia. Further, Mota and Madden (2022) have shown
that the neural circuits controlling the response of core body
temperature, cutaneous responses, and heart rate depend upon
activation of the sympathetic nervous system. Based on these
prior observations, we hypothesized that the tachycardia induced
following direct chemoactivation of IL-1B-responsive BNST neu-
rons depends upon catecholaminergic activation. To determine
whether IL-1B-responsive BNST neurons utilize adrenergic sig-
naling, we performed chemogenetic reactivation experiments in
the presence of B-adrenergic receptor (AR) antagonists. Both IL-
1B-TRAPed BNST neurons (Fig. 3, A-E) and CRH* BNST neurons
(Fig. 3, F-J) produced identical results: propranolol (5 mg/kg i.p.;
B1/B2 AR antagonist) completely blocked both tachycardia and
IL-6 responses, while SR59230A (5 mg/kg i.p.; B3 AR antagonist)
had only a minor effect. Neither antagonist affected corticosterone
responses, indicating that different signaling pathways mediate
distinct components of the IL-1B response pattern. Together with
the above results, these findings demonstrate that CRH* BNST
neurons activate cardiovascular and inflammatory responses
through B1/B2-adrenergic signaling, contrasting with previous
reports of B3-adrenergic dependence for stress-induced cytokine
production (Qing et al., 2020).

BNST->PVN->rostral ventrolateral medulla neural circuitry is
essential for IL-1P responses

The PVN serves as a critical integration hub for stress responses,
coordinating autonomic, endocrine, and inflammatory outputs

Hashimoto et al.
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(Poller et al., 2022). To investigate whether IL-1B-responsive
BNST neurons function through BNST-PVN connectivity, we
performed comprehensive circuit mapping using multiple viral
tracing strategies. As expected, anterograde tracing with Cre-
dependent EYFP and synaptophysin-mRuby in IL-13-TRAPed
BNST neurons revealed robust fiber projections and synaptic
terminals throughout the PVN, but no projections from PBS-
TRAPed BNST neurons (Fig. 4, A and B). Transsynaptic con-
nectivity was confirmed using dual viral approaches (Fig. 4 C):
Cre-dependent Flp expression in IL-13-TRAPed BNST neurons
combined with Flp-dependent EYFP in the PVN-labeled axonal
projections in the rostral ventral lateral medulla (RVLM) but not
to the NTS, as well as postsynaptic PVN targets (Fig. 4 D). Ad-
ditionally, we confirmed that reactivation of IL-1B-responsive
BNST neurons results in c-Fos expression in the RVLM (Fig. 4
E). To test functional connectivity, we selectively targeted
PVN neurons receiving IL-1B-responsive BNST inputs using
Cre-dependent Flp in the BNST and Flp-dependent hM3Dg-
mCherry in the PVN (Fig. 4, F and G). Chemogenetic activation
of these BNST-connected PVN neurons reproduced key elements
of IL-1B responses, including increased heart rate, circulating
IL-6, and corticosterone levels (Fig. 4, H-K), demonstrating that
the BNST-PVN pathway is sufficient to drive IL-1B-like physi-
ological responses.

To establish necessity of these functional circuits, we ablated
IL-1B-responsive PVN neurons with bilateral stereotaxic injec-
tion of Cre-dependent dtA virus while preserving BNST neurons
for reactivation. This circuit-specific disruption completely
abolished BNST-mediated increases in IL-6, heart rate, and
corticosterone (Fig. 5, A-F), proving that PVN signaling is re-
quired for IL-1B-responsive BNST neuron function. We further
tested this circuit requirement using CRH-specific manipu-
lations. Genetic ablation of CRH+ PVN neurons while activating
CRH* BNST neurons significantly attenuated all physiological
responses (Fig. 5, G-L), establishing that CRH* BNST-PVN sig-
naling constitutes an essential neural circuit for IL-1B-mediated
cardiovascular, inflammatory, and stress responses.

IL-1B-responsive BNST neurons are also necessary for
restraint stress responses

Given the established role of BNST in stress processing (van de
Poll et al., 2023) and the overlap between inflammatory and
psychological stress responses, we hypothesized that IL-1B-
responsive BNST neurons might also mediate responses to
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Figure2. Characterization of BNST cells. (A) snRNA-seq cataloging neuronal clusters in the BNST. A uniform manifold approximation and projection (UMAP)
plot of transcriptomic data identified 17 neuronal clusters. This experiment was completed once. (B) Dot plots of average expression of Slc17a6 (Vglut2;
glutamatergic neuronal marker), Slc32a1 (Vgat: GABAergic neuronal marker), corticotropin-releasing crh, sst, pdyn, and penk-expressing populations. Dot size:
percent of cells in cluster and color: average expression levels. (C) AHR for 60 min after activation of CRH*, SST*, PDYN*, or PENK* BNST neurons with saline
(black) as a control or CNO (red) (crh-cre; saline, n = 5 mice, CNO, n = 5 mice, sst-cre; saline, n = 5 mice, CNO, n = 5 mice, pdyn-cre; saline, n = 5 mice, CNO,n =5
mice, penk-cre; saline, n = 3 mice, CNO, n = 3 mice, mixed-effects analysis with Sidak correction). (D) Serum IL-6 levels at 2 h after activation with saline or CNO
of CRH*, SST*, PDYN*, or PENK* BNST neurons. (E) Serum corticosterone levels at 2 h after activation with saline or CNO of CRH*, SST*, PDYN*, or PENK*
BNST neurons. Data are represented as individual mouse data points pooled from two independent experiments. Unpaired t test. *P < 0.05, **P < 0.01.
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Figure 3. Adrenergic signaling mediates CRH* BNST neuron effects. (A) Schematic for chemogenetic activation of IL-1B-responsive BNST neurons in
TRAP2 mice. (B) Serum IL-6 levels at 2 h after reactivation with AR blockers (propranolol, SR59230A; both administered at 5 mg/kg i.p.). Data are represented as
individual mouse data points pooled from two independent experiments. One-way ANOVA, Tukey’s multiple comparison test. (C) AHR for 60 min after
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reactivation of IL-1B-responsive BNST neurons with DMSO (black) as a control, propranolol (red), or SR59230A (blue) (DMSO, n = 5 mice; propranolol, n = 5
mice; SR59230A, n = 5 mice, mixed-effects analysis with Sidak correction). (D) AUC of AHR after reactivation of IL1-responsive BNST neurons with AR blockers.
Data are represented as individual mouse data points pooled from two independent experiments. One-way ANOVA, Tukey’s multiple comparison test. (E)
Serum corticosterone levels at 2 h after reactivation of IL1-responsive BNST neurons with AR blockers. Data are represented as individual mouse data points
pooled from two independent experiments. One-way ANOVA, Tukey’s multiple comparison test. (F) Schematic for pharmacogenetic activation of BNST
neurons in crh-cre mice. (G) Serum IL-6 levels at 2 h after activation of CRH-positive BNST neurons with AR blockers in crh-cre mice. (H) AHR for 60 min after
activation of CRH+ BNST neurons with DMSO (black) as a control, propranolol (red), or SR59230A (blue) (DMSO, n = 4 mice; propranolol, n = 5 mice; SR59230A,
n = 5 mice, mixed-effects analysis with Sidak correction). (1) AUC of AHR after activation with AR blockers in crh-cre mice. Data are represented as individual
mouse data points pooled from two independent experiments. One-way ANOVA, Tukey’s multiple comparison test. (J) Serum corticosterone levels at 2 h after
activation of CRH-positive BNST neurons with AR blockers in crh-cre mice. Data are represented as individual mouse data points pooled from two independent

experiments. One-way ANOVA, Tukey’s multiple comparison test. *P < 0.05; **P < 0.01.

psychological stressors. Acute restraint stress (4 h) produces
physiological responses identical to IL-1p administration: tach-
ycardia, elevated IL-6, and increased corticosterone (Fig. S4, A-
E). Furthermore, acute restraint stress also strongly induced
neuronal activity in the BNST regions (Fig. S4 F). We found that
IL-1B stimulation activated the same BNST neurons activated by
acute restraint stress (Fig. S4 G). Genetic ablation of IL-1B-
TRAPed BNST neurons significantly reduced restraint stress
responses, decreasing IL-6 levels by 67% and heart rate re-
sponses by 94% while preserving corticosterone elevation
(Fig. 6, A-E). Importantly, baseline heart rate remained unaf-
fected (Fig. S5 A), indicating specific roles in stress-induced
rather than basal cardiovascular regulation. Parallel experi-
ments using CRH* BNST neuron ablation yielded identical re-
sults: eliminated inflammatory and cardiovascular responses to
restraint stress while preserving HPA axis activation (Fig. 6, F-J),
while baseline heart rate was similarly unaffected (Fig. S5 B).
These findings reveal that IL-1B-responsive CRH* BNST neurons
serve as a convergent neural population that encodes both in-
flammatory cytokine signals and psychological stress, translat-
ing these inputs into shared cardiovascular and inflammatory
output patterns while maintaining distinct pathways for gluco-
corticoid responses.

Discussion

These findings establish the first cytokine-specific neural circuit
with defined physiological readouts, demonstrating that CRH-
expressing neurons in the BNST encode IL-1B signals and or-
chestrate precise cardiovascular and inflammatory responses
through a BNST->PVN—RVLM->p receptor adrenergic pathway.
Our results reveal that these same neurons serve as a convergent
integration point for both inflammatory cytokine signals and
psychological stress, providing a mechanistic foundation for
understanding how immune challenges and stress converge on
shared physiological outputs while maintaining circuit speci-
ficity for distinct response components.

The identification of CRH* BNST neurons as IL-1B-responsive
elements aligns with decades of research establishing these
neurons as master regulators of stress responses and autonomic
function (Hammack et al., 2021; Horvath et al., 2023; Maguire,
2014). The extensive CRH literature has consistently demon-
strated that BNST CRH* neurons integrate multiple stressors
and coordinate complex physiological outputs, including cardio-
vascular responses, anxiety behaviors, and neuroendocrine
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activation (Laryea et al., 2012; Silberman and Winder, 2013). Our
finding that BNST is the most prominently activated region
identified in whole-brain mapping following IL-1B administra-
tion was initially surprising, given the established focus on
brainstem circuits in neuroimmune signaling (Ilanges et al.,
2022; Jin et al., 2024). However, our subsequent demonstra-
tion that chemogenetic activation of these IL-1B-responsive
BNST neurons produces tachycardia validates this established
framework while extending it to encompass inflammatory sig-
naling. Previous studies showing CRH* BNST neurons regulate
heart rate during psychological stress (Nijsen et al., 2001) di-
rectly parallel our observations of IL-1B-induced cardiovascu-
lar responses, suggesting these neurons represent a conserved
circuit architecture for threat detection and physiological
mobilization.

The BNST-PVN circuit we define operates through estab-
lished neural pathways that have been extensively characterized
in stress neurobiology. CRH* BNST neurons project robustly to
the PVN, where they influence both autonomic outflow and
hypothalamic-pituitary-adrenal axis activation (Aguilera and
Liu, 2012; Becker, 2018). Our demonstration that this circuit is
both necessary and sufficient for IL-1B responses provides a
mechanistic basis for the long-recognized overlap between
stress and inflammatory physiology. In addition to the critical
role of the PVN in stress responses, it is well known that stress
also activates the sympathetic nervous system via the RVLM as a
central control point to increase sympathetic outflow to control
multiple physiological functions, e.g., cardiac function (Lamotte
et al., 2021). As prior work has shown that IL-1B administration
causes the release of norepinephrine, our observations have
identified a neural circuit whereby IL-1B-responsive neurons
residing within the BNST initiate an adrenergic response.

Unexpectedly, the pharmacological experiments revealed
that IL-1B-responsive circuits depend predominantly on 1/B2-
adrenergic signaling rather than a 3 pathway, contrasting with
a previous report of B3-adrenergic dependence for stress-
induced cytokine production by brown adipose tissue (Qing
et al., 2020). The observation that the B3 antagonist SR59230A
exhibits partial efficacy in blocking the effects of IL-1B on heart
rate and IL-6 production may indicate the existence of an al-
ternative pathway remaining to be defined. Alternatively, this
effect could result from an incomplete B3 specificity for
SR59239A, as prior work has shown a reduction in heart rate
following systemic injection of this molecule in the amounts
used in this study (Gill et al., 2012). Further work is required to
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Figure 4. BNST-PVN-RVLM neural signaling mediates IL-1B-induced changes in heart rate and IL-6. (A) Schematic for anterograde tracing of axonal
projections and terminals from PBS-TRAPed or IL-13-TRAPed BNST neurons. The AAV-hSyn-FLEx-mGFP-2A-synaptophysin-mRuby was injected into the
BNST of TRAP2 mice. (B) Representative image for GFP* axons and mRuby* terminals in the PVN of PBS-TRAPed or IL-13-TRAPed mice. The rightmost panel
shows a higher-magnification view of the PVN in IL-1B-TRAPed mice. Arrowheads show regions with co-localization of mRuby and EYFP. Scale bars, 100 um.
(C) Schematic for anterograde tracing of IL-13-TRAPed BNST neurons connected with PVN neurons. The AAV-pEF1a-DIO-FLPo-WPRE-hGHpA was injected
into the BNST, and the AAV-Efla-fDIO-EYFP was injected into the PVN of TRAP2 mice. (D) Representative image for EYFP expression in the PVN, RVLM, and
NTS. Arrowheads show neurons, and arrows show axonal projections with expression of EYFP. Scale bar, 100 um for the PVN and RVLM. Scale bar, 200 um for
the NTS. (E) c-Fos expression in the RVLM after reactivation with saline as a control or CNO of IL-1B-responsive BNST neurons. Scale bar, 100 pm. (F)
Schematic for activating the BNST-PVN neural pathway. The AAV-pEFla-DIO-FLPo-WPRE-hGHpA was injected into the BNST, and the AAV-hSyn-fDIO-
hM3D(Gg)-mCherry-WPREpA was injected into the PVN of TRAP2 mice. (G) Representative image of PVN showing Gq-DREADD-mCherry-expressing cells
(red). Scale bar, 100 pm. (H) Serum IL-6 levels at 2 h after reactivation with saline as a control or CNO of the BNST-PVN neuronal pathway. Data are
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represented as individual mouse data points pooled from two independent experiments. Unpaired t test. (1) AHR for 60 min after reactivation of the BNST-PVN
neuronal pathway: saline (black) or CNO (red) (saline, n = 7 mice; CNO, n = 10 mice, mixed-effects analysis with Sidk correction). (J) AUC of AHR after re-
activation. Data are represented as individual mouse data points pooled from two independent experiments. Unpaired t test. (K) Serum corticosterone levels at
2 h after reactivation of the BNST-PVN neuronal pathway. Data are represented as individual mouse data points pooled from two independent experiments.

Unpaired t test. *P < 0.05; **P < 0.01.

determine whether one of these possibilities may explain the
current observations.

Additional prior work has also shown that restraint or hy-
poxic stress activates vasopressin- and IL-6-producing magno-
cellular neurons located in the PVN and supraoptic nuclei to
release IL-6 directly into the systemic circulation via the neu-
rohypophysis (Jankord et al., 2010). Our study identifies the
BNST as the upstream component of this neural circuit, which
utilizes a different § receptor AR for signaling than does brown
adipose tissue. These two different sources of IL-6 activated by
stress highlight the specificity of cytokine-responsive circuits
within the broader stress architecture and answer a long-
standing question about how different stressors might engage
distinct downstream effector mechanisms despite activating
overlapping central neural populations.

These findings position IL-1B-responsive CRH* BNST neu-
rons within a hierarchical organization of neuroimmune circuits.
Peripheral inflammatory signals detected by cytokine-sensitive
vagal afferents are relayed to brainstem nuclei, which in turn
activate forebrain circuits, including the BNST. This central
processing layer integrates inflammatory information with other
threat-related signals before activating downstream effector
pathways that coordinate systemic responses. A particularly
striking result was our discovery that among the four major
neuropeptide-expressing BNST populations we examined, only
CRH+ neurons could recapitulate both the cardiovascular and
inflammatory components of IL-1B responses. While SST* and
PDYN* neurons induced tachycardia and PENK* neurons ele-
vated IL-6, the unique dual capability of CRH* neurons reflects
their established role in orchestrating multisystem stress re-
sponses and provides definitive evidence that inflammatory
signals specifically engage the neural machinery evolved for
comprehensive threat responses.

These results further reveal that IL-1B-responsive CRH*
BNST neurons function as a neural engram for inflammatory
memory, consistent with recent advances in understanding how
specific experiences are encoded in discrete neural populations
(Gogolla, 2021; Koren et al., 2021). Similar to classical memory
engrams that can be reactivated to retrieve behavioral responses
in the absence of original stimuli, chemogenetic reactivation of
IL-1B-TRAPed neurons produces the complete physiological
signature of cytokine exposure without peripheral IL-18 admin-
istration. The precision of this recall was remarkable: reactiva-
tion produced a 10-fold increase in circulating IL-6 along with
hypothermia, tachycardia, and elevated corticosterone, re-
sponses that were indistinguishable from those produced by
peripheral IL-1B administration. This represents a form of an
“immune engram” where inflammatory experiences are en-
coded in neural circuits and can be recalled through specific
population reactivation, extending the engram concept beyond
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traditional learning and memory paradigms to encompass
physiological state representations (Koren and Rolls, 2022).

This organization follows principles of labeled line coding,
where specific sensory inputs are processed through dedicated
neural pathways that maintain signal fidelity from periphery to
central representation. This framework aligns with the Zuker
group’s recent demonstration that discrete populations of vagal
sensory neurons exhibit cytokine-specific responses, with in-
dividual nodose ganglia neurons selectively encoding IL-1, TNF,
and IL-10 through distinct neural activity patterns that relay
inflammatory information to brainstem nuclei (Jin et al., 2024).
Our present results reveal that IL-1B engages a dedicated fore-
brain circuit downstream of this vagal-brainstem axis, ensuring
that inflammatory cytokine signals maintain their specificity
throughout neural processing and enabling precise physiological
responses tailored to specific immune challenges.

These findings provide a mechanistic foundation for under-
standing the bidirectional relationship between inflammation
and stress disorders. The convergence of inflammatory and
psychological stress signals on identical neural populations of-
fers a circuit-level explanation for why inflammatory diseases
are associated with increased rates of depression and anxiety
and why psychological stress exacerbates inflammatory con-
ditions (Prescott and Angus, 2018; Song et al., 2018). Perhaps the
most clinically relevant finding was our demonstration that
genetic ablation of IL-1B-responsive BNST neurons dramatically
reduced restraint stress responses, decreasing IL-6 levels by 67%
and heart rate responses by 94% while preserving corticosterone
elevation. This dissociation addresses a fundamental question in
stress biology by showing that inflammatory and glucocorticoid
responses are mechanistically separated, suggesting that tar-
geted interventions affecting BNST function might modulate
pathological inflammation without necessarily disrupting adap-
tive stress responses mediated through parallel circuits. Finally, it
should be noted that in contrast to the large effects following
ablation of IL-1B-responsive BNST neurons on restraint stress-
induced heart rate and IL-6 changes (Fig. 6), only the heart rate
response was affected following administration of IL-1B (Fig. S2).
This discordant result is likely explained by the fact that sys-
temically administered IL-1B interacts with multiple nonnervous
system targets, whereas restraint stress acts centrally to increase
IL-1B within the brain (Shintani et al., 1995) and does not lead to
IL-1B increases in the periphery (Qing et al., 2020).

One remaining issue concerns the electrophysiology of the
BNST-PVN circuit. Namely, the vast majority of CRH* BNST
neurons are of an inhibitory GABAergic phenotype (Dabrowska
et al., 2013) (Fig. 2 B), and how these could provide excitatory
input to the PVN is currently unclear. There are several possible
explanations. First, and more likely, a small minority (~3%) of
BNST neurons are glutamatergic (Ortiz-Juza et al., 2021), and
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Figure 5. PVN signaling is necessary for mediating the effects of IL-1B-responsive BNST neurons. (A) Schematic for chemogenetic reactivation of IL-1B-
responsive BNST neurons with ablation of IL-1B-responsive PVN neurons in TRAP2 mice. (B) Representative images showing IL-1B-responsive PVN neurons
(c-Fos expression in green) after CNO administration in control dtA (-) and IL-1B-responsive neuron-ablated dtA (+) mice. Scale bar, 100 um. (C) Serum IL-6
levels at 2 h after reactivation in naive mice, the control group, and with ablation of IL-1B-responsive PVN neurons. Data are represented as individual mouse
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data points pooled from three independent experiments. One-way ANOVA, Tukey’s multiple comparison test. (D) AHR for 60 min after reactivation of IL-1B-
responsive BNST neurons with and without ablation of IL-1B-responsive PVN neurons: control (black) or dtA (red) (control, n = 5 mice; dtA, n = 5 mice, mixed-
effects analysis with Sidak correction). (E) AUC of AHR after reactivation. Data are represented as individual mouse data points pooled from two independent
experiments. Unpaired t test. (F) Serum corticosterone levels at 2 h after reactivation in naive mice, the control group without ablation, and with ablation of IL-
1B-responsive PVN neurons. Data are represented as individual mouse data points from three independent experiments. One-way ANOVA. (G) Schematic for
chemogenetic activation of CRH* BNST neurons with ablation of CRH* PVN neurons in crh-cre mice. (H) Representative images showing the expression of c-Fos
(green) in the PVN after CNO administration in control dtA (-) and CRH+ PVN neuron-ablated dtA (+) mice. Scale bar, 100 um. (1) Serum IL-6 levels at 2 h after
reactivation in crh-cre naive mice, control mice without ablation, and mice with ablation of CRH* PVN neurons. Data are represented as individual mouse data
points pooled from two independent experiments. One-way ANOVA, Tukey’s multiple comparison test. (J) AHR for 60 min after chemogenetic activation of
CRH* BNST neurons with ablation of CRH* PVN neurons: control (black) or dtA (red) (control, n = 5 mice; dtA, n = 7 mice, mixed-effects analysis with Sidak
correction). (K) AUC of AHR after reactivation in crh-cre mice. Data are represented as individual mouse data points pooled from two independent experiments.
Unpaired t test. (L) Serum corticosterone levels at 2 h after reactivation in crh-cre naive mice, control group without ablation, and with ablation of IL-1B-
responsive PVN neurons. Data are represented as individual mouse data points pooled from two independent experiments. One-way ANOVA. *P < 0.05 and

**P < 0.01.

these could mediate the observed effect of activation of PVN-
mediated stress responses by BNST neurons. A second poten-
tial explanation could be that GABAergic BNST projections may
disinhibit PVN excitatory neurons through inhibition of local
inhibitory interneurons, yielding net excitation despite inhibi-
tory neurotransmission. This mechanism has precedent in multiple
brain neural pathways (Letzkus et al., 2015; Myers-Joseph et al.,
2024; Wang et al., 2021). A third possibility could be that CRH re-
lease from BNST terminals may modulate PVN activity and neu-
roimmune output independent of GABA, as both CRH and urocortin
can modulate PVN targets. Importantly, it is known that CRH can
exert context-dependent pro-inflammatory or anti-inflammatory
actions and well-described excitatory effects on PVN neurons
through CRHRI1 (Agelaki et al., 2002; Wik et al., 2002; Zhang et al.,
2023). An alternative potential explanation could be in the setting of
stress, chloride ion gradients in GABAergic neurons are altered,
resulting in a reversal of the ion gradient by downregulation of the
transmembrane anion transporter KCC2, thereby increasing the
activity of target neurons (Hewitt et al., 2009; Maguire, 2014;
McArdle et al., 2023). This possibility seems less likely given that
the physiological and immune responses activated by the PVN did
not increase following BNST neuronal ablation, which would be
expected if inhibitory input was eliminated. Thus, further study
will be necessary to determine the mechanism by which PVN
neurons are activated by CRH* BNST neurons.

In summary, by demonstrating that CRH* BNST neurons
transform IL-1B signals into precise physiological responses
through a defined neural circuit, this work provides a mecha-
nistic foundation for the integration of inflammatory and stress
physiology. The complete silencing of BNST-mediated responses
following PVN ablation establishes that this BNST->PVN—>RVLM
—adrenergic pathway is an essential neural circuit for cytokine-
responsive cardiovascular and inflammatory responses, resolving
longstanding questions about the central neural substrates un-
derlying neuroimmune communication. These findings also es-
tablish a new framework for understanding the inflammatory
component of stress responses.

Materials and methods

Animals

All experimental procedures involving animals were approved
by the Institutional Animal Care and Use Committee and the
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Institutional Biosafety Committee of the Feinstein Institutes for
Medical Research, Northwell Health, Manhasset, NY, USA, in
accordance with National Institutes of Health (NIH) guidelines.
Animals were housed under controlled conditions at a temper-
ature of 25°C, with a 12-h light-dark cycle, with free access to
food and water. C57BL/6] mice (stock #000664; The Jackson
Laboratory), TRAP2-transgenic mice (stock #030323; The Jack-
son Laboratory), crh-cre (stock #012704; The Jackson Labora-
tory), sst-cre (stock #018973; The Jackson Laboratory), pdyn-cre
(stock #027958; The Jackson Laboratory), penk-cre (stock
#025112; The Jackson Laboratory), and Ail4D transgenic mice
(stock #007908; The Jackson Laboratory) were purchased from
Jackson Laboratory and maintained in fully accredited facilities
at the Feinstein Institutes for Medical Research. For visualization
of active neurons, TRAP2 mice were crossed with Ail4D mice
(TRAP2-tdTomato mice). Male mice aged between 6 and 16 wk
were used in these studies.

Viral vectors

For chemogenetic studies, either AAV-hSyn-DIO-hM3D(Gq)-
mCherry (cat #44361; Addgene) or AAV-hSyn-fDIO-hM3D(Gq)-
mCherry-WPREpA (cat#154868; Addgene) was used. For the
ablation studies, either AAV-EFla-mCherry-flex-dtA (cat #
NRZP-0622-ZP616; Creative Biolabs), or AAV-hSyn-DIO-EGFP
(cat #50457; Addgene) was utilized. For the tracing studies, ei-
ther AAV-hSyn-DIO-EGFP (cat #50457; Addgene), AAV-hSyn-
FLEx-mGFP-2A-Synaptophysin-mRuby (cat# 71760; Addgene),
AAV-Efla-fDIO-EYFP (cat# 55641; Addgene), or AAV pEFla-DIO-
FLPo-WPRE-hGHpA (cat# 87306; Addgene) was utilized. All used
virus titers were in the range of 2-3 x 10'® genome copies per ml.

Cytokine administration

Recombinant and tag-free human IL-1f were produced in-house.
Following expression in Escherichia coli, IL-1B was purified using
a cation exchange column, and endotoxins were removed by
phase separation with Triton X-114. IL-1B (5 pg/kg) was ad-
ministered i.p., followed by blood collection via cardiac punc-
ture, as indicated in the corresponding figures. Serum cytokines
were analyzed using ELISA kits (Invitrogen).

Acute stress model
Acute restraint stress was initiated by placing mice in a well-
ventilated 50-ml conical tube with multiple holes without food
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Figure 6. IL-1B-responsive BNST neurons are necessary for stress-induced inflammatory responses. (A) Schematic of ablating IL-13-responsive BNST
neurons bilaterally in TRAP2 mice and then exposure to restraint stress. (B) Serum IL-6 levels in TRAP2 mice: naive group without restraint stress, after 4-h
restraint stress in the control dtA (-) and IL-1B-responsive BNST neuron-ablated dtA (+) mice. Data are represented as individual mouse data points from two
independent experiments. One-way ANOVA with Tukey’s multiple comparison test. (C) AHR under restraint stress in IL-13-responsive neuron-ablated group
(red) and control group (black) (control, n = 5 mice; dtA, n = 5 mice, mixed-effects analysis with Sidék correction). (D) AUC of AHR under restraint stress
conditions in the IL-1B-responsive BNST neuron-ablated group and control group. Data are represented as individual mouse data points pooled from two
independent experiments. Unpaired t test. (E) Serum corticosterone levels after 4-h restraint stress. Data are represented as individual mouse data points
pooled from two independent experiments. One-way ANOVA with Tukey’s multiple comparison test. (F) Schematic of ablating CRH* BNST neurons bilaterally
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in crh-cre mice and then exposure to retrain stress. (G) Serum IL-6 levels at 4 h after restraint stress in crh-cre mice: naive group without restraint stress, control
dtA (-), and CRH* BNST neuron-ablated dtA (+) mice. Data are represented as individual mouse data points pooled from two independent experiments. One-
way ANOVA with Tukey’s multiple comparison test. (H) AHR under restraint stress in control (black) and CRH* neuron-ablated group (red) (control, n = 6 mice;
dtA, n = 5 mice, P = 0.078, mixed-effects analysis with Sidak correction). (I) AUC of AHR under restraint stress. Data are represented as individual mouse data
points pooled from two independent experiments. Unpaired t test. (J) Serum corticosterone levels at 4-h postrestraint stress in control, CRH* BNST neuron-
ablated group, and control group without restraint stress. Data are represented as individual mouse data points pooled from two independent experiments.
One-way ANOVA with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, and ***P < 0.001.

and water supply for a duration of 4 h. After 4 h of restraint
stress, blood was collected by cardiac puncture, and tissues were
collected for evaluation. Serum cytokines after the restraint stress
were analyzed using a customized highly sensitive U-PLEX assay
platform for IL-6 and MCP-1 (Meso Scale Discovery).

Stereotactic injections

TRAP2 mice were utilized for viral injections. In brief, the mice
were deeply anaesthetized with 2.5% isoflurane, positioned in a
stereotaxic frame, and maintained at 2% isoflurane during the
surgical procedure. A middle incision was made from above the
forehead to the ear line, and a craniotomy was performed above
the designated target regions. 200 nl of viruses were micro-
infused bilaterally through a glass micropipette, connected with
a Nanoliter Injector (Nanoliter 2020, World Precision Instru-
ments) at a rate of 50 nl min! into the dorsal BNST (anterior/
posterior (AP) +0.15; medial/lateral (ML), dorsal/ventral (DV)
+1.10; DV -4.30) and PVN (AP -0.7; ML +0.15; DV -4.8). Fol-
lowing the injection, the micropipette was left in place for 5 min
to allow for virus diffusion before cautiously withdrawing the
pipette. As a sham operation, a glass micropipette was injected
into the dorsal BNST and left in place for 5 min. Mice were al-
lowed to recover for at least 2 wk.

TRAP2 labeling

4-OHT (Sigma-Aldrich) was dissolved at a concentration of
20 mg/dl in ethanol. Prior to utilization, 4-OHT was heated to
37°C for 15 min and suspended in Chen Oil (a 1:4 mixture of castor
oil: sunflower seed oil) at a final concentration of 10 mg/ml.
Following the evaporation of the ethanol under vacuum cen-
trifugation, a final dose of 50 mg/kg of the 4-OHT was injected
i.p., 30 min prior to cytokine injections. Brains were harvested
after 7 days following cytokine administration.

STPT imaging and data processing

Animals were perfused transcardially with ice-cold PBS fol-
lowed by 4% paraformaldehyde (PFA). After 24-h post-fix in 4%
PFA, the brains were washed and stored in 0.05 M phosphate
buffer at 4°C. STPT imaging was performed as previously de-
scribed (Ragan et al., 2012). The brains were embedded in 4%
oxidized agarose in 10 mM sodium periodate. The agarose block
was cross-linked in a 0.5% sodium borohydride solution for
3-4 h at room temperature. The brains were imaged with a
high-speed multiphoton microscope with integrated vibratome
sectioning with 290 sections of the whole brain over 50-ym
intervals (TissueCyte 1000, TissueVision). The brain images
were stitched together to create a high-resolution image of each
individual brain section. The images are registered to the Allen
Mouse Brain Common Coordinate Framework (CCFv3) to outline
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508 distinct brain regions along all 290 sections. Image] software
was used to detect and count activated neurons in each brain
section. Coordinates of each individual neuron were extracted
and were overlayed to the area of each brain region present
through that brain section using MATLAB software to extract
the neuronal count of each individual brain region.

Chemogenetic manipulation

A singlei.p. injection of CNO (5 mg/kg; Sigma-Aldrich) dissolved
with DMSO in in sterile saline or saline with DMSO (control) is
given. 2 h after CNO injection, animals were euthanized, and
blood samples were collected by cardiac puncture. Cytokines in
the blood were measured using commercially available ELISA
kits (Invitrogen), following the manufacturer’s instructions.

Measurement of heart rate

Heart rate was monitored in anesthetized mice after adminis-
tration of cytokines, CNO, or adrenergic antagonists (propran-
olol: 5 mg/kg, #P0884; Sigma-Aldrich, SR59203A: 5 mg/kg, #
21407; Cayman Chemical). Mice were anesthetized using iso-
flurane at 2.5% in 100% oxygen at a flow rate of 1 L/min and
maintained in a supine position at 1.0% isoflurane. Heart rate
was monitored in anesthetized mice using a small animal
physiological monitor system (ST2 75-1500; Harvard Appara-
tus), which also allowed for the maintenance of the animal’s
body temperature at 37°C. The heart rate was monitored for
10 min before injecting cytokines, CNO, or adrenergic antago-
nists, and then monitored for an additional 60 min.

Telemetry system for heart rate recordings in awake mice
Heart rate was monitored in awake mice using a telemetry
system in restraint stress experiments. Mice were induced with
general anesthesia using isoflurane at 2.5 in 100% oxygen at a
flow rate of 1 L/min and maintained in a supine position at 2.0%
isoflurane. A midline incision was made, and an ETA-FI0 im-
plant (Data Science International) was placed in the peritoneal
cavity, tacked to the peritoneal wall. After a minimum 5-day
recovery period, the mice were placed onto the Data Science
International receiver. Data were collected and analyzed using
Ponemah 6.51 software (Data Science International). For re-
straint stress experiments, mice were recorded for 4 h during
their active cycle in the restraint model.

snRNA-seq of the BNST and data analysis

To perform snRNA-seq on the BNST, we isolated single cells
from the BNST. Briefly, mice were euthanized with CO, as-
phyxiation and transcardially perfused with 20 ml in ice-cold
HEPES-ACSF (119 mM Nacl, 2.5 mM KCl, 1.3 mM MgCl,, 2.5 mM
CaCl,, 1 mM NaH,PO,, 11 mM glucose, and 20 mM HEPES; PH
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7.4). The brains were rapidly isolated and sliced into three con-
secutive sections beginning at +0.38 mm Bregma with 300 um
thickness on a vibratome. 10 punches (0.5 mm each, 15113-50; Ted
Pella, Inc.) were isolated from the BNST and frozen in liquid ni-
trogen. The frozen tissue was processed by the Cold Spring Harbor
Laboratory genome core to isolate and barcode individual nuclei
using the 10X Genomics Chromium system. Single-cell gene ex-
pression libraries were prepared using the Single Cell 3’ Gene
Expression kit version 3.1 (#1000268; 10X Genomics) according to
the manufacturer’s instructions. Libraries were sequenced on an
Nlumina NextSeq 2000 to a mean depth of ~23,000 reads per cell.

Demultiplexed FASTQ files were mapped to the mouse ref-
erence genome (“mm10-2020A” GRCm38/GENCODE vM23, 10X
Genomics) using Cell Ranger version 7.1.0 (10X Genomics) and
default parameters. Unambiguously mapped intronic reads were
counted in the gene expression matrix. Quality control analysis
was performed by removing the reads corresponding to ribo-
somal and mitochondrial genes, resulting in 11,612 cells that
were used for further analyses.

Analysis of snRNA-seq data, including the generation of cell
clusters and identification of neuronal cluster markers, was
carried out using Seurat (5.1.0) and R Studio (4.2.0).

Immunohistochemistry

For immunostaining, TRAP2-tdTomato or TRAP2 mice were
euthanized with CO, asphyxiation, then transcardially perfused
with cold PBS followed by chilled 4% PFA. The brain was dis-
sected and postfixed in 4% PFA solution at 4°C overnight. 50 pm
free-floating sections were prepared using a vibratome (Leica
VT12008S; Leica Microsystems) and blocked (3% goat serum, 0.1%
Triton X-100) for 1 h, followed by incubation with primary an-
tibodies at 4°C for 3 days. After washing with PBS, sections were
incubated with secondary antibodies for 1 h at room tempera-
ture. Sections were mounted using Fluoromount-G with DAPI
(Southern Biotech) and imaged with BZ-X810 All-in-One Mi-
croscope (Keyence) and confocal microscope (Zeiss LSM880;
Zeiss), with subsequent analysis performed via FIJI software.
Primary and secondary antibodies were diluted in a mixture of
1% goat serum and 0.1% Triton X-100 as follows: anti-CRH rabbit
antibody (#10944-1-AP; Proteintech) at 1:500, anti-mCherry rat
antibody (#M11217; Thermo Fisher Scientific) at 1:500, Alexa Fluor
488-conjugated anti-rabbit gout antibody (#A21109; Thermo
Fisher Scientific) at 1:1,000, and Alexa Fluor 594-conjugated anti-
rat goat antibody (#A11007; Thermo Fisher Scientific). Manual
outlining of brain areas was conducted with guidance from local
structural markers, anatomical landmarks, and a comprehensive
mouse brain atlas. Quantification of tdTomato-positive cells and
colocalization was performed using Image] software. The average
number of tdTomato-positive cells (three to five consecutive
sections/brain region/mouse) was used in the analysis. The de-
gree of colocalization between tdTomato and cFos was calculated
based on Manders’ coefficient, which ranges from 0 (no overlap)
to 1 (100% colocalization) between the two images.

Statistical analyses
All statistical tests were carried out with GraphPad Prism 9
software (GraphPad). Data are represented as individual data
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points with box and whisker plots showing the minimum,
maximum, median, and 25th and 75th percentiles. Statistical
analysis of mean differences between groups was performed
using two-way ANOVA, one-way ANOVA, and Welch'’s t test.
Comparison between two or three groups over multiple time
points in heart rate was analyzed using a Mixed-Effects ANOVA;
a Sidék correction was used when making multiple compar-
isons. For all analyses, P < 0.05 (two-tailed) was considered
statistically significant.

Online supplemental material

Fig. S1 shows characterization of immune responses after IL-
1B injection. Fig. S2 shows the analysis of mice with ablation of
IL-1B-TRAPed BNST neurons after IL-1B injection. Fig. S3 shows
additional snRNA-seq data analysis used in Fig. 2. Fig. S4 shows
inflammatory, cardiovascular, and corticosterone responses to
acute stress conditions. Fig. S5 shows the additional data related
to Fig. 6.

Data availability
The data that support the findings of this study are available
from the authors upon request.

Acknowledgments

The authors would like to thank Dr. Tea Tsaava and Dr. Carlos E.
Bravo-Iniguez for their help in animal experiments and assays.
The authors would like to acknowledge the Cold Spring Harbor
Laboratories Core Facilities, particularly Jon Preall, Claire Re-
egan, and Sanjeev Kaushalya, for their guidance and expertise in
performing these experiments.

This study was supported by grants from the National In-
stitute of Health: National Institute of General Medical Sciences
(RO1GM132672 to S.S. Chavan and R35GM118182 to K.J. Tracey);
National Institute of Arthritis and Musculoskeletal and Skin
Diseases (RO1AR083159 to K.J. Tracey and S.S. Chavan, multi-
principle investigator [MPI]); and funding from Bill and Melinda
Gates Foundation (INV-051750 to S.S. Chavan and K.J. Tracey,
MPI).

Author contributions: Okito Hashimoto: conceptualization,
data curation, formal analysis, investigation, methodology, soft-
ware, validation, visualization, and writing—original draft, re-
view, and editing. Tyler D. Hepler: data curation, formal analysis,
investigation, methodology, and validation. Aisling Tynan: for-
mal analysis, investigation, and methodology. Alejandro Torres:
data curation, formal analysis, investigation, and software. Jian
Hua Li: methodology and resources. Michael Brines: conceptu-
alization and writing—original draft, review, and editing. Kevin
J. Tracey: conceptualization, funding acquisition, project admin-
istration, supervision, and writing—review and editing. Sangeeta
S. Chavan: conceptualization, formal analysis, funding acquisi-
tion, methodology, project administration, supervision, valida-
tion, visualization, and writing—original draft, review, and
editing.

Disclosures: The authors declare no competing interests exist.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20252000

920z Yo1e 60 U0 3senb Aq 4pd-0002520Z Wel/z8y.z0z/000252028/v/czz/Hpd-joe/wal/Bio sseidnyj/:dpy wouy papeojumoq

14 of 16



Submitted: 26 September 2025
Revised: 12 December 2025
Accepted: 21 January 2026

References

Agelaki, S., C. Tsatsanis, A. Gravanis, and A.N. Margioris. 2002. Corticotropin-
releasing hormone augments proinflammatory cytokine production from
macrophages in vitro and in lipopolysaccharide-induced endotoxin shock
in mice. Infect. Immunity. 70:6068-6074. https://doi.org/10.1128/IA1.70.11
.6068-6074.2002

Aguilera, G., and Y. Liu. 2012. The molecular physiology of CRH neurons.
Front. Neuroendocrinol. 33:67-84. https://doi.org/10.1016/j.yfrne.2011
.08.002

Barbier, M., J.A. Gonzalez, C. Houdayer, D. Burdakov, P.Y. Risold, and S.
Croizier. 2021. Projections from the dorsomedial division of the bed
nucleus of the stria terminalis to hypothalamic nuclei in the mouse.
J. Comp. Neurol. 529:929-956. https://doi.org/10.1002/cne.24988

Becker, B.K. 2018. Shining light on the paraventricular nucleus: The role of
glutamatergic PVN neurons in blood pressure control. J. Physiol. 596:
6127-6128. https://doi.org/10.1113/]P277043

Borovikova, L.V, S. Ivanova, M. Zhang, H. Yang, G.I. Botchkina, L.R. Watkins,
H. Wang, N. Abumrad, ].W. Eaton, and K.J. Tracey. 2000. Vagus nerve
stimulation attenuates the systemic inflammatory response to endo-
toxin. Nature. 405:458-462. https://doi.org/10.1038/35013070

Chavan, S.S., V.A. Pavlov, and K.J. Tracey. 2017. Mechanisms and therapeutic
relevance of neuro-immune communication. Immunity. 46:927-942.
https://doi.org/10.1016/j.immuni.2017.06.008

Dabrowska, J., R. Hazra, ].D. Guo, S. Dewitt, and D.G. Rainnie. 2013. Central
CRF neurons are not created equal: Phenotypic differences in CRF-
containing neurons of the rat paraventricular hypothalamus and the
bed nucleus of the stria terminalis. Front. Neurosci. 7:156. https://doi
.org/10.3389/fnins.2013.00156

Dabrowska, J., D. Martinon, M. Moaddab, and D.G. Rainnie. 2016. Targeting
corticotropin-releasing factor projections from the oval nucleus of the
bed nucleus of the stria terminalis using cell-type specific neuronal
tracing studies in mouse and rat brain. J. Neuroendocrinol. 28. https://doi
.org/10.1111/jne.12442

Dantzer, R. 2018. Neuroimmune interactions: From the brain to the immune
system and vice versa. Physiol. Rev. 98:477-504. https://doi.org/10.1152/
physrev.00039.2016

Dantzer, R.,].C. O’Connor, G.G. Freund, R.W. Johnson, and K.W. Kelley. 2008.
From inflammation to sickness and depression: When the immune
system subjugates the brain. Nat. Rev. Neurosci. 9:46-56. https://doi
.org/10.1038/nrn2297

Gaykema, R.P., L.E. Goehler, M.K. Hansen, S.F. Maier, and L.R. Watkins.
2000. Subdiaphragmatic vagotomy blocks interleukin-lbeta-induced
fever but does not reduce IL-lbeta levels in the circulation. Auton.
Neurosci. 85:72-77. https://doi.org/10.1016/s1566-0702(00)00222-8

Gill, R.S., P.Y. Cheung, X. Yu, M.A. Aklabi, J. Nagendran, L.G. Quinonez, Y.Q.
Li, J. Miller, D.B. Ross, LM. Rebeyka, and J. Li. 2012. beta(3)-Adreno-
ceptor antagonist SR59230A attenuates the imbalance of systemic and
myocardial oxygen transport induced by dopamine in newborn lambs.
Clin. Med. Insights Cardiol. 6:45-51. https://doi.org/10.4137/CMC.S8654

Goehler, L.E., R.P. Gaykema, M.K. Hansen, K. Anderson, S.F. Maier, and L.R.
Watkins. 2000. Vagal immune-to-brain communication: A visceral
chemosensory pathway. Auton. Neurosci. 85:49-59. https://doi.org/10
.1016/S1566-0702(00)00219-8

Gogolla, N. 2021. The brain remembers where and how inflammation struck.
Cell. 184:5851-5853. https://doi.org/10.1016/j.cell.2021.11.002

Goldstein, D.S. 2021. Stress and the “extended” autonomic system. Auton.
Neurosci. 236:102889. https://doi.org/10.1016/j.autneu.2021.102889

Hammack, S.E., K.M. Braas, and V. May. 2021. Chemoarchitecture of the bed
nucleus of the stria terminalis: Neurophenotypic diversity and function.
Handb. Clin. Neurol. 179:385-402. https://doi.org/10.1016/B978-0-12
-819975-6.00025-X

Hewitt, S.A.,].I. Wamsteeker, E.U. Kurz, and ].S. Bains. 2009. Altered chloride
homeostasis removes synaptic inhibitory constraint of the stress axis.
Nat. Neurosci. 12:438-443. https://doi.org/10.1038/nn.2274

Horvath, K., B. Juhasz, D. Kuti, S. Ferenczi, and K.J. Kovacs. 2023. Recruitment
of corticotropin-releasing hormone (CRH) neurons in categorically
distinct stress reactions in the mouse brain. Int. J. Mol. Sci. 24:11736.
https://doi.org/10.3390/ijms241411736

Hashimoto et al.
CRH* BNST neurons encode IL-1B signals

Huang, S.T., ZJ. Song, Y. Liu, W.C. Luo, Q. Yin, and Y.M. Zhang. 2021.
BNST(AV) (GABA)-PVN(CRF) circuit regulates visceral hypersensitiv-
ity induced by maternal separation in Vgat-cre mice. Front. Pharmacol.
12:615202. https://doi.org/10.3389/fphar.2021.615202

Huerta, T.S., A.C. Chen, S. Chaudhry, A. Tynan, T. Morgan, K. Park, R.
Adamovich-Zeitlin, B. Haider, J.H. Li, M. Nagpal, et al. 2025. Neural
representation of cytokines by vagal sensory neurons. Nat. Commun. 16:
3840. https://doi.org/10.1038/s41467-025-59248-6

Ilanges, A., R. Shiao, ]. Shaked, J.-D. Luo, X. Yu, and J.M. Friedman. 2022.
Brainstem ADCYAP1+ neurons control multiple aspects of sickness be-
haviour. Nature. 609:761-771. https://doi.org/10.1038/541586-022-05161-7

Jankord, R., R. Zhang, ].N. Flak, M.B. Solomon, ]. Albertz, and J.P. Herman.
2010. Stress activation of IL-6 neurons in the hypothalamus. Am.
J. Physiol. Regul. Integr. Comp. Physiol. 299:R343-R351. https://doi.org/10
1152/ajpregu.00131.2010

Jin, H., M. Li, E. Jeong, F. Castro-Martinez, and C.S. Zuker. 2024. A body-brain
circuit that regulates body inflammatory responses. Nature. 630:695-703.
https://doi.org/10.1038/s41586-024-07469-y

Kim, S.Y., A. Adhikari, S.Y. Lee, ].H. Marshel, C.K. Kim, C.S. Mallory, M. Lo, S.
Pak, ]. Mattis, B.K. Lim, et al. 2013. Diverging neural pathways assemble
a behavioural state from separable features in anxiety. Nature. 496:
219-223. https://doi.org/10.1038/nature12018

Kipnis, J. 2018. Immune system: The “seventh sense”. J. Exp. Med. 215:
397-398. https://doi.org/10.1084/jem.20172295

Koren, T., and A. Rolls. 2022. Immunoception: Defining brain-regulated im-
munity. Neuron. 110:3425-3428. https://doi.org/10.1016/j.neuron.2022
.10.016

Koren, T., R. Yifa, M. Amer, M. Krot, N. Boshnak, T.L. Ben-Shaanan, H.
Azulay-Debby, I. Zalayat, E. Avishai, H. Hajjo, et al. 2021. Insular cortex
neurons encode and retrieve specific immune responses. Cell. 184:
5902-5915.¢e17. https://doi.org/10.1016/j.cell.2021.11.021

Kressel, A.M., T. Tsaava, Y.A. Levine, E.H. Chang, M.E. Addorisio, Q. Chang,
B.J. Burbach, D. Carnevale, G. Lembo, A.M. Zador, et al. 2020. Identi-
fication of a brainstem locus that inhibits tumor necrosis factor. Proc.
Natl. Acad. Sci. USA. 117:29803-29810. https://doi.org/10.1073/pnas
.2008213117

Lamotte, G., K. Shouman, and E.E. Benarroch. 2021. Stress and central au-
tonomic network. Auton. Neurosci. 235:102870. https://doi.org/10.1016/j
.autneu.2021.102870

Laryea, G., M.G. Arnett, and L.J. Muglia. 2012. Behavioral studies and genetic
alterations in corticotropin-releasing hormone (CRH) neurocircuitry:
Insights into human psychiatric disorders. Behav. Sci. (Basel). 2:135-171.
https://doi.org/10.3390/bs2020135

Lebow, M.A., and A. Chen. 2016. Overshadowed by the amygdala: The bed
nucleus of the stria terminalis emerges as key to psychiatric disorders.
Mol. Psychiatry. 21:450-463. https://doi.org/10.1038/mp.2016.1

Letzkus, J.J., S.B. Wolff, and A. Liithi. 2015. Disinhibition, a circuit mechanism
for associative learning and memory. Neuron. 88:264-276. https://doi
.org/10.1016/j.neuron.2015.09.024

Maguire, J. 2014. Stress-induced plasticity of GABAergic inhibition. Front. Cell
Neurosci. 8:157. https://doi.org/10.3389/fncel.2014.00157

Maier, S.F., L.E. Goehler, M. Fleshner, and L.R. Watkins. 1998. The role of the
vagus nerve in cytokine-to-brain communication. Ann. N. Y. Acad. Sci.
840:289-300. https://doi.org/10.1111/§.1749-6632.1998.th09569.x

McArdle, CJ., A.A. Arnone, C.F. Heaney, and K.F. Raab-Graham. 2023. A
paradoxical switch: The implications of excitatory GABAergic signaling
in neurological disorders. Front. Psychiatry. 14:1296527. https://doi.org/
10.3389/fpsyt.2023.1296527

Morimoto, K., A. Morimoto, T. Nakamori, N. Tan, T. Minagawa, and N.
Murakami. 1992. Cardiovascular responses induced in free-moving rats
by immune cytokines. J. Physiol. 448:307-320. https://doi.org/10.1113/
jphysiol.1992.sp019043

Mota, C.M.D., and C.J. Madden. 2022. Neural circuits mediating circulating
interleukin-lbeta-evoked fever in the absence of prostaglandin E2
production. Brain Behav. Immun. 103:109-121. https://doi.org/10.1016/j
.bbi.2022.04.008

Myers-Joseph, D., K.A. Wilmes, M. Fernandez-Otero, C. Clopath, and A.G.
Khan. 2024. Disinhibition by VIP interneurons is orthogonal to cross-
modal attentional modulation in primary visual cortex. Neuron. 112:
628-645. €627. https://doi.org/10.1016/j.neuron.2023.11.006

Nance, D.M., and V.M. Sanders. 2007. Autonomic innervation and regulation
of the immune system (1987-2007). Brain Behav. Immun. 21:736-745.
https://doi.org/10.1016/j.bbi.2007.03.008

Nijsen, M.J., G. Croiset, M. Diamant, D. De Wied, and V.M. Wiegant. 2001.
CRH signalling in the bed nucleus of the stria terminalis is involved in

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20252000

920z Yo1e 60 U0 3senb Aq 4pd-0002520Z Wel/z8y.z0z/000252028/v/czz/Hpd-joe/wal/Bio sseidnyj/:dpy wouy papeojumoq

15 of 16


https://doi.org/10.1128/IAI.70.11.6068-6074.2002
https://doi.org/10.1128/IAI.70.11.6068-6074.2002
https://doi.org/10.1016/j.yfrne.2011.08.002
https://doi.org/10.1016/j.yfrne.2011.08.002
https://doi.org/10.1002/cne.24988
https://doi.org/10.1113/JP277043
https://doi.org/10.1038/35013070
https://doi.org/10.1016/j.immuni.2017.06.008
https://doi.org/10.3389/fnins.2013.00156
https://doi.org/10.3389/fnins.2013.00156
https://doi.org/10.1111/jne.12442
https://doi.org/10.1111/jne.12442
https://doi.org/10.1152/physrev.00039.2016
https://doi.org/10.1152/physrev.00039.2016
https://doi.org/10.1038/nrn2297
https://doi.org/10.1038/nrn2297
https://doi.org/10.1016/s1566-0702(00)00222-8
https://doi.org/10.4137/CMC.S8654
https://doi.org/10.1016/S1566-0702(00)00219-8
https://doi.org/10.1016/S1566-0702(00)00219-8
https://doi.org/10.1016/j.cell.2021.11.002
https://doi.org/10.1016/j.autneu.2021.102889
https://doi.org/10.1016/B978-0-12-819975-6.00025-X
https://doi.org/10.1016/B978-0-12-819975-6.00025-X
https://doi.org/10.1038/nn.2274
https://doi.org/10.3390/ijms241411736
https://doi.org/10.3389/fphar.2021.615202
https://doi.org/10.1038/s41467-025-59248-6
https://doi.org/10.1038/s41586-022-05161-7
https://doi.org/10.1152/ajpregu.00131.2010
https://doi.org/10.1152/ajpregu.00131.2010
https://doi.org/10.1038/s41586-024-07469-y
https://doi.org/10.1038/nature12018
https://doi.org/10.1084/jem.20172295
https://doi.org/10.1016/j.neuron.2022.10.016
https://doi.org/10.1016/j.neuron.2022.10.016
https://doi.org/10.1016/j.cell.2021.11.021
https://doi.org/10.1073/pnas.2008213117
https://doi.org/10.1073/pnas.2008213117
https://doi.org/10.1016/j.autneu.2021.102870
https://doi.org/10.1016/j.autneu.2021.102870
https://doi.org/10.3390/bs2020135
https://doi.org/10.1038/mp.2016.1
https://doi.org/10.1016/j.neuron.2015.09.024
https://doi.org/10.1016/j.neuron.2015.09.024
https://doi.org/10.3389/fncel.2014.00157
https://doi.org/10.1111/j.1749-6632.1998.tb09569.x
https://doi.org/10.3389/fpsyt.2023.1296527
https://doi.org/10.3389/fpsyt.2023.1296527
https://doi.org/10.1113/jphysiol.1992.sp019043
https://doi.org/10.1113/jphysiol.1992.sp019043
https://doi.org/10.1016/j.bbi.2022.04.008
https://doi.org/10.1016/j.bbi.2022.04.008
https://doi.org/10.1016/j.neuron.2023.11.006
https://doi.org/10.1016/j.bbi.2007.03.008

stress-induced cardiac vagal activation in conscious rats. Neuropsycho-
pharmacology. 24:1-10. https://doi.org/10.1016/S0893-133X(00)00167-6

Ortiz-Juza, M.M., R.A. Alghorazi, and ]. Rodriguez-Romaguera. 2021. Cell-
type diversity in the bed nucleus of the stria terminalis to regulate
motivated behaviors. Behav. Brain Res. 411:113401. https://doi.org/10
.1016/j.bbr.2021.113401

Pavlov, V.A., S.S. Chavan, and K.J. Tracey. 2018. Molecular and functional
neuroscience in immunity. Annu. Rev. Immunol. 36:783-812. https://doi
.org/10.1146/annurev-immunol-042617-053158

Poller, W.C., J. Downey, A.A. Mooslechner, N. Khan, L. Li, C.T. Chan, C.S.
McAlpine, C. Xu, F. Kahles, S. He, et al. 2022. Brain motor and fear
circuits regulate leukocytes during acute stress. Nature. 607:578-584.
https://doi.org/10.1038/541586-022-04890-z

Prescott, H.C., and D.C. Angus. 2018. Enhancing recovery from sepsis: A re-
view. JAMA. 319:62-75. https://doi.org/10.1001/jama.2017.17687

Qing, H., R. Desrouleaux, K. Israni-Winger, Y.S. Mineur, N. Fogelman, C.
Zhang, S. Rashed, N.W. Palm, R. Sinha, M.R. Picciotto, et al. 2020. Or-
igin and function of stress-induced IL-6 in murine models. Cell. 182:
372-387.el4. https://doi.org/10.1016/j.cell.2020.08.044

Ragan, T., L.R. Kadiri, K.U. Venkataraju, K. Bahlmann, J. Sutin, J. Taranda, I.
Arganda-Carreras, Y. Kim, H.S. Seung, and P. Osten. 2012. Serial two-
photon tomography for automated ex vivo mouse brain imaging. Nat.
Methods. 9:255-258. https://doi.org/10.1038/nmeth.1854

Rosas-Ballina, M., M. Ochani, W.R. Parrish, K. Ochani, Y.T. Harris, ].M. Huston,
S. Chavan, and K.J. Tracey. 2008. Splenic nerve is required for cholinergic
antiinflammatory pathway control of TNF in endotoxemia. Proc. Natl.
Acad. Sci. USA. 105:11008-11013. https://doi.org/10.1073/pnas.0803237105

Salvador, A.F., K.A. de Lima, and J. Kipnis. 2021. Neuromodulation by the
immune system: A focus on cytokines. Nat. Rev. Immunol. 21:526-541.
https://doi.org/10.1038/541577-021-00508-2

Sammons, M., M.C. Popescu, J. Chi, S.D. Liberles, N. Gogolla, and A. Rolls.
2024. Brain-body physiology: Local, reflex, and central communication.
Cell. 187:5877-5890. https://doi.org/10.1016/j.cell.2024.08.050

Shintani, F., T. Nakaki, S. Kanba, R. Kato, and M. Asai. 1995. Role of
interleukin-1 in stress responses. A putative neurotransmitter. Mol.
Neurobiol. 10:47-71. https://doi.org/10.1007/BF02740837

Silberman, Y., and D.G. Winder. 2013. Emerging role for corticotropin re-
leasing factor signaling in the bed nucleus of the stria terminalis at the
intersection of stress and reward. Front. Psychiatry. 4:42. https://doi
.org/10.3389/fpsyt.2013.00042

Silverman, H.A., A. Tynan, T.D. Hepler, E.H. Chang, M. Gunasekaran, J.H. Li,
T.S. Huerta, T. Tsaava, Q. Chang, M.E. Addorisio, et al. 2023. Transient

Hashimoto et al.
CRH* BNST neurons encode IL-1B signals

receptor potential ankyrin-1-expressing vagus nerve fibers mediate IL-
lbeta induced hypothermia and reflex anti-inflammatory responses.
Mol. Med. 29:4. https://doi.org/10.1186/s10020-022-00590-6

Song, H., F. Fang, G. Tomasson, F.K. Arnberg, D. Mataix-Cols, L.
Fernandez de la Cruz, C. Almqvist, K. Fall, and U.A. Valdimarsdottir.
2018. Association of stress-related disorders with subsequent au-
toimmune disease. JAMA. 319:2388-2400. https://doi.org/10.1001/
jama.2018.7028

Steinberg, B.E., H.A. Silverman, S. Robbiati, M. Gunasekaran, T. Tsaava, E.
Battinelli, A. Stiegler, C. Bouton, S.S. Chavan, K.J. Tracey, and P. Huerta.
2016. Cytokine-specific neurograms in the sensory vagus nerve. Bio-
electron. Med. 3:7-17.

Tracey, K.J. 2002. The inflammatory reflex. Nature. 420:853-859. https://doi
.org/10.1038/nature01321

van de Poll, Y., Y. Cras, and T.J. Ellender. 2023. The neurophysiological basis
of stress and anxiety - comparing neuronal diversity in the bed nucleus
of the stria terminalis (BNST) across species. Front. Cell Neurosci. 17:
1225758. https://doi.org/10.3389/fncel.2023.1225758

Wang, J.,]. Li, Q. Yang, Y.-K. Xie, Y.-L. Wen, Z.-Z. Xu, Y. Li, T. Xu, Z.-Y. Wu, S.
Duan, and H. Xu. 2021. Basal forebrain mediates prosocial behavior via
disinhibition of midbrain dopamine neurons, Proc. Natl. Acad. Sci. USA.
118:e2019295118. https://doi.org/10.1073/pnas.2019295118

Watkins, L.R., L.E. Goehler, ].K. Relton, N. Tartaglia, L. Silbert, D. Martin, and
S.F. Maier. 1995. Blockade of interleukin-1 induced hyperthermia by
subdiaphragmatic vagotomy: Evidence for vagal mediation of immune-
brain communication. Neurosci. Letters. 183:27-31. https://doi.org/10
.1016/0304-3940(94)11105-r

WIk, M., C.C. Wang, M. Venihaki, J. Liu, D. Zhao, P.M. Anton, A. Mykoniatis,
A. Pan, J. Zacks, K. Karalis, and C. Pothoulakis. 2002. Corticotropin-
releasing hormone antagonists possess anti-inflammatory effects in
the mouse ileum. Gastroenterology. 123:505-515. https://doi.org/10
.1053/gast.2002.34783

Zanos, T.P., H.A. Silverman, T. Levy, T. Tsaava, E. Battinelli, P.W. Lorraine,
J.M. Ashe, S.S. Chavan, K.J. Tracey, and C.E. Bouton. 2018. Identification
of cytokine-specific sensory neural signals by decoding murine vagus
nerve activity. Proc. Natl. Acad. Sci. USA. 115:E4843-E4852. https://doi
.org/10.1073/pnas.1719083115

Zhang, H., ].-]. Zhou, ]J.-Y. Shao, Z.-F. Sheng, ]. Wang, P. Zheng, X. Kang, Z.
Liu, Z.]. Cheng, D.D. Kline, and D.-P. Li. 2023. Hypothalamic corticotropin-
releasing hormone contributes to hypertension in spontaneously hyper-
tensive rats. J. Neurosci. 43:4513-4524. https://doi.org/10.1523/JNEUROSCI
.2343-22.2023

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20252000

920z Yo1e 60 U0 3senb Aq 4pd-0002520Z Wel/z8y.z0z/000252028/v/czz/Hpd-joe/wal/Bio sseidnyj/:dpy wouy papeojumoq

16 of 16


https://doi.org/10.1016/S0893-133X(00)00167-6
https://doi.org/10.1016/j.bbr.2021.113401
https://doi.org/10.1016/j.bbr.2021.113401
https://doi.org/10.1146/annurev-immunol-042617-053158
https://doi.org/10.1146/annurev-immunol-042617-053158
https://doi.org/10.1038/s41586-022-04890-z
https://doi.org/10.1001/jama.2017.17687
https://doi.org/10.1016/j.cell.2020.08.044
https://doi.org/10.1038/nmeth.1854
https://doi.org/10.1073/pnas.0803237105
https://doi.org/10.1038/s41577-021-00508-z
https://doi.org/10.1016/j.cell.2024.08.050
https://doi.org/10.1007/BF02740837
https://doi.org/10.3389/fpsyt.2013.00042
https://doi.org/10.3389/fpsyt.2013.00042
https://doi.org/10.1186/s10020-022-00590-6
https://doi.org/10.1001/jama.2018.7028
https://doi.org/10.1001/jama.2018.7028
https://doi.org/10.1038/nature01321
https://doi.org/10.1038/nature01321
https://doi.org/10.3389/fncel.2023.1225758
https://doi.org/10.1073/pnas.2019295118
https://doi.org/10.1016/0304-3940(94)11105-r
https://doi.org/10.1016/0304-3940(94)11105-r
https://doi.org/10.1053/gast.2002.34783
https://doi.org/10.1053/gast.2002.34783
https://doi.org/10.1073/pnas.1719083115
https://doi.org/10.1073/pnas.1719083115
https://doi.org/10.1523/JNEUROSCI.2343-22.2023
https://doi.org/10.1523/JNEUROSCI.2343-22.2023

Supplemental material

Hashimoto et al.
CRH* BNST neurons encode IL-1B signals

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20252000

S1

920z Yo1e 60 U0 3senb Aq 4pd-0002520Z Wel/z8y.z0z/000252028/v/czz/Hpd-joe/wal/Bio sseidnyj/:dpy wouy papeojumoq



A B C PBS IL-18
ke *%
3000+ N 407 imecton —pBS ] oo
= o ] -1 81 %
E g E b H
22000 g g,
@ g 3 l
= 2 @
z 0 .31
E 1000+ 8 8
= ® £
@ [ E
(/2] 8 § ad
c
0- 34 ; S
=q +0 +1 +2 +3 +4 +5 +6 a
PBS IL-1 B Time (hours) -5
D E F
— PBS = *¥
10 Injection * |: IL-1p 4000 e E . -
2 5 ! MWW’“ E g 0 %
= 20001 o
x E g
I s g
3 " & 2 200
L A £
0 Wwwﬁwmm,mw s :
© —— o
T 100 ‘}
< £
-50 T T T T e E
10 40 +10 +20 +30 +40 +50 +60 P 8
Time (min) B3 AR PBS IL-1B
G Bregma -7.48 Bregma -0.82 H
P 1000+
—~—~
‘ T 800,
PVN E
NTS £ 0
®
=
; g 400]
PBS 2
& 2001
L]
oL reeen mbtoemte
" CNO - +
IL-1B ¢ | - o
Injection
) — CNO (-)
s i — CNO (+)
£ i
Q. 4
g 50 i
4
I
q J
i
]
:
1
-50 . , : ‘ , . \
-10 +0 +10 +20 +30 +40 +50 +60

Time (min)

Figure S1. IL-1B induces inflammatory responses in C57BL/6) mice. (A) Serum IL-6 level at 2 h after injection of PBS or IL-1B (PBS, n = 5 mice; IL-18,n = 5
mice). Unpaired t test. (B) Core body temperature for 6 h after injection of PBS or IL-1B (5 ug/kg). (C) Minimum change in core body temperature at 1h after PBS
orIL-1B injection (PBS, n = 7 mice; IL-1B, n = 8 mice). Data are represented as individual mouse data points pooled from two independent experiments. Unpaired
ttest. (D) AHR for 60 min after PBS or IL-1 injection. (E) Area under the curve (AUC) of change in heart rate (AHR) after PBS or IL-1B injection (PBS, n = 3 mice;
IL-1B, n = 6 mice). Data are represented as individual mouse data points. This experiment was completed once. Unpaired t test. (F) Serum corticosterone levels
at 2 h after PBS or IL-1B injection (PBS, n = 3 mice; IL-1B, n = 3 mice). Data are represented as individual mouse data points. This experiment was completed
once. (G) Representative images showing immunofluorescence (IF) staining of the labeled cells (tdTomato, red) co-stained with DAPI (blue) in the NTS and PVN.
Scale bar, 200 um for the NTS. Scale bar, 100 um for the PVN. (H) Serum IL-6 level at 2 h after injection of saline or CNO in naive TRAP2-Cre mice (saline, n = 3
mice; CNO, n = 6 mice). Data are represented as individual mouse data points. This experiment was completed once. (I) AHR for 60 min after saline or CNO
injection in naive TRAP2-Cre mice (saline, n = 3 mice; CNO, n = 3 mice). *P < 0.05; **P < 0.01. NTS, nucleus tractus solitarius.
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Figure S2. IL-1B-responsive BNST neurons are required for IL-1B-induced changes in heart rate, but not in serum IL-6 levels and core body tem-
perature. (A) Schematic for ablation of IL-1B-responsive BNST neurons in TRAP2 mice. (B) AUC of AHR after PBS or IL-1B injection in each group (naive, n =5
mice; dtA[-], n = 5 mice; dtA[+], n = 7 mice). Data are represented as individual mouse data points pooled from two independent experiments. One-way ANOVA
with Tukey’s multiple comparison test. (C) Serum IL-6 levels after IL-1B injection in the control and IL-1B-responsive BNST neuron-ablated group (dtA[-],n =5
mice; dtA[+], n = 5 mice). Data are represented as individual mouse data points pooled from two independent experiments. (D) Core body temperature 6 h after
IL-1B injection in the control and IL-1B-responsive BNST neuron-ablated group (dtA[-], n = 4 mice; dtA[+], n = 4 mice). (E) Serum corticosterone level after IL-
1B injection in the control and IL-1B-responsive BNST neuron-ablated group (dtA[-], n = 5 mice; dtA[+], n = 5 mice). Data are represented as individual mouse
data points pooled from two independent experiments. *P < 0.05.
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Figure S3.  snRNA-seq of BNST cells. (A) A UMAP plot of BNST cells with 17 cell clusters identified by snRNA-seq. (B) UMAP plots showing expression of
indicated genes. The clusters showing high expression in Fig. 2 B are marked in red. (C) Representative images showing CRH expression in IL-1B-responsive
BNST neurons: CRH (green), IL-1B-responsive BNST neurons (tdTomato, red), and DAPI (blue). Right panel shows the percentage of tdTomato*CRH* double-
positive cells in tdTomato* cells in the BNST. Scale bar, 10 um.
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Figure S4. Acute restraint stress induces inflammatory responses. (A) Serum IL-6 levels after 4-h restraint stress in C57BL/6) mice (control, n = 8 mice;
restraint, n = 8 mice). Data are represented as individual mouse data points pooled from two independent experiments. Unpaired t test. (B) AHR for 4-h restraint
stress. (C) AUC of AHR for 4-h restraint stress. Data are represented as individual mouse data points (control, n = 4 mice; restrain, n = 5 mice, mixed-effects
analysis with Sidak correction). Unpaired t test. (D) Core body temperature for 4 h after restraint stress. (E) Serum corticosterone levels after 4-h restraint
stress (control, n = 7 mice; restrain, n = 7 mice). Data are represented as individual mouse data points pooled from two independent experiments. Unpaired
ttest. (F) tdTomato* cell count per brain region after acute restraint stress (n = 6) or control condition (n = 4) in TRAP2/tdTomato mice. (G) Schematic of stress-
TRAPed-neurons followed by IL-1B re-exposure in TRAP2-tdTomato mice. The representative images of stress-TRAPed tdTomato™ cells in the BNST co-stained
with c-Fos after IL-1B administration. Right panel shows the percentages of tdTomato*c-Fos* cells in tdTomato* cells in the BNST of stress alone or stress + IL-
1B administered mice. Data are represented as individual mouse data points. This experiment was completed once. Scale bar, 100 um. *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.
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Figure S5. Ablation of BNST neurons does not alter baseline heart rate in free-moving mice. 24-h heart rate recording of heart rate in freely moving mice.
(A) dtA-mediated ablation of IL-1B-responsive BNST neurons in TRAP2 mice (dtA[-], n = 4 mice; dtA[+], n = 4 mice) had no effect on circadian heart rate, dark
cycle (active phase) highlighted in gray. This experiment was completed once. (B) dtA-mediated ablation of CRH* BNST neurons in crh-cre mice (dtA[-],n = 6
mice; dtA[+], n = 4 mice) had no impact on baseline heart rate. PBS-treated mice were used as controls. This experiment was completed once.
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