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SUMMARY
The central nervous system regulates systemic immune responses by integrating the physiological and
behavioral constraints faced by an individual. Corticosterone (CS), the release of which is controlled in the
hypothalamus by the paraventricular nucleus (PVN), is a potent negative regulator of immune responses. Us-
ing the mouse model, we report that the parabrachial nucleus (PB), an important hub linking interoceptive
afferent information to autonomic and behavioral responses, also integrates the pro-inflammatory cytokine
IL-1b signal to induce the CS response. A subpopulation of PB neurons, directly projecting to the PVN and
receiving inputs from the vagal complex (VC), responds to IL-1b to drive the CS response. Pharmacogenetic
reactivation of these IL-1b-activated PB neurons is sufficient to induce CS-mediated systemic immunosup-
pression. Our findings demonstrate an efficient brainstem-encoded modality for the central sensing of cyto-
kines and the regulation of systemic immune responses.
INTRODUCTION

In the 1920s, Metalnikov observed that conditioned neural re-

flexes modulate immune responses to antigens.1 Decades later,

it was found that bacterial compounds, such as lipopolysaccha-

rides (LPS) and the pro-inflammatory cytokine responses they

elicit, such as interleukin-1b (IL-1b) and tumor necrosis factor

alpha (TNF-a), induce a vigorous and complex response coordi-

nated by the brain.2 Referred to as ‘‘sickness behavior,’’ this

response promotes behavioral changes (e.g., reduced locomo-

tion and food intake, social avoidance), metabolic adjustments

(e.g., fever, glycemia), and autonomic or neuroendocrine re-

sponses in ways that increase individual and social resistance

to infection and, at the same time, regulate immune responses

to prevent runaway responses and shock. Recent studies

show that infection-induced behavioral and temperature adjust-

ments are controlled by neurons in the brainstem3 and the hypo-

thalamus,4 respectively. Furthermore, neurons in the insular cor-

tex can activate the immune system and trigger inflammation.5

However, the identity of the neurons involved in the regulation

of the immune system upon infection remains unclear.

The brain regulates immune responses mainly through the

autonomic and neuroendocrine systems. Autonomic responses,
conveyed by the sympathetic and the parasympathetic nervous

systems, are initiated by preganglionic brain neurons and induce

the release by terminal neurons of neurotransmitters, neuropep-

tides, and neurohormones that modulate immunity. Cortisol (or

corticosterone, CS, in mice) is released into the bloodstream

and efficiently suppresses immune responses to limit immuno-

pathology and mobilize energy for other activities.6 The primary

inducer of the CS response is the paraventricular nucleus (PVN)

of the hypothalamus. In the PVN, neurons expressing cortico-

tropin-releasing hormone (CRH) and vasopressin (VP) initiate

the hypothalamo-pituitary-adrenal (HPA) cascade, leading to

CS production by the adrenal gland.7 Importantly, the activity

of PVN neurons—and, therefore, the kinetics and amplitude of

the CS response—depends on the integration of signals

received from other brain regions, as well as from circumventric-

ular organs that monitor the blood, such as the area post-

rema (AP).8

The CS response is strongly induced by psychological, sen-

sory (pain)-, and immune ‘‘stress’’ signals. In the context of expo-

sure to the microbial compound LPS or the pro-inflammatory

cytokine IL-1b, a direct excitatory input from cathecolaminergic

neurons in the nucleus of the solitary tract (NTS) and the rostro-

ventral medulla (RVM) of the brainstem has been shown to
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Figure 1. Systemic cytokines selectively activate a complex neuronal circuit
(A) C57BL6/J mice were injected into the peritoneumwith cytokines or LPS and assessed for c-Fos expression in brain sections. The number of mice is indicated

for each cytokine (n), corresponding to the mean of c-fos counts of both brain hemispheres for each brain region.

(B) Quantitative mapping of c-Fos expression following treatment. The diameter of circles is proportional to the density of c-Fos+ neurons. Arc: arcuate nucleus.

BLA: basolateral amygdala. BST: bed nucleus of the stria terminalis. CeA: central amygdala. DMH: dorsomedial hypothalamus IC: insular cortex. LC: Locus

coeruleus. NTS: nucleus of the tractus solitaris. PBsl: parabrachial nucleus, latero-superior zone. Pbel: parabrachial nucleus, latero-external zone. PVN: para-

ventricular nucleus. RVM: rostro-ventral medulla. VMH: ventromedial hypothalamus.

(legend continued on next page)
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provide one pathway initiating the CS response.9 However, addi-

tional excitatory neurons regulate the activity of the PVN from the

forebrain regions, such as the lateral septum, the bed nucleus of

the stria terminalis (BST), and the central amygdala (CeA), and

brainstem regions, such as the parabrachial nucleus (PB).10,11

The PB is amajor hub connecting interoceptive afferent informa-

tion from spinal neurons12 and the vagal complex (VC)13 to

various autonomic outputs and aversive behaviors through the

CeA-BST network and nocifensive behaviors through various

projections to the reticular formation, the ventromedial hypothal-

amus (VMH), and the intralaminar thalamic nuclei.12,14,15 Despite

this anatomical knowledge, we still have limited information

about the nature of the peripheral immune signals perceived

by the brain, the detection site of immune signals, and the

neuronal circuit capable of regulating systemic immune

responses.

To unravel the brain regions and their underlying circuits,

which relay the sensing of pro-inflammatory cytokines to the

PVN and induce the CS response, we administered different

types of cytokines and mapped the activated brain areas at

cellular resolution using c-Fos staining. The strongest brain re-

sponses were observed in response to the cytokines IL-1ß and

TNF-a and were accompanied by a vigorous CS response. Us-

ing genetic tagging methods combined with viral tracing, we

found the PB to be a major hub linking the sensing of IL-1b

with the activation of the CS response in the PVN. Furthermore,

we demonstrated that activation of PB neurons was sufficient—

but not necessary—to trigger a vigorous CS response via effer-

ents to the PVN, ultimately leading to immunosuppression. Our

data delineate a novel dedicated brain circuit that prevents

potentially damaging systemic inflammation and maintains

homeostasis.

RESULTS

Anti-microbial cytokines activate brain nuclei
associated with peripheral sensing, sickness behavior,
and CS response
To obtain a whole-brain map of neurons and regions responsive

to different immune signals that encompass the three major

types of effector immunity, we injected mice into the peritoneum

with cytokines mediating anti-viral type-1 responses (IFN-g and

IL-12), anti-helminth and pro-repair type-2 responses (IL-33,

IL-4, and IL-13), or anti-microbial (bacteria and fungi) type-3 re-

sponses (TNF-a and IL-1b), as well as with LPS, a bacteria-

derived and strong inducer of type-3 responses (Figure 1A). After

3 h, brains were prepared for c-Fos staining, an early marker of

neuronal activation,16 and imaged in serial sections. Our broad

screen revealed major differences in the activation pattern

of neurons by the different types of cytokines. Although IFN-g,

IL-12, IL-33, IL-4, and IL-13 did not induce significant c-Fos
(C) Density of c-Fos+ neurons in individual brain regions. Dotted lines indicate the

way ANOVA, ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001 compared w

(D) Proportion of c-Fos+ neurons among all DAPI+ neurons in the PVN, CeA, NTS,

SEM (n = 8–12). t test, ns = not significant, *p < 0.05, **p < 0.01, and ***p < 0.00

(E) Representative images of c-Fos expression by immunofluorescence. Scale b

Results are representative of 3 independent experiments pulled together.
expression, TNF-a, IL-1b, and LPS markedly increased expres-

sion of c-Fos in numerous brain regions (Figures 1B–1E, S1A,

and S1B). In particular, TNF-a, IL-1b, and LPS induced the acti-

vation of neurons in brainstem areas integrating visceral sensory

inputs, such as the NTS and PB, regions involved in sickness and

defensive behavior such as the CeA and BST, as well as hypo-

thalamic regions involved in metabolic homeostasis and food

intake such as the arcuate nucleus (Arc) and the dorsomedial hy-

pothalamus (DMH) (Figures 1B, S1A, and S1B).17 In some acti-

vated regions, TNF-a, IL-1b, and LPS induced the activation of

specific neuronal subpopulations, such as cathecolaminergic

neurons in the locus coeruleus (LC) and RVM, calcitonin

G-related peptide (CGRP)+ neurons in the PB, as well as protein

kinase C (PKC)-d+ neurons in the CeA and the BST (Figures S1C–

S1H). These brain regions are involved in alertness, food intake,

defensive behaviors, and autonomic responses such as the CS

response.18–22 Of note, the absence of response to some cyto-

kines and saline ruled out an effect of stress alone associated

with injection (Figure 1C).

The highest density of neurons activated by TNF-a, IL-1b,

and LPS was observed in the PVN (Figures 1B and 1D). In

this region, IL-1b recruited up to 43.8% ± 2.1% of the total

PVN cells (Figure 1D). As the PVN triggers the HPA axis for

the release of CS into the bloodstream, we quantified the

robustness of the cytokines-induced PVN activation by

measuring CS level. In agreement with their respective c-

Fos activation profiles, TNF-a, IL-1b, and LPS effectively

induced a CS response, whereas other cytokines were

inefficient (relative to saline; Figure 2A). Furthermore, double

immunostaining showed that IL-1b activated a large propor-

tion of CRH-expressing neurons (97.7% ± 2%) and almost

half of VP-expressing neurons (43.0% ± 6%) in the PVN

(Figures 2B–2D), which synergize to activate the HPA cascade

and the CS response.7 We observed that the CS response to

IL-1b was higher in females than in males, in accordance with

previous data showing their increased sensitivity to stress

(Figure S1I).23 Interestingly, increasing doses of IL-1b did

not increase the levels of CS in the blood but rather prolonged

the duration of the CS response (Figures 2E and S1J). Finally,

as inflammation-dependent changes in the reactivity of the

HPA axis were reported at the neurohormonal level,24 we as-

sessed whether repeated injections of IL-1b would alter the

profile of the CS response and we found that re-injection of

IL-1b did not alter the kinetic and amplitude of the CS

response (Figures 2F and S1K).

Altogether, these results demonstrate that immune responses

induced by LPS and mediated by IL-1b and TNFa, but not proto-

typical cytokines mediating type-1 or type-2 immune responses,

are potent activators of brain circuits involved in the manage-

ment of defensive and sickness behavior and promptly activate

the CS response.
mean obtained in the saline-injected group (Sal). Data are mean ± SEM. One-

ith saline. See Table S1 for statistics.

Pbel and PBsl, and after IL-1b injection (versus saline control). Data are mean ±

1 compared with saline. See Table S1 for statistics.

ar is 200 mm.
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Figure 2. IL-1b efficiently induces a dose-dependent corticosterone response

(A) Blood corticosterone (CS) levels immediately before (0 h) or 3 h after cytokine or LPS injection into the peritoneum. Data are mean ± SEM; two-way ANOVA,

ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001 compared with saline. See Table S1 for statistics.

(B) Brain regions and mediators of the hypothalamo-pituitary axis (HPA) leading to CS release into the bloodstream. CRH: corticotropin-releasing hormone. VP:

vasopressin.

(C) Proportion of IL-1b-induced c-Fos+ neurons expressing vasopressin (VP, pink) or corticotropin-releasing hormone (CRH, red), and conversely, the proportion

of VP+ (green, left) or CRH+ (green, right) neurons expressing IL-1b-induced c-Fos (n = 6 mice for VP and 3 mice for CRH).

(D) Representative images of c-Fos colocalization with VP+ and CRH+ neurons within the PVN (upper images), and projection of VP and CRH fibers into the ME

(lower images), 3 h after IL-1b injection. White and yellow arrows show c-Fos+VP+ and c-Fos+CRH+ neurons, respectively. Scale bar is 200 mm.

(E) Dose-dependent effect of IL-1b injection on the blood CS response. One of two independent experiments (replicate experiment shown in Figure S2).

(F) CS response after re-injection of IL-1b 1 day (left) or 10 days (right) after initial injection. Data are mean ± SEM; two-way ANOVA, ns = not significant, *p < 0.05,

**p < 0.01, ***p < 0.001 compared with saline. One of two independent experiments (replicate experiment shown in Figure S2). See Table S1 for statistics.
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A subpopulation of PB neurons directly induces the CS
response
To decipher the circuits linking the activation of PVN neurons

with the integration of peripheral cytokine signals, we examined

whether brain regions activated by IL-1b (the strongest activator

of the PVN, Figure 1B) include neurons projecting to the PVN.

Following adeno-associated virus (AAV)-based retrograde

tracing from the PVN, we analyzed the density of retrogradely

labeled cells in the brain regions activated by IL-1b (Figure 1B).

As expected from previous work, we observed a high density

of PVN-projecting neurons in the NTS, LC/pre-LC, Arc, and PB

(Figures 3A and 3B). The PB, a major hub connecting interocep-

tive afferent information from spinal neurons12 and the VC13 to

various autonomic outputs, was strongly recruited after IL-1b in-

jection. Different types of PB neurons have been identified, ac-

cording to their neurochemical markers and projection patterns.

For instance, CGRP+ neurons in the external part of the lateral PB

(PBel) project to the BST and CeA and initiate fear and satiety be-

haviors,25 whereas FoxP2+ PBsl neurons project preferentially to

the hypothalamus.26 In order to identify the PB neurons that acti-
2370 Neuron 111, 2367–2382, August 2, 2023
vate the PVN and induce the CS response, we used dual stereo-

taxic injections of Cre-expressing retrograde AAVs combined

with Cre-dependent AAVs expressing the fluorescent reporter

mCherry to identify PB neurons that project to PVN (PB-to-

PVN neurons; Figures 3C–3E). As a comparison, we labeled

PB neurons projecting to BST (PB-to-BST neurons) or CeA

(PB-to-CeA neurons), both known to control behavioral re-

sponses to threat and pain.25 PB-to-PVN neurons were mostly

found within the PBsl, whereas PB-to-CeA and PB-to-BST neu-

rons were also found within the PBel (Figures 3D and 3E). In

accordance with the reported projection profile of CGRP+ neu-

rons in the PBel,25 PB-to-CeA, and PB-to-BST neurons, but

not PB-to-PVN neurons, projected to both BST and CeA

(Figures 3D and 3E). We then used Cre-dependent AAVs ex-

pressing the hM3D(Gq) receptor (a Designer Receptor Exclu-

sively Activated by Designer Drug [DREADDs]) to pharmacoge-

netically manipulate PB neurons (Figures 3F and 3G). After

injection of the ligand clozapine N-oxide (CNO) to selectively

activate the hM3D(Gq)-expressing neurons (compared with

mCherry-injected control), we found that only PB-to-PVN



Figure 3. PB neurons directly induce the corticosterone response by projecting to the PVN

(A) Top, viral tracing strategy to retrolabel the neurons projecting to the PVN. Bottom, representative images of retrogradely labeled neurons. Scale bar: 200 mm.

(B) Quantification of the density of retrogradely labeled neurons in selected brain regions known to be activated by IL-1b (see Figure 1B; n = 4 mice).

(C) Viral strategy for selective tracing of PB neurons projecting to the PVN, BST, or CeA.

(D) Quantification of mCherry+ labeling intensity in the Pbel and PBsl. Data are mean ± SEM. One-way ANOVA (n = 5 mice per group), ns = not significant,

*p < 0.05, **p < 0.01, ***p < 0.001 compared with control. See Table S1 for statistics.

(E) Representative images of the site of Cre virus injection (AAV-GFP) and of mCherry+ neuron projections to the PVN, BST, and CeA. Scale bar is 200 mm.

(F) Viral strategy for DREADD-based restimulation of PB neurons projecting to the PVN, BST, or CeA.

(G) Blood levels of CS after activation of PB-to-CeA, PB-to-BST, or PB-to-PVN neurons. Control individuals were injected with AAVretro-Cre into the PVN and

mCherryflox control virus into the PB. Data are mean ± SEM. Two-way ANOVA (n = 5–8mice per group), ns = not significant, *p < 0.05, **p < 0.01, and ***p < 0.001

compared with control. See Table S1 for statistics.
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neurons triggered a significant CS response (Figure 3G). We

concluded that a subpopulation of neurons in the PBsl sends

axonal projections to the PVN and induces the CS response.

PB-to-PVN neurons respond to IL-1b
To confirm that PB-to-PVN neurons in the PBsl are recruited by

IL-1b, we performed in vivo fiber photometry recording of the ac-
tivity of PB-to-PVN neurons in response to peripheral injection of

IL-1b. The calcium-sensitive activity reporter GCaMP7f was

conditionally expressed in PB-to-PVN neurons. The bulk fluores-

cence was collected in freely moving animals using an optic fiber

implanted above the PBsl (Figures 4A and 4B), resulting in

spontaneous calcium-dependent fluorescence fluctuations—a

proxy for synchronous population activity.27,28 At baseline, the
Neuron 111, 2367–2382, August 2, 2023 2371



Figure 4. IL-1b activates the PB-to-PVN neurons

(A) PB-to-PVN neurons were conditionally labeled with a Gcamp7f calcium reporter using a dual viral strategy and recorded through an optical fiber (425 mm)

chronically implanted above the PBsl.

(B) Representative image of the fiber track recording GCaMP7f-expressing PB-to-PVN neurons. Scale bar is 200 mm.

(C) Representative photometry bulk fluorescence signals of the PB-to-PVN neuronal population before and after IL-1b or IL-33 intraperitoneal injection. Note the

acute increase of activity following hand restrain. Higher magnifications of the fluorescence signal before and after IL-1b show the baseline changes in population

activity dynamics with behavioral state (active exploration, blue; immobility, orange) and the IL-1ß-induced emergence of regular, stereotyped, large-amplitude

population transients during the sickness phase. Right, overdrawn sorted population events observed following IL-1ß injection.

(D) Changes in the PB-to-PVN population transients frequency after saline, IL-1b, or IL-33 injection. Data are mean ± SEM. Two-way ANOVA (n represent single-

recorded brain hemispheres), ns = not significant, *p < 0.05, **p < 0.01, and ***p < 0.001 compared with saline. See Table S1 for statistics.

(E) Area under the curve (AUC) of the integrated PB-to-PVN population transient frequency from 20 to 180min post-injection of IL-1b (left) or IL-33 (right). Data are

mean ± SEM, t test, ns = not significant, *p < 0.05, **p < 0.01, and ***p < 0.001 compared with saline. See Table S1 for statistics.

(F) Changes in PB-to-PVN population transients frequency induced by intraperitoneal injection of IL-1b at 10 or 50 mg/kg. Data are mean ± SEM. Two-way

ANOVA, ns = not significant, *p < 0.05, **p < 0.01, and ***p < 0.001 compared with saline. See Table S1 for statistics.
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PB-to-PVN neurons exhibited spontaneous population tran-

sients, with bouts of increased fluorescence associated with a

high frequency of population transients during alert exploration

and bouts of low fluorescence during immobility/sleep period

(Figure 4C, baseline in black). The PB-to-PVN neurons also ex-

hibited reliable time-locked population responses to stressful
2372 Neuron 111, 2367–2382, August 2, 2023
events such as hand restrain and mild foot shock (Figure S2E).

To control for motion artifact, we performed dual-color imaging

of PB-to-PVN neurons co-expressingGCaMP7f and theCa2+-in-

dependent fluorescent reporter mCherry (Figures S2A–S2D).

mCherry traces were qualitatively different from GCaMP7f,

with no noticeable fluctuation (peak mCherry DF/F < 2%,



(legend on next page)
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Figure S2B) and no concomitant population transients in the

green and red channels during the recording time period

(Figures S2B and S2C).

Upon IL-1b administration, we measured an initial reduction in

PB activity, followed by the emergence of large, high-amplitude,

regular, and stereotyped population transients (Figure 4C), remi-

niscent of synchronous population bursts observed upon LPS in-

jection in CGRP+ neurons of the PB,25 which may originate from

local network synchronization and/or synchronous external in-

puts.29 We quantified the frequency of spontaneous population

transients before and after IL-1b and observed that this high-ac-

tivity state in the PB-to-PVN population emerged as early as

20 min after injection, reaching a peak of activity at 100 min,

and lasting for 180 to 200 min (Figures 4C–4E). Higher amounts

of IL-1b prolonged the period of sustained high activity (Fig-

ure 4F), matching the IL-1b dose-dependent effect on the kinetic

of the CS response (Figure 2E) and suggesting that blood IL-1b

levels are encoded into temporal activity patterns in the PB. In

contrast to the strong response induced by IL-1b, we did not

observe any effect in response to the type-2 cytokine IL-33

(Figures 4C–4E), in accordance with c-Fos quantification (Fig-

ure 1). Similarly, fasting-induced refeeding or administration of

the gastric malaise-inducing agent lithium chloride had no signif-

icant effect on PB-to-PVN neuronal population activity (Fig-

ure S2F–S2H).

The PB-to-PVN neuronal circuit is recruited by the VC
We next investigated the nature of inputs to PB-to-PVN neurons.

Previous work showed that the PB receives exteroceptive sen-

sory inputs from the periphery via the spinoparabrachial tract,

as well as interoceptive vagal inputs via the NTS and the AP,12

both regions belonging to the VC. We therefore investigated

the contribution of those pathways in the activation of PB-to-
Figure 5. Neurons in the PB relay an IL-1b signal from the VC to the PV

(A) Strategy for identifying the neuronal relay between the vagal complex (VC) and

Cre in post-synaptic neurons.

(B) Quantification of neurons in brain regions directly projecting to the PVN (X-to-

VC-targeted neurons projecting to the PVN (VC-to-X-to-PVN neurons, mean ± S

(C) Proportion of VC-targeted PB-to-PVN (TdT+) neurons expressing FoxP2 (green

red) or c-Fos+ (light red) neurons being VC-targeted PB-to-PVN neurons (n = 3–4

(D) Representative images of neurons in the PB (bregma�5.1mm) that synapse w

arrows show FoxP2+ VC-targeted PB-to-PVN neurons that are activated by IL-1

(E) Proportion of PB-to-PVN neurons (mCherry+, AAVretro-mCherry into the PVN

Pdyn+ neurons being PB-to-PVN neurons (red, n = 3 mice).

(F) Representative images of PB-to-PVN neurons (bregma �5.1 mm) and co-ex

is 200 mm.

(G) Strategy to detect PB-to-PVN presynaptic neurons in the VC. Rabies-EnvA-DG

and TVA proteins («starter neurons»), and retrogradely label presynaptic neurons

(H and I) Proportion of «starter neurons» (GFP+mCherry+) within PB-to-PVN ne

representative image of «starter neurons» (yellow) in the PB (I). Scale bar is 200

(J and K) Number of PB-to-PVN presynaptic neurons along the rostrocaudal axis

presynaptic neurons in the VC (bregma �7.44 mm) indicated by red arrows (K).

(L and M) Selective labeling of VC-to-PB neurons with a DREADD (hM3D(Gq)-mC

(M). Data are mean ± SEM. Two-way ANOVA (n = 4–6 mice per group), ns = not s

Table S1 for statistics.

(N) Representative images of VC-to-PB neurons in the VC (left), and mCherry+ fib

(O and P) Selective labeling of VC-targeted PB-to-PVN neurons with a DREADD (

CNO injection (P). Data are mean ± SEM, two-way ANOVA (n = 6–8 mice per gro

mCherry). See Table S1 for statistics.

(Q) Representative images of VC-targeted PB-to-PVN neurons and CNO-induce
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PVN neurons and, consequently, in the CS release in response

to IL-1b.

First, we activated the nociceptive spinoparabrachial pathway

by the subcutaneous injection of capsaicin, a ligand of heat-

sensing TRPV1 channels in sensory nociceptive neurons, and

assessed its impact on the activation of PB neurons

(Figures S3A and S3B). Capsaicin efficiently activated PB and

PVN neurons (Figure S3C), as previously reported,30 and

induced an early transient CS response (Figure S3D), although

only poorly activating NTS and regions associated with sickness

behavior, such as the BST and CeA (Figure S3C). However,

despite strong c-Fos induction in the PBsl, which receives spinal

inputs (Figure S3C), capsaicin neither induced significant

changes in activity in the PB-to-PVN neuronal population

when analyzed with fiber photometry (Figures S3E and S3F)

nor induce a significant c-Fos expression in PB-to-PVN neurons

(Figures S3G–S3I). Similarly, an intraperitoneal injection of

capsaicin, matching the administration route of IL-1b, failed to

activate PB-to-PVN neurons (Figure S3F). These results indicate

that the TRPV1+ spinoparabrachial neurons do not participate in

the activation of PB-to-PVN neurons involved in the CS

response.

We next assessed whether PB-to-PVN neurons are directly

activated by the VC. In order to identify PVN-projecting neurons

that receive direct inputs from the VC, we injected a transsynap-

tic anterograde AAV1-Cre virus into the VC31 and a Cre-depen-

dent retrograde AAV expressing mCherry into the PVN (Fig-

ure 5A). PVN-projecting neurons were found in the brainstem,

PB, and hypothalamus (Figures 3A and 3B). However, only the

PB carried a significant number of neurons with both presynaptic

contacts with VC neurons and projections to the PVN (Figure 5B,

VC-to-PB-to-PVN neurons). These VC-targeted PB-to-PVN neu-

rons were distributed along the PBsl and comprised up to
N

PVN neurons. AAV1-Cre virus with transynaptic ability induces expression of

PVN neurons, AAVretro-mCherry into the PVN as in Figure S4, n = 2–7 mice) or

EM, n = 3 mice).
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Figure 6. IL-1b-TRAPed neurons in the PB efficiently induce the corticosterone response

(A) Procedure for labeling neurons activated by IL-1b (TRAP) in the PVN, CeA, VC, and PB. Transgenic c-Fos-CreERT2 mice are stereotaxically injected with a

Cre-dependent mCherry AAV. After 3 weeks, neurons are activated by injection of IL-1b and labeled with 4-OHT injection 1h later. After 2 weeks, mice are

challenged with IL-1b, and IL-1b-induced c-Fos and TRAPed mCherry+ neurons are analyzed by immunofluorescence.

(B) Representative images of IL-1b-TRAPed mCherry+ and IL-1b-activated c-Fos+ neurons. Arrows show single-positive neurons (green arrow for c-Fos+; red

arrow for mCherry+) and c-Fos+mCherry+ (yellow arrow) neurons. Scale bar is 200 mm. Bottom right, ratio of double-positive mCherry+ c-Fos+ neurons among

mCherry+ neurons, representing TRAP specificity, and among c-fos+ neurons, representing TRAP efficiency (n = 3 mice per group, mean ± SEM).

(C and D) Viral strategy to specifically label IL-1b-TRAPed PB neurons, PB-to-PVN neurons, and IL-1b-induced c-Fos+ neurons (C), with representative pictures

of the triple-labeling (D).

(E) Quantification of the density of GFP+ TRAPed neurons (left) and retrogradely labeled PB-to-PVN neurons (right) following TRAPing with IL-1ß (red, n = 7) and

saline (gray, n = 5) in the PBsl. Data are mean ± SEM. See Table S1 for statistics.

(F) Left, quantification of the proportion of double-labeled mCherry+/GFP+ neurons among all GFP+ TRAPed neurons following TRAPing with IL-1ß (red, n = 7)

and saline (gray, n = 5) in the PBsl. Middle, proportion of double-labeled mCherry+/GFP+ neurons among all mCherry+ PB-to-PVN neurons following TRAPing

with IL-1ß (red, n = 7) and saline (gray, n = 5) in the PBsl. Data are mean ± SEM. Right, representative diagram of the mean relative overlap between PB-to-PVN

(red) and TRAPed (green) neuronal populations after TRAPing with IL-1ß (top) or saline (bottom). See Table S1 for statistics.

(G) Quantification of the proportion of GFP+/mCherry+ neurons co-expressing IL-1ß-induced c-Fos among all mCherry+/c-Fos+ neurons following TRAPing with

IL-1ß (red, n = 7) or saline (gray, n = 5) in the PBsl. Data are mean ± SEM. See Table S1 for statistics.

(H) Top, genetic strategy to pharmacogenetically reactivate IL-1ß-TRAPed neurons. Following TRAP, hM3D(Gq)-expressing neurons (or mCherry control neu-

rons) were stimulated by clozapine N-oxide (CNO) injection, and corticosterone (CS) levels were determined. Bottom, representative image of IL-1b-TRAPed PB

neurons expressing either hM3D-mCherry (left) or mCherry (right) and treated with CNO. Arrows show CNO-induced c-Fos expression in neurons (yellow). Scale

bar: 200 mm.

(legend continued on next page)
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57.2% ± 8.7% of all PB-to-PVN neurons (Figures S4A–S4C).

FoxP2, a transcription factor abundantly expressed within the

PBsl, was expressed by up to 48.5% ± 6.9% of VC-targeted

PB-to-PVN neurons (Figures 5C, 5D, and S4B–S4D). Moreover,

IL-1b efficiently induced c-Fos expression in FoxP2-expressing

VC-targeted PB-to-PVN neurons (51.9% ± 11.1%, Figures 5C

and 5D). To further characterize PB-to-PVN neurons, we as-

sessed the expression of Pdyn, which labels a subpopulation

of FoxP2 neurons involved in nocifensive behaviors.26,32,33

Pdyn neurons accounted for 30.0% ± 4.8% of all PB-to-PVN

neurons and a large proportion of all Pdyn neurons of the PBsl

projected to the PVN (70.0% ± 6.0%, Figures 5E, 5F, S4E,

and S4F).

To characterize the VC neurons synapsing onto PB-to-PVN

neurons, we used Cre-dependent monosynaptic rabies trans-

synaptic tracing (Figures 5G–5I). From PV-to-PVN starter neu-

rons, we found presynaptic mCherry+ neurons in the VC, mostly

in the NTS, and fewer in the AP (Figures 5J and 5K). VC neurons

did not express tyrosine hydroxylase (TH; Figure S4G), thus con-

firming that PB-to-PVN presynaptic neurons in the NTS were

distinct from cathecolaminergic VC neurons that project directly

to the PVN.34

We finally assessed whether the VC-to-PB circuit was suffi-

cient to induce the CS response, using dual stereotaxic

injections of retrograde AAVs into the PB and conditional

hM3D(Gq)-expressing AAVs into the VC (Figures 5L–5N). We

observed a vigorous and prolonged CS response induced by

the activation of VC-to-PB neurons only (Figure 5M). The VC-

to-PB neurons were found both in the NTS and AP andmassively

projected to the PBsl aswell as to PBel (Figure 5N). To selectively

activate the VC-to-PB-to-PVN circuit, we used an intersectional

strategy based on both Cre and Flipase-dependent expression

to express the hM3D(Gq) receptor in VC-targeted PB-to-PVN

neurons (Figure 5O). Upon CNO injection, VC-targeted PB-to-

PVN neurons expressed c-Fos and induced the CS response

(Figures 5P and 5Q). Finally, we tested whether VC-to-PB and

PB-to-PVN neurons were necessary for the IL-1b-induced CS

response. The targeted silencing of VC-to-PB or PB-to-PVN

neurons with CNO-inducible inhibitory hM4D(Gi) receptor did

not significantly alter the IL-1b-induced CS response (Figure S5).

Altogether, our data demonstrate that the VC-to-PB-to-PVN cir-

cuit is sufficient, but not necessary, to trigger the CS response.

Activation modality of the VC-to-PB-to-PVN circuit by
IL-1b
Most VC neurons that synapse with PB-to-PVN neurons were

found in the NTS, the first relay of the vagus nerve in the brain.

Thus, we assessed whether the nodose neurons of the vagus

nerve activate the VC-to-PB-to-PVN pathway in response to

IL-1b. First, we performed a chemical ablation of TRPV1+ sen-

sory neurons of the dorsal root ganglia (DRG) and nodose

ganglia of the vagus using resiniferatoxin (RTX; Figure S6A).

RTX administration induced a significant decrease in the number
(I) CS blood levels following CNO-induced reactivation of IL-1b-TRAPed CeA, PVN

TRAPed PB neurons (blue). All groupswere treatedwith CNO. Data aremean ± SE

ns = not significant, *p < 0.05, **p < 0.01, and ***p < 0.001 comparedwithmCherryI

Figure S7I (see Table S1 for statistics).
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of TRPV1+ neurons in the DRG (Figures S6B and S6C), which

was sufficient to fully abort heat-induced pain sensation (Fig-

ure S6D). RTX also drastically reduced the proportion of

TRPV1+ neurons in the nodose ganglia (Figures S6E and S6F,

25.6% ± 5.8% of the total neurons to 6.2% ± 1.4% after RTX),

leading to a massive reduction of NTS vagal innervation, as

determined by the use of isolectin B4 (IB4), a marker of vagal

C-fibers, the predominant fibers of vagus sensory neurons

(Figures S6G and S6H).35 However, such chemical ablation of

sensory neurons failed to affect brain activation and the CS

response to IL-1b (Figures S6I and S6J), indicating that

TRPV1+ vagal neurons and nociceptors do not play a role in

the IL-1b-mediated CS response. To confirm this observation,

we performed a bilateral subdiaphragmatic section of the vagus

nerve (Figures S6K and S6L). Again, we failed to observe a sig-

nificant impact on the CS response and the level of c-Fos ex-

pressed in the NTS, PBsl, and PVN in response to IL-1b, except

at later time points (Figures S6M–S6O). These results indicate

that the vagus nerve is not necessary to activate brain neurons

and the CS response in response to intraperitoneral injections

of IL-1b.

In circumventricular regions of the brain, endothelial cells can

respond to IL-1b and relay the activation signal to neurons via the

production of the prostaglandin.36 We thus examined whether

the AP, a circumventricular region of the VC in contact with the

blood circulation, is activated by IL-1b. Using a GFP-expressing

mouse line reporting the activation of the NF-kB pathway, we

found IL-1b-induced GFP expression in the AP, as early as 2 h

after injection, but not in the NTS or the PB (Figures S6P and

S6Q). GFP+ cells were located close to blood vessels and ex-

pressed Cox2, an enzyme required to produce prostaglandins

(Figures S6R and S6S). In complement to the neuronal c-Fos

mapping, these data show an early activation of non-neuronal

Cox2+ cells in AP in response to IL-1b.

The reactivation of PB neurons activated by IL-1b
induces the CS response
We next tested whether PB neurons activated by IL-1b can

induce the CS response when specifically reactivated. To this

end, we used the c-Fos-CreERT2 mouse line for targeted activ-

ity-dependent expression of a reporter protein in IL-1b-activated

neurons. In this transgenic line, neuronal activation results in

the expression of CreER, which enters the nucleus when bound

to 4-hydroxytamoxifen (4-OHT), the administration of which

temporally gates the window of recombination and permanent

labeling (or ‘‘TRAPing’’) of activated neurons.37 In preliminary ex-

periments, we determined that administration of 4-OHT 1 h after

IL-1b injection was the optimal time setting to capture IL-1b-acti-

vated neurons (Figures S7A–S7C). We then performed genetic

labeling of IL-1b-activated neurons (‘‘IL-1b-TRAPed neurons’’)

in the PB as well as in the regions most recruited by IL-1b and

connected to the PB, such as PVN, CeA, and VC. First, to assess

the efficiency and specificity of IL-1b-mediated labeling, IL-1b
, VC, and PB neurons (red, hM3D-mCherry; gray, control mCherry) and saline-

M. Two-way ANOVA (n = 6–7mice per group for the 3 respective brain regions),
L-1b (see Table S1 for statistics). The saline-TRAPed data are also represented in
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was reinjected 2 weeks after initial genetic labeling of neurons

with IL-1b (Figures 6A and B), and the neurons expressing both

the reporter (mCherry) and the protein c-Fos were quantified.

As a measure of genetic labeling efficiency, 40%–60% of

c-Fos+ neurons in CeA, PB, VC, and PVN also expressed the

mCherry reporter (Figure 6B). As a measure of genetic labeling

specificity, 50%–80% of genetically labeled neurons re-ex-

pressed the protein c-Fos (Figure 6B), similar to the previously

reported data.37

We investigated the identity of IL-1b-TRAPed PB neurons and

whether they included PB-to-PVN neurons. Following IL-

1b-TRAPing, we observed labeled neurons in both the PBsl and

PBel and detected axonal projections to the PVN, the BST, and

CeA (Figures S7D and S7E). We thus combined AAV retrograde

tracing with the TRAP system to label PB-to-PVN neurons

and IL-1b-TRAPed PB neurons, respectively (Figures 6C–6E).

Although less than 15% of IL-1b-TRAPed PB neurons were PB-

to-PVN neurons, we found that half (50.9% + 3.7%) of the PB-

to-PVN neurons were TRAPed by IL-1b, whereas only a limited

proportion PB-to-PVN neurons (18.9% + 3.4%) were TRAPed

by saline (Figures 6F, S7G, and S7H) and mineral oil used for

the administration of 4-OHT (Figures S7I and S7J). As an addi-

tional measure of TRAPing specificity, we reinjected IL-1b to

induce the expression of the c-Fos and observed that the large

majority of PB-to-PVN neurons expressing c-Fos were previously

TRAPed with IL-1b (73.7% ± 4.2%), whereas saline/vehicle-

TRAPed neurons showed limited overlap with c-Fos+ PB-to-

PVN neurons (24.7% ± 2.9%; Figure 6G). We thus concluded

that IL-1b-TRAPed PB neurons efficiently engaged the PB-to-

PVN circuit, whereas control saline/vehicle-TRAPed PB neurons

did not.

We then used this TRAP approach to assess whether PB neu-

rons activated by IL-1b can induce the CS response. TRAPed PB

neurons, as well as TRAPed VC, CeA, or PVN neurons, were

selectively transduced to express the G-protein-coupled

hM3D(Gq) receptor (Figure 6H). The reactivation by CNO of

IL-1b-TRAPed neurons in the PB promptly induced a vigorous

and prolonged CS response (Figure 6I). Significant levels of CS

were also induced by the reactivation of IL-1b-TRAPed neurons

in the VC (upstream of PB) or PVN (downstream of PB), but not in

CeA (Figures 6H and 6I). Reactivation of saline/vehicle-TRAPed

PB neurons induced a significant but short-lived CS response

(Figures 6I and S7K). Finally, in accordance with our previous

observation (Figure S5), we found that IL-1b-TRAPed PB neu-

rons were sufficient but not necessary to induce a CS response,

as the targeted ablation of IL-1b-TRAPed PB neurons with the

apoptosis-inducing Caspase 3 did not significantly alter the IL-

1b-induced CS response (Figures S7L–S7N). Altogether, these

results demonstrate that IL-1b recruits a specific VC-to-PB-to-

PVN neuronal circuit that induces the CS response when

reactivated.

Activation of the PB-to-PVN circuit mediates the
suppression of immune cell development
CS is the quintessential immunosuppressive hormone, regu-

lating the development of immune cells and the level of inflam-

matory responses. However, multiple checkpoints control the

systemic activity of CS.6 To assess whether the CS response
evoked by IL-1b-activated PB neurons is sufficient to modulate

immunity, we assessed the impact of PB circuit activation on

three well-described CS-sensitive developmental processes,

the maturation of T cell precursors in the thymus,38 the matura-

tion of B cell precursors in the bone marrow,39 and the release of

granulocytes into the blood.40

To this end, we activated IL-1b-TRAPed PB neurons for 2 days

using DREADD stimulation of hMD3(Gq)-expressing neurons

and analyzed immune cells by flow cytometry (Figures 7A and

S8). DREADD-activated IL-1b-TRAPed PB neurons were

compared with mCherry-expressing IL-1b-TRAPed PB neurons

exposed to identical CNO treatment. As an additional control,

we assessed the activation of DREADD-expressing IL-1b-

TRAPed neurons in CeA, a region strongly activated by IL-1b

and involved in the behavioral response to stress, pain, and

inflammation but not in CS response. Following CNO administra-

tion, we observed significant thymus shrinking (Figure 7B), due

mostly to decreased numbers of immature CD4+CD8+ T cells.

Bone marrow B cell precursors, in particular resting pre-B and

transitional B cells, were similarly reduced (Figures 7D and 7J),

leading to a decrease in circulating B cells. Finally, the fre-

quencies of eosinophils and basophils were significantly

decreased in the blood,41 whereas neutrophil numbers were

slightly increased (Figures 7F, 7H, and 7I). By contrast, reactiva-

tion of IL-1b-TRAPed neurons in the CeA did not affect the gen-

eration of thymocytes, B cells, and granulocytes (Figures 7C, 7E,

and 7G), in accordance with the absence of CS response after

the reactivation of IL-1b-TRAPed CeA neurons (Figures 6I and

6J). Taken together, these results show that the CS response

evoked by IL-1b-activated PB neurons is sufficient to induce

CS-mediated systemic immunosuppression.

DISCUSSION

We show here that the type-3 pro-inflammatory cytokines IL-1b

and TNF-a—but not type-1 or type 2 cytokines—induce c-Fos

activation in specific brain circuits leading to CS release. We

dissected the circuit engaged in the coupling of IL-1b sensing

with the CS response and identified a subpopulation of PB neu-

rons that receives inputs from the VC and projects to the PVN.

These PB-to-PVN neurons, a majority of which express FoxP2

and Pdyn, are responsive to IL-1b but not to nociceptive signals.

Our data also indicate that IL-1b sensing in the VC does not rely

on sensory vagal inputs or nociceptors. Finally, we demonstrate

that the reactivation of PB neurons is sufficient to induce a

vigorous CS response and, as a consequence, regulate the

development of immune cells in the bone marrow and the

thymus.

The PB integrates multiple sensory information from the pe-

riphery via the vagus nerve and the spinoparabrachial pathway

and coordinates diverse autonomic functions, such as fever, gly-

cemia, pleasure, and arousal, as well as behaviors associated

with perceived danger.12,14,15,25,33 We show that the PB also

integrates information on blood levels of pro-inflammatory cyto-

kines to induce the CS response. Given the diversity of sensory

inputs reaching the PB, the PB must integrate multiple

pathways, acting synergistically or in opposition, to trigger the

CS response. Here, we did not detect a significant impact of
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Figure 7. Activation of IL-1b-TRAPed neurons in the PB induces systemic immunosuppression
(A) Procedure for labeling neurons activated by IL-1b in the PB (PBTRAP, n = 4 mice per group) or CeA (CeATRAP, n = 3 mice per group), and restimulation of the

neurons for 2 days with CNO. Thymic, blood, and bone marrow (BM) cells were harvested, processed, and analyzed by flow cytometry.

(B and C) Total thymocyte numbers (left) and cumulative numbers of immature to mature thymocytes (right) in PBTRAP (B) or CeATRAP (C) mice. DN: CD4-CD8-

double negative cells. ISP8: immature single-positive CD8 T cells. t test for number of thymic cells and cumulative number of subpopulations, ns = not significant,

*p < 0.05, **p < 0.01 and ***p < 0.001 compared with mCherryIL-1b group,). Data are mean ± SEM.

(D and E) Cumulative numbers of immature and mature B cells in the bone marrow (left), and frequency of B cells in the blood (right) of PBTRAP (D) or CeATRAP

(E) mice. t test for number of blood B cells and the cumulative number of thymic cells, ns = not significant, *p < 0.05, **p < 0.01, and ***p < 0.001 compared with

mCherryIL-1b group. Data are mean ± SEM.

(F and G) Frequency of eosinophils, basophils, and neutrophils in the blood of PBTRAP (F) or CeATRAP (G) mice. t test, ns = not significant, *p < 0.05, **p < 0.01, and

***p < 0.001 compared with mCherryIL-1b group. Data are mean ± SEM.

(H–J) Representative flow cytometry plots of immune cell populations in IL-1b-TRAPed expressing hM3D(Gq) or mCherry controls.
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the vagal and spinoparabrachial pathways on the PB-mediated

CS response. Recent work has begun to unravel the input-output

diagram of the PB subcircuits, illustrating how PB subpopula-

tions are wired from specific routed sensory inputs to specific

brain outputs. For instance, SatB2+ PB neurons were shown to

relay gustatory inputs to the gustatory thalamus,42 whereas

CGRP+, Tac1+, Pdyn+, and FoxP2+ PB neurons integrate noci-

ceptive, noxious, and feeding inputs to induce aversive and no-

cifensive responses.14,20,25,32 Half of the Pdyn+ neuronal popula-

tion also includes heat-activated neurons involved in heat

defense behaviors.33 In this study, we found that a subpopula-

tion of the PB integrates inflammatory signals to control the CS

response via the PVN. This dedicated PB-to-PVN circuit ex-

presses FoxP2 and Pdyn, but not CGRP. These neurons fail to

respond to prolonged noxious TRPV1-dependent signals from

the spinoparabrachial pathway (Figure S3) but are activated by

acute foot shock (Figure S2E). These data suggest the existence

of a functional subdivision within the Pdyn population, one

driving the CS response to inflammatory signals and another

driving escape behaviors in response to noxious stimuli. Dissect-

ing the Pdyn/FoxP2 neuronal population in the PB will be critical

to define their receptive field and functions in the regulation of

neuroendocrine/sympathetic outputs.

It has been shown previously that catecholaminergic neurons

of the medulla are necessary for the CS response to IL-1b and

LPS.19,43,44 TH-expressing neurons are found both in the RVM

and the NTS34,43,45 and project directly to the PVN and to

CGRP+ neurons in the PBel.46 Although we showed that TH+

NTS cells are poorly recruited by IL-1ß (Figure S1C and S1D),

our study does not address the relative impact of the direct cate-

cholaminergic NTS/RVM-to-PVN pathway compared with the

NTS-to-PB-to-PVN pathway. Furthermore, we find that the VC-

to-PB-to-PVN pathway is sufficient but not necessary to induce

the CS response (Figures S5 and S7L–S7N). The absence of ef-

fects of such loss-of-function manipulations may suggest the

co-existence of alternative and redundant pathways to trigger

the CS response but does not rule out specific contexts in which

these different pathways are necessary. This also suggests that

the VC conveysmultiple chemical and physical stress signals (in-

flammatory, pain, cardio-vascular, and metabolic) that may

interact to activate diverse pathways.47 Future experiments will

determine in which contexts the NTS cathecolaminergic and

PB pathways are, respectively, engaged to activate the CS

response, their relative contribution in the amplitude and kinetics

of the CS response, as well as their possible mutual regulation in

neuronal output to the PVN. As the PB is necessary for associa-

tive taste memory20 and receives direct inputs from the insular

cortex, a region known to regulate the immune system based

on previous experiences,5 it may be proposed that the PB-to-

PVN circuit is engaged during the recall of memory associated

with previous inflammatory events.

We found that the TRAPing of PB neurons following IL-1b in-

jection led to an effective recruitment of the PB-to-PVN circuit,

prolonged release of CS, and peripheral immunosuppression.

In that experiment, CNO-induced reactivation of DREADD-ex-

pressing IL-1b-TRAPed PB neurons was compared with

mCherry-expressing IL-1b-TRAPed neurons, in order to control

for the potential immunomodulatory effect of CNO. Reactivation
of IL-1b-TRAPed neurons in the PB was also compared with the

reactivation of IL-1b-TRAPed neurons in the CeA, the latter being

involved in the behavioral response to stress, pain, and inflam-

mation, including IL-1b, but not involved in the CS response. A

third type of control may have quantified the effect of reactivation

of saline-TRAPed PB neurons. Indeed, saline-TRAPed neurons

were abundant in the PB (Figures S7G and S7H), as were neu-

rons activated by the vehicle used for TRAPing (Figures S7I

and S7J). However, although DREADD-activation of saline-

TRAPed PB neurons led to a transient but short-lived CS

response (Figures 6I and S7K), saline did not significantly recruit

the PB-to-PVN circuit (Figures 6F and S7I). It is therefore

possible that saline/vehicle injections induce a PB-dependent

CS response via neuronal circuits other than the PB-to-PVN cir-

cuit, probably involving activators distinct from cytokines.

Together with the absence of effects of the loss-of-function ex-

periments, these elements confirm the co-existence of alterna-

tive and redundant pathways to trigger the CS response.

Previous studies have shown that the NTS is a critical brain

portal for inflammatory signals to induce the CS response.48

As vagus afferents to the NTS are involved in cytokine-induced

fever49 (see also ref.3), it has been suggested that the vagus

nerve is similarly involved in the cytokine-induced CS response.

However, it has also been proposed that for high levels of cyto-

kines circulating in the blood and cerebrospinal fluid, the detec-

tion may occur in circumventricular and perivascular organs,

such as the AP.45 In that context, perivascular cells expressing

cytokine receptors respond to cytokines by the activation of

the NF-kB pathway and the production of prostaglandins.50 In

accordance with this view, activation of PVN neurons51,52 and

the CS response53,54 by high doses of IL-1b or LPS injected

into the peritoneum is affected by the inhibition of prostaglandin

production and is associated with increased expression of Cox2

and NF-kB transcripts in the AP.51,55 In the present manuscript,

we also observed that IL-1b directly or indirectly activates the

NF-kB pathway in perivascular cells of the AP and that Cox2 is

highly expressed in the AP. A local loss-of-function approach

would complement our study in order to determine whether

the AP directly senses IL-1b and contributes to the IL-

1b-induced CS response.56,57

We show that the PB-centered pathway inducing the CS

response is efficiently triggered by IL-1b and TNFa, as well as

by the bacterial compound LPS that induces the production of

these anti-microbial cytokines. By contrast, the CS response is

poorly induced by cytokines produced in response to viral and

intracellular infections, such as IL-12 and IFNg, or in response

to cytokines produced in response to helminths or allergens,

such as IL-33, IL-4, and IL-13. Of note, the vagus sensory neu-

rons express cytokine receptors and amplify, for example, pro-

allergic responses in the lung through the local release of neuro-

peptides.58 However, it is not known whether, in addition to this

local neuro-immune reflex, information related to lung allergy is

transmitted by the vagus to the NTS and subsequent brain cir-

cuits. Furthermore, type I interferons IFNa and IFNb, produced

early in the response to cellular infections, induce fever, howev-

er, at a relatively low level compared with IL-1b.59 We speculate

that anti-microbial responses are efficiently sensed by the brain

because they reflect a systemic danger to the individual to which
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the brain has to respond by concerted actions including fever,

sickness behavior, and CS response. As an example of the

lethality of uncontrolled anti-microbial immune responses, a

septic shock mediated by LPS and the induction of IL-1b and

TNFa rapidly leads to multi-organ failure if not controlled by

prompt anti-inflammatory measures.60 IL-1b is processed from

pro-IL-1b by the inflammasome, which is activated in the cyto-

plasm by the loss of cellular integrity.61 The released IL-1b is

further amplified by IL-1b-induced IL-1b-release that increases

the circulating levels of IL-1b.62 It is therefore possible that cell

death and the dissemination of microbes pose a considerable

danger to the organism to which the organism best responds

by a systemic effort coordinated by the brain to orchestrate im-

mune, metabolic, and behavioral responses, in contrast to more

local viral and parasitic infections.

In conclusion, we have discovered a dedicated pathway by

which pro-inflammatory and anti-microbial cytokines induce

the CS response via the PB. As the PB is a key hub for interocep-

tive and exteroceptive sensory inputs to diverse autonomic out-

puts and behavioral centers, it is tempting to speculate that the

PB integrates various pro-inflammatory and sensory experi-

ences to optimize the amplitude and duration of the CS

response. Thus, new approaches to regulate peripheral inflam-

mation may be proposed that target the activity of the PB via

the VC to ultimately regulate the CS response.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

IHC antibodies

Mouse a-calcitonin gene-related

peptide (CGRP)

Abcam Ab81887; RRID:AB_1658411

Mouse a-tyrosine hydroxylase (TH) Immunostar 22941; RRID:AB_572268

Mouse a-protein kinase C-delta (PKC-d) BD Biosciences 610398; RRID:AB_397781

Rabbit a-c-Fos Abcam 190289; RRID:AB_2737414

Rabbit a-c-Fos Millipore ABE457; RRID:AB_2631318

Rabbit a-corticotropin-releasing

hormone (CRH)

Abcam T-4037; RRID:AB_2314240

Rabbit a-GFP Mol. Probes A11122; RRID:AB_221569

Guinea Pig a-c-Fos Synaptic Sys. 226004; RRID:AB_2619946

Guinea Pig a-c-vasopressin (VP) Peninsula Lab T5048; RRID:AB_518680

Goat a-mCherry Sicgen AB0081; RRID:AB_2333095

Goat a-Cox2 Abcam Ab23672; RRID:AB_731725

Chicken a-GFP Millipore 06896; RRID:AB_310288

Icam-1-PE BD Biosciences 5C11A8; RRID:AB_2721204

Mouse a-FoxP2 Santa Cruz 715-606-151; RRID:AB_2340866

Donkey a-mouse AF647 Jackson IR 711-546-152; RRID:AB_2340619

Donley a-rabbit AF488 Jackson IR 711-605-152; RRID:AB_2492288

Donkey a-rabbit AF647 Jackson IR Ab81887; RRID:AB_1658411

Donkey a-guinea pig AF488 Jackson IR 706-545-148; RRID:AB_2340472

Donkey a-goat AF568 Abcam 175704; RRID:AB_2725786

Donkey a-chicken AF488 Jackson IR 703-545-155; RRID:AB_2340375

RNAscope probe – Mm-Pdyn Biotechne 318771

Flow cytometry antibodies

CD3-BV711 Biolegend 100349; RRID:AB_2565841

B220-PeCy7 eBiosciences 25-0452-82; RRID:AB_469627

CD4-BV605 Biolegend 100548; RRID:AB_2563054

CD8-BV786 SONY 1103650

CD25-APC eBiosciences 17-0251-82; RRID:AB_469366

CD44-PE eBiosciences 12-0441-83

SiglecF-PE BD Biosciences 553253; RRID:AB_394735

Ly6G-PerCPCy5.5 BD Biosciences 552126; RRID:AB_465665

CD49b-FITC eBiosciences 560602; RRID:AB_1727563

CD45-PECF594 BD Biosciences 12-5971-82; RRID:AB_466073

Ly6C-BV605 BD Biosciences 562420; RRID:AB_11154401

ckit-APC eBiosciences 563011; RRID:AB_2737949

CD16/32-PerCPCy5.5 SONY 1106620

CD115-PE eBiosciences 12-1152-82; RRID:AB_465808

CD19-APCCy7 SONY 1177650

CD43-BV605 BD Biosciences 747726; RRID:AB_2872201

CD24-FITC BD Biosciences 553261; RRID:AB_394740

BP1-biotin BD Biosciences 553159; RRID:AB_394671

IgD-BV421 SONY 2688625

IgM-PE BD Biosciences 553409; RRID:AB_394845
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CD16/CD32 monoclonal blocking antibody Invitrogen 14-0161-82; RRID:AB_467133

DAPI Invitrogen D1306

Bacterial and virus strains

AAV5-hSyn-DIO-mCherry (AAV-

mCherryflox)

Bryan Roth lab (ref 63) Addgene viral prep # 50449-AAV5

AAV5-hSyn-DIO-hM3D(Gq)-mCherry

(AAV-hM3D(Gq)-mCherryflox)

Bryan Roth lab (ref 63) Addgene viral prep # 44361-AAV5

AAV5-hSyn-DIO-hM4D(Gi)-mCherry

(AAV-hM4D(Gi)-mCherryflox)

Bryan Roth lab (ref 63) Addgene viral prep # 44362-AAV5

AAVretro-pgk-Cre (AAVretro-Cre) Patrick Aebischer lab Addgene viral prep # 24593-AAVretro

AAV5-CMV-GFP (AAV-GFP) Translational Vector Core, INSERM

UMR1089, Université de Nantes

AAV5-CMV-GFP

AAVretro-Ef1a-mCherry-IRES-Cre

(AAVretro-mCherry-IRES-Cre)

Karl Deisseroth lab (ref 64) Addgene viral prep # 55632-AAVretro

AAVretro-hSyn-mCherry (AAVretro-

mCherry)

Karl Deisseroth lab (ref 64) Addgene viral prep # 114472-AAVretro

AAV0-syn-FLEX-jGCaMP7f-WPRE

(AAV-GCaMP7fflox)

Douglas Kim, GENIE Project (ref 65) Addgene viral prep # 104492-AAV9

AAV1-hSyn-Cre-WPRE (AAV-Cre) James M. Wilson Addgene viral prep # 105553-AAV1

AAVretro-FLEX-tdTomato

(AAVretro-TdTflox)

Ed Boyden lab Addgene viral prep # 28306-AAVretro

AAV1-synP-FLEX-splitTVA-B19G

(AAV-[G-TVA-GFP]flox)

Ian Whickersham lab (ref 66) Addgene viral prep # 52473-AAV1

SAD DG-mCherry (envA) (Rabies-

EnvA-DG-mCherry)

Conzelmann’s lab N/A

AAVretro-pEF1a-DIO-FLPo-WPRE

(AAVretro-CreFRT)

Li Zhang lab (ref 31) Addgene viral prep # 87306-AAVretro

AAV1-EF1a-Flpo (AAV-Flip) Karl Deisseroth lab (ref 64) Addgene viral prep # 55637-AAV1

AAV5-flex-taCasp3-TEVp ([caspase3-

mCherry]flox)

Nirao Shah lab (ref 67) Addgene viral prep # 45580-AAV5

Chemicals, peptides, and recombinant proteins

Mouse recombinant IL-1b Biolegend 575102

Mouse recombinant TNF-a Biolegend 575204

Mouse recombinant IL-33 Biolegend 580502

Mouse recombinant IL-4 Biolegend 574302

Leaf anti-mouse IL-4 Biolegend 504107

Mouse recombinant IL-13 Biolegend 575902

Mouse recombinant IFN-g Biolegend 575704

Mouse recombinant IL-12 Biolegend 577004

E.coli-derived Lipopolysaccharide (LPS) Sigma L2654

4-hydroxytamoxifen (4-OHT) Sigma H6278

Clozapine-N-oxide (CNO) Sigma C0832

Capsaicin Sigma M2028

Castor oil Sigma 259853

Sunflower oil Sigma S5007

Shandon Tissue-marking dye Thermofisher 10830020

Diclofenac sodium salt Sigma D6899

Normal donkey serum Abcam 7475

Lithium chloride Sigma 203637

Resiniferatoxin (RTX) AdipoGen AG-CN2-0534

(Continued on next page)
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Critical commercial assays

Mouse corticosterone competitive elisa kit ThermoFischer EIACORT

Experimental models: Organisms/strains

C57BL6/J Charles River N/A

c-Fos-CreERT2 or Fostm2.1(icre/ERT2)Luo/J Jackson Lab (ref 37) 030323; RRID:IMSR_JAX:030323

NF-kBbs-GFP or FVB.Cg-Tg(HIV-

EGFP,luc)8Tsb/J

Jackson Lab 027529; RRID:IMSR_JAX:027529

Vagotomized mice (VGX) This paper N/A

Software and algorithms

Adobe Illustrator 2021 Adobe N/A

ImageJ 1.53t Free (NIH) N/A

ICY software Free (Pasteur) N/A

FlowJo V10 BD Biosciences N/A

PRISM 6 and 8 GraphPad N/A

Spike2 v9 CED, UK N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Gerard

Eberl (gerard.eberl@pasteur.fr).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. Any additional information required to reanalyze the

data reported in this paper is available from the lead contact upon request. This study did not generate new codes.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental procedures were conducted under the strict regulatory compliance of protocols approved by the Committee for Ethics

in Animal Experimentation (CETEA) [DAP180080 and DAP200025]. Eight to twelve weeks old wild-type C57BL6/J mice were

purchased from Charles River and let to accommodate in our conventional mouse facility for 1-2 weeks before experiments. Only

females were used in our experiments (otherwise stated) for more clarity in the amplitude of the response and to avoid dominance

effects on the stress response. The transgenic c-Fos-CreERT2 mice (Jackson lab stock #030323) of C57BL/6N genetic background

were purchased from Jackson Laboratories and backcrossed twice to C57BL6/J animals. Only c-Fos-CreERT2 heterozygous mice

were used in our experiments. NF-kB-GFP (Jackson lab stock #027529, 100% FVB genetic background) transgenic mice were used

as homozygous and kept under the same genetic background. Before all experiments, micewere habituated to handling and to sham

intraperitoneal injections at least twice.

METHOD DETAILS

Cytokine and neuromodulator preparation
For all experiments, when not mentioned otherwise, IL-1bwas injected intraperitoneally at 25 or 50 mg/kg, depending on the batch of

cytokine, which can lead to a variation in the CS response as shown in Figure 2C and its repeat in S2B. For other cytokines or en-

dotoxins, the following doses were used: TNF-a, 100mg/kg; IL-33, 250mg/kg; IL-13, 250mg/kg; IFN-g, 250mg/kg; IL-12, 250mg/kg;

LPS, 500mg/kg. To be active, IL-4 (2mg, 100 mg/kg) was premixed to anti-IL-4 (10mg, 500 mg/kg) 1min before dilution with saline (Fin-

kelman et al., 1993). All cytokines were diluted in a sterile saline solution.

Capsaicin (Sigma, M2028) was resuspended in 100% DMSO at 10mg/mL and 10mg in 30mL saline were injected subcutaneously

into the ear pinnae or skin of the back (final 3% DMSO, 0.5mg/kg) or intraperitoneally at 10mg/kg or 50mg/kg.
Neuron 111, 2367–2382.e1–e6, August 2, 2023 e3
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Drug preparation
Clozapine N-oxide (Sigma, C0832) was dissolved in DMSO at 50mg/mL and stored at -20�C until use. The day of the experiment,

CNO was diluted into saline and injected intraperitoneally at 1mg/kg (2% DMSO final).

4-hydroxytamoxifen (Sigma, H6278) was dissolved in ethanol at 10mg/mL by shaking at 37�C for 30 min and stored at -20�C until

use. The day of the experiment, aliquots were shaked at 37�C for 30 min to resuspend 4-OHT precipitates. The 4-OHT was added to

the same volume of a 1:4 mixture of castor oil (Sigma, 259853):sunflower oil (Sigma, S5007) and vigourously shaken for 5 minutes.

The ethanol was then evaporated by vacuumcentrifugation for 2-3 hours. The final 10mg/mLwas further diluted in oil to obtain a 2mg/

mL solution, injected intraperitoneally at 20mg/kg.

Diclofenac (Sigma, D6899) was dissolved in water at 15mg/mL by shaking for 15min at RT, prior to each experiment. The following

stock was further diluted in saline for injection intraperitoneally at 5mg/kg.

Lithium chloride (Sigma, 203637) was dissolved in water (0.3M) and injected intraperitoneally at 120mg/kg (10ml/kg).

Resiniferatoxin (RTX; Adipogen) was dissolved in 100% DMSO (stock solution at 1mg/ml) and final escalating doses of RTX were

prepared in saline solution containing 1% DMSO and 1% Kolliphor (Sigma). For chemical ablation of TRPV1+ neurons, 4 weeks-old

C57Bl/6JRJ mice were injected daily on four consecutive days with 3 s.c. injections of increasing doses of RTX (30, 70, 100 mg/kg)

and a final i.p. injection (100 mg/kg). Control animals were injected with vehicle (saline + 1% DMSO + 1% Kolliphor).

Tail-flick antinociception test
To validate the efficiency of the RTX treatment, a tail-flick test was performed on 9 week-old mice using the tail-flick analgesia meter

(Columbus Instruments). Briefly, the mouse was gently restrained by hand, and radiant heat was directed onto its tail. Tail flick mea-

surements were taken three times at 60s intervals and averaged. The cutoff time was 30s.

Blood sampling and corticosterone measurements
For blood analyses, the extreme tip of the mouse’s tail was cut and the blood was collected 2-3 times until 10mL of blood were ob-

tained. Importantly for corticosterone measurements, random sampling rotations within the cage were performed to avoid time-

dependent biases in corticosterone levels. Throughout the course of the experiment, mice were always kept in their homecage in

the same room, and stressful cues such as noise were reduced to the minimum.

Corticosterone was measured in 5mL plasma, following the manufacturer’s instructions (ThermoFisher, EIACORT). Of note, corti-

costerone is unbound from its carrier proteins using a 1:1 premix with a dissociation reagent. For this reason, we expressed the con-

centration of corticosterone in the dissociative mix (2-fold dilution compared to the plasma concentration).

Subdiaphragmatic vagotomy
Mice were anesthetized by intraperitoneal administration of 150mg/kg ketamine and 5mg/kg xylazine. A 10mm skin incision was made

left to the linea albabelow the diaphragm. The liver and stomachwerepulled aside to expose the two vagus nerve trunks, lining along the

esophagus. After carefully detaching the vagus nerve from its connective tissue, a small section (�5mm) was excised from both

branches.Muscle and skin layerswere sutured and post-operative analgesia wasmaintained for 5 days using 0.1mg/kgbuprenorphine.

Stereotaxic injections of viral vectors
Mice were anesthetized by intraperitoneal administration of 150mg/kg ketamine and 5mg/kg xylazine. Post-operative analgesia was

maintained for 5 days using 0.1mg/kg buprenorphine. Mice were placed onto the stereotaxic apparatus and the glass pipet was cali-

brated based on the lambda/bregma coordinates following Franklin and Paxinos’ guidelines (The mouse brain in stereotaxic, 5th edi-

tion, 2019). A volume of 150nL was bilaterally infused (2nL.s-1) at the sites of craniotomy and using the following coordinates (in mm):

CeA AP -1.3, ML ± 2.7, DV(Bregma) -4,8; VC AP -7,5, ML ± 0.4, DV(Dura) -3.5; PVN AP -0.7, ML 0.2, DV(Bregma) -4.8; PB AP -4,9

ML ± 1.5 DV(Bregma) -3.7; BST AP +0.15 ML ±1.1 DV(Bregma) -4.2. Details about the virus injected are presented in the STAR

Methods table. Animals in which post-hoc histological examination showed that viral injection were not in the correct location

were excluded from analysis. For transynaptic rabies experiments, the efficiency of the Rabies virus to infect starter neurons was

17.7±3.4%, similarly to previous observations (Figure 5H, up to 25%).68

In vivo calcium recording with fiber photometry
Consecutive to injection of conditional GCaMP7f-expressing AAV vectors into the PB, optic fibers (multimode,B 430 mm, NA 0.5, LC

zirconia

ferrule) were bilaterally implanted at the site of virus injection and fixed to the

skull with a liquid bonding resin (Superbond, Sun Medical) and dental acrylic (Unifast). Two weeks later, GCamp7f-expressing neu-

rons were chronically excited with a 473nm solid-state laser (Crystal Lasers) via a 430mm multimode optical fiber (output

intensity < 0.1mW) and GFP signal was collected by the same fiber, filtered through a dichroic mirror and filter (MDF-GFP, Thorlabs),

and then focused on a NewFocus 2151 Femtowatt photodetector (Newport). Blue light

reflected in the light path was also filtered and measured with a second amplifying

photodetector (PDA36A; Thorlabs). The signals from the two photodetectors were digitized by a digital-to-analog converter (Micro3

1401, CED, UK) at 5000 Hz and then
e4 Neuron 111, 2367–2382.e1–e6, August 2, 2023
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recorded using Spike2 9 software (CED, UK). For simultaneous dual color photometry, a 473 nmDPSS laser and a 561nmDPSS laser

(output fiber intensity, 0.1mW; Crystal Lasers) were reflected via a dichroic filter (MD498GFP, Thorlabs) onto a 488/561nm dual-edge

dichroic beamsplitter (Di01-R488/561, Semrock) and collimated into a 425 mmmultimode optical fiber (NA, 0.50, Doric Lenses) with a

convergent lens (f= 30 mm). The emitted fluorescence was collected in the same fiber and separated by a 510nm dichroic mirror,

filtered (525 ± 19 nm for GCaMP and 624± 75 nm for mCherry) and focused on two respective NewFocus 2151-femtowatt photore-

ceptors (Newport; DCmode). Animals were progressively habituated to the fiber optic patch cord (Doric Lenses, Quebec) and to the

connection procedure 3-5 days before the recording session. A typical recording session included 4h of baseline measurements

(starting at zeitgeiber time 1), followed by 6h post-saline injections and another 6h post-IL-1b. Recordings with low GCaMP baseline

fluorescence signals (mean fluorescence<0.15mV and/or spontaneous events in DF/F<1%) or displaying movement/laser artefacts

were discarded from the analysis. For the recording during foot shock, mice were individually placed in a homemade electrifiable grid

floor Plexiglas arena (20x15cm) connected to a constant-current (DC) shock generator (Supertech instruments, Switzerland) trig-

gered by the DAC acquisition (Micro3 1401, CED, UK). For analysis of fluorescence signals, the row GCaMP7f signal traces from

each detector was first smoothed (smoothing window = 1s) and then used to calculated a continuous DF/F, defined as [F(t)�
Fo(t)]/Fo(t), where F(t) is the row smoothed GCaMP7f signal trace and Fo(t) is the mean fluorescence intensity within sliding window

(20s) centered on time t. To extract spontaneous population fluorescence transient with the same threshold in all individuals inde-

pendently of their DF/F amplitude, we calculated a z-score-normalized fluorescence F’, defined as [F(t)-Fo(t)]/s(t), where s(t)is the

standard deviation of the DF/F signal in a sliding window (100s) centered on time t. From this z-score-normalized fluorescence F’,

all the events above 3SD were automatically extracted with custom scripts (Spike2, CED, UK; minimum time interval, 10s) and

the peak amplitude of each event was then extracted from the DF/F signal. The frequency of the sorted spontaneous events was

then reported as the number of events per unit of time (20 min) and normalized to the 2-hour baseline activity before treatment

(baseline set to 1). For the mean fluorescence analysis, the row GCaMP7f signal traces were downsampled (0.5Hz), smoothed

(100s), averaged every 20 minutes and normalized to the 2-hour baseline mean fluorescence before treatment. Motion artifacts

were examined using simultaneous dual color photometry of the calcium-sensitive fluorescent reporter GCaMP7f and the cal-

cium-insensitive fluorescent report mCherry. mCherry traces were qualitatively different from GCaMP, with no noticeable fluctuation

with the same laser power configuration (peak mCherry DF/F<2%) and no systematic correlated events on both channels. Animals in

which post-hoc histological examination showed that viral injection or implanted optic fiber were not in the correct location were

excluded from analysis. Investigators were not blinded to the group identity, but automatic analysis routines were performed with

the same script executed for each experimental group.

Histology and immunostaining
Mice were perfused transcardially with phosphate buffered saline (PBS), 2 min, followed by 4% paraformaldehyde (PFA), 7-10 min.

Dissected brains were post-fixed for 2 hours in PFA, rinsed twice in PBS for 6h and placed in PBS containing 30% sucrose for at least

24h. 60mm-floating sections were obtained using a freezing microtome (Leica). For brain hemisphere identification, a black tissue

marking dye (Thermofisher, 10830020) was used to detect the right hemisphere on brain sections. The sections of interest were

stored in PBS with 0.01% azide until use.

For immunostaining, brain sections were first permeabilized/blocked with a 0.2% Triton X-100 (PBS-Triton)/10% Normal Donkey

Serum (NDS, Abcam, Ab7475) solution for 2h at room temperature. Primary antibodies were diluted in PBS-Triton containing 3%

NDS and 1% bovine serum albumin (BSA) and incubated with brain sections for 48-72h at 4�C. The following dilutions of antibodies

were used: a-CGRP (1:500), a-TH (1:4000), a- PKC-d (1:1000), a-c-Fos (1:2000), a-CRH (1:500), a-VP (1:2000), a-RFP (1:2000),

a-GFP (1:2000), a-cox2 (1:100), a-icam-PE (1:500). Brain sections were rinsed twice with PBS and further stained with Alexa-con-

jugated a-mouse, a-rabbit, a-guinea pig, a-goat, a-chicken secondary antibodies (1:1000) in PBS-Triton 2%NDS for 2h at room tem-

perature. DAPI stain (1:10000, Thermofisher, D1306) was used in the first of three PBS washes before sections were mounted on

slides with FluoroMount-G (Interchim). All steps were carried under constant agitation.

For in situ hybridization coupled to IHC, manual RNAscope� was performed using mouse probes (ACD Bio) against pDyn (Mm-

Pdyn, #318771). 16mmsections of brain tissue were obtained from PFA-fixed and cryoprotected brain tissue sectioned on a cryostat.

The sections obtained were attached on Superfrost Plus Adhesion Slides (Thermo Fisher), dried for 15min at RT before storage at

-80�C. After air dry and complete deshydratation in successive increasing concentration of alcohol, slides were pre-treated by serial

submersion in PBS and hydrogen peroxide for 10 min at RT. An hydrophobic barrier was created using Hydrophobic Barrier Pen

(Vector). Following 15 minutes protease treatment at 40�C (ACDBioTechne), probe hybridization was achieved by incubation of

mRNA target probes for 2 h at 40�C (Hybez oven). The signal was then amplified using TSA amplification from RNAScope Multiplex

Fluorescent v2 assay (ACDBiotechne) and revealed with Opal 520 (Akoya Biosciences). Each incubation step was followed by two

2 min washes using RNAscope washing buffer. Following 15min rince in PBS, the slices were processed for immunofluorescence

against RFP. For immunostaining, slides were first permeabilized/blocked with a 0.2% Triton X-100 (PBS-Triton)/4% BSA solution

for 30 minutes at room temperature. Primary antibodies were diluted in PBS-Triton containing 4% BSA and incubated

slides for 24h at 4�C. Slides were then rinsed twice with PBS and further stained with 594 Alexa-conjugated secondary anti-

bodies (1:1000) in PBS-Triton 4% BSA for 2h at room temperature. DAPI stain (1:10000) was used in the first of three PBS washes

before sections were mounted on slides with Mowiol (Calbiochem).
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Image processing and analysis
Images of immunostained brain sections were acquired with an apotome microscope (Zeiss) using the 10X or 20X objectives or with

confocal laser-scanning microscope (LSM 900, Zeiss). Z-stack of 10-steps and 30mm-thick were performed and projected as the

maximum fluorescence intensity onto a XY plan to obtain the final images. The same parameters of gain and time exposure were

used within a given experiment.

Quantification analyses were automatized using the ‘‘spot detector’’ function of ICY software for the following staining: c-Fos,

FoxP2, DAPI. For co-expression analyses, c-Fos, DAPI and FoxP2 were detected by ICY while markers such as CGRP, PKC-d,

TH, Pdyn, mCherry or GFP were manually counted using the same brightness and contrast parameters in post-acquisition phase.

For measurements of immunoreactivity and labeled fluorescence intensity, ROI were manually drawn on FIJI and a fluorescence

threshold was applied to remove background before measuring the corresponding labeled area. All images of the same experiment

were submitted to the same procedure, and quantification analyses were performed blind.

Flow cytometry
Organs were harvested and maintained in DMEM medium (Gibco, 31966) on ice until processing. Single-cell suspensions were

obtained by grinding the thymus or by flushing out the bone marrow content with a 1mL syringe, and passing the cells through a

70mm filter. Red blood cells were lysed for 1min (bone marrow and thymus) or 5min (blood) with ACK lysis buffer (Gibco,

A1049201), followed by blocking unspecific FcgR binding with anti-CD16/32 for 10 min (Invitrogen, 14-0161-82, not used for

bone marrow myeloid cells). Next, cell surface markers were stained for 30min on ice using specific antibody cocktails at the

following dilutions: CD3-BV11 (1:100), B220-PeCy7 (1:200), CD4-BV605 (1:200), CD8-BV786 (1:200), CD25-APC (1:200), CD44-

PE (1:200), SiglecF-PE (1:200), Ly6G-PerCPCy5.5 (1:200), CD49b-FITC (1:200), CD45-PECF594 (1:400), Ly6C-BV605 (1:200),

ckit-APC (1:200), CD16/32-PerCPCy5.5 (1:200), CD115-PE (1:200), CD19-APCCy7 (1:200), CD43-BV605 (1:50), CD24-FITC

(1:200), BP1-biotin (1:100), IgD-BV421 (1:200), IgM-PE (1:200). Dead cells were stainedwith DAPI (1:10000, Invitrogen, D1306) before

acquisition on a BD LSRFortessa. Data analysis was performed on FlowJo V10. Results are representative of one of two independent

experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experimental data were analyzed with the Prism v8 software. Sample normality was tested using the non-parametric Kolmogorov-

Smirnov or Shapiro-Wilk statistical tests before analyzing each dataset. The adapted two-sided tests that were used are mentioned

within each Figure. All data are expressed as mean±SEM and statistical significance is represented by p-values as follow: ns, not

significant with p>0.05; * p<0.05, ** p<0.01 and *** p<0.001.
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