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IgE-mediated anaphylaxis is an acute life-threatening systemic reaction to allergens including
certain foods and venoms. Anaphylaxis is triggered when blood-borne allergens activate IgE-
bound perivascular mast cells (MCs) throughout the body causing extensive systemic release of
MC mediators. Through precipitating vasodilatation and vascular leakage, these mediators are
believed to trigger a sharp drop in blood pressure in humans and core body temperature in
animals. Here we report that the IgE/MC-mediated drop in body temperature in mice associated
with anaphylaxis also requires the body’s thermoregulatory neural circuit. This circuit is activated
when granule-borne chymase from MCs is deposited on proximal TRPV1* sensory neurons

and stimulates them via protease-activated receptor-1 (PAR1). This triggers the activation of the
body’s thermoregulatory neural network which rapidly attenuates brown adipose tissue (BAT)
thermogenesis to cause hypothermia. Mice deficient in either chymase or TRPV1 exhibited limited
IgE-mediated anaphylaxis and in wild-type (WT) mice, anaphylaxis could be recapitulated simply
by systemically activating TRPV1* sensory neurons. Thus, in addition to their well-known effects
on the vasculature, MCs products, especially chymase, promote IgE-mediated anaphylaxis by
activating the thermoregulatory neural circuit.

e-sentence summary:

Anaphylaxis-induced hypothermia depends on mast cell chymase activating TRPV1* sensory
neurons to attenuate thermogenesis by brown fat.

Introduction

IgE-mediated anaphylaxis is a life-threatening immune reaction to diverse allergens found in
food, venom and commonly used drugs including antibiotics. In the U.S, as many as 1.6%
to 5.1% of the population has experienced this type of allergic reaction with an apparently
growing incidence(1). The primary symptoms of anaphylaxis are a sharp drop in blood
pressure in humans or a drop in core body temperature in experimental animals, which

can be fatal. Intramuscular injection of epinephrine is the only standard intervention, which
acts primarily by rapidly constricting blood vessels to restore blood pressure. However, it
is now becoming clear that epinephrine may have other additional effects which can help

combat other less-known aspects of anaphylaxis(2, 3). Despite the life-threatening nature of
IgE-mediated anaphylaxis, there are currently no effective preventative therapeutic options
for this allergic reaction.

Mast cells (MCs) are the primary immune cells implicated in IgE-mediated anaphylaxis(4,
5). These cells lie in close proximity to the vasculature all over the body and in this location
readily absorb circulating allergen-specific IgE molecules(6). Subsequently, when allergens
enter the circulation following ingestion or an insect bite, these IgE-bound MCs become
activated, triggering the release of a myriad of prestored inflammatory mediators, including
histamine, TNF, platelet-activating factor, proteases, etc. (5). These MC-derived agents,
acting alone or in combination, are believed to induce both dilation of blood vessels and
vascular leakage. When MCs throughout the body rapidly release a large bolus of mediators
into the circulation, a sharp drop in blood pressure and/or core body temperature results(7,
8). MC activation occurs when blood-borne allergens are initially sampled by perivascular
dendritic cells and conveyed to perivascular MCs via microvesicles(8). The principal role
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of MCs and their products in promoting anaphylaxis was deduced from findings that IgE-
sensitized and MC-depleted mice, unlike their wild-type (WT) counterparts, failed to exhibit
anaphylaxis when exposed to allergens(8). Additionally, administration of MC products such
as histamine into mice caused anaphylaxis-like responses, including blood vessel dilation,
increased vascular permeability and rapid drop in core body temperature(9, 10).

A principal regulator of normal body temperature is the thermoregulatory neural circuit,
which continuously maintains thermal homeostasis(11). Peripheral feeders into this
thermoregulatory central network are thermosensitive peripheral sensory neurons in the
dorsal root ganglion (DRG), trigeminal ganglion (TG) and nodose ganglion, etc., with

their projections innervating surfaces or viscera, constantly monitoring thermal cues. These
primary thermosensitive neurons then project via the spinal cord to the lateral parabrachial
nucleus (LPB) in the brainstem, which project to the thermoregulatory centers in the
preoptic area (POA) directly rostral to the hypothalamus(11, 12). Following the activation
of the POA thermoregulatory centers, downstream effectors are triggered to either increase
or decrease heat production and/or heat dissipation to re-establish thermal homeostasis(11).
In mice, upon exposure to heat, the POA directs the decrease of BAT thermogenesis and
promotes increased dilation of skin blood vessels (e.g., ear, tail blood vessels); whereas,
upon cold challenge, BAT thermogenesis is increased while skin blood vessels constrict, and
sometimes skeletal muscle shivering is also triggered(11). Considering the magnitude and
rapid dynamics of the temperature change evoked in mice during IgE-mediated anaphylaxis,
we hypothesized that the thermoregulatory neural circuit could be a contributor to this
response, and importantly with key input from peripheral afferents which are anatomically
closely associated with MCs across the body. Here, we describe studies examining if MC
mediators could impact the body’s thermoregulatory neural circuit during IgE-mediated
anaphylaxis in mice. We report, as key co-contributors, TRPV1" peripheral thermosensory
neurons feed into this central mechanism, and the MC-secreted mediator chymase can
directly activate the TRPV1* sensory neurons through its receptor, protease-activated
receptor-1 (PAR1).

Neuronal modulation in anaphylaxis-associated hypothermia

IgE-mediated anaphylaxis can be induced in mice by sensitizing with TNP-specific IgE,
followed by challenge with the allergen, TNP-OVA, 18 hours later (Fig. S1A). Before
investigating the possible neuronal involvement in IgE-mediated anaphylaxis, we sought
to confirm the pivotal role of MCs in our mouse model. We compared anaphylaxis in
IgE-sensitized wild type (WT) and MC-depleted mice and found that only the former
experienced anaphylaxis as revealed by a rapid and drastic drop in core body temperature
(7 core) following systemic administration of allergen(8) (Fig.1A). When we examined
various tissues in these anaphylactic WT mice, as expected, we observed widespread

and vigorous MC degranulation (Fig.1B). The conventional role of MCs in anaphylaxis
is their actions on blood vessels, specifically vasodilation and vascular leakage, which in
principle, can cause hypothermia during anaphylaxis. Interestingly, an observation in these
mice indicative of a possible role for neuronal regulation was that WT mice undergoing
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anaphylaxis exhibited an “extended posture behavior” (Fig.1C) reminiscent of mouse
behavior following exposure to heat challenge (e.g. 43°C) (Fig.1C) which is a known mouse
central nervous system (CNS)-controlled behavior(13).

To probe for neural underpinnings of IgE-mediated anaphylaxis, in particular those
associated with hypothermia, we used a chemogenetic approach to selectively

activate anaphylaxis-associated neural circuits. For this, we directed the expression

of a commonly-used chemically-activated receptor Gg-DREADD (Gqg-coupled Designer
Receptor Exclusively Activated by Designer Drug) to neurons that are activated during
anaphylaxis. This Gg-DREADD can be activated specifically by clozapine (CLZ), a
clinically-used atypical antipsychotic that readily passes the blood-brain-barrier(14, 15). We
reasoned that specific activation of the DREADD would evoke hypothermia, verifying the
neuronal modulation of hypothermia during anaphylaxis. As shown in Fig.1D, we employed
mice harboring a tamoxifen-inducible Cre recombinase driven by Fos (Fos?A-ICreERTZ
TRAP2(16)) with an allele of the Gg-DREADD-mCherry that is expressed in a Cre-
dependent manner (RC::L-hM3Dq(17)), referred to hereafter as TRAP2-Gqg mice. We first
administered 4-hydroxytamoxifen (4-OHT) to TRAP2-Gq mice undergoing anaphylaxis,
expecting anaphylaxis (AN)-activated neurons will express iCre-ERT2 following c-Fos,
which will then recombine the RC::L-hM3Dq allele (this activity is referred to as
“TRAPIng” hereafter(18)), leading to a switch of the flip-excision (FLEX) structure and
causing replacement of widespread eGFP expression by somatodendritic Gg-DREADD-
mCherry expression in activated neurons.

To investigate if activation of these Gq-DREADD-expressing neurons is sufficient to
trigger hypothermia as seen in anaphylaxis, we intravenously injected CLZ into these
mice (AN_4-OHT + CLZ) on Day 8. As controls for this study, we employed (i) the

same TRAPed mice but this time challenged with PBS (AN_4-OHT + PBS), (ii) non-
TRAPed mice that have experienced anaphylaxis and then exposed to CLZ (AN_Corn

oil +CLZ), and (iii) sham-TRAPed mice exposed to saline instead of IgE but which was
still exposed to CLZ (Saline_4-OHT + CLZ). Compared to the three control groups,

the AN_4-OHT + CLZ group of mice exhibited robust hypothermia, with a significantly
lower temperature than all three control groups (Fig.1E), indicating that reactivation of
the Gg-DREADD-expressing neurons, which were activated during anaphylaxis, results
in hypothermia. Although there was hypothermia in the AN_Corn oil + CLZ group, this
was not significantly different compared to the other CLZ control (Saline_4-OHT + CLZ).
Taken together, these observations suggest that CNS neurons regulate hypothermia during
anaphylaxis. Interestingly, the hypothermia in these mice was not of the same magnitude
seen in IgE-mediated anaphylaxis (-3°C vs —6°C). This is presumably because in the
latter case, in addition to the neuronal involvement, activated MCs can directly impact
the vasculature causing vascular dilation and leakage which together also contribute to
hypothermia.

The activation of warm thermoregulatory circuit during anaphylaxis

Next, we sought to confirm the involvement of the thermoregulatory circuit during IgE-
mediated anaphylaxis by seeking indications of neuronal activation. Recent studies of
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thermoregulatory neural circuits have revealed that peripheral warm and cold thermal cues
are transmitted to the POA directly rostral to the hypothalamus via two distinct routes
through the LPB (Fig.1F). Namely, for warm signals, the dorsal subnucleus of the LPB
(LPBd) is involved, and for cold signals, the external lateral subnucleus of the LPB

(LPBel) is implicated(19). Since IgE-mediated anaphylaxis is associated with hypothermia,
we reasoned it would activate warm signals that are transmitted via LPBd neurons(19)

to evoke hypothermic responses in mice. When we examined neuronal activation in the
LPBd of mice, using c-Fos staining(20), we found markedly more activated neurons in the
LPBd of WT mice that had experienced anaphylaxis compared to the vehicle control, or to
KitV-sh"W-sh mice (MC-deficient mice, hereafter referred to as Wsh) undergoing anaphylaxis
(Fig.1G). This activation was also observed in the median preoptic area (MnPO; part of

the POA), which receives afferent input from the LPB(12), and only in the anaphylactic
group of mice (Fig.S1B). It is noteworthy that activation of some cells in the cold signal
relaying LPBel was also observed in the anaphylactic group of mice. This is not unexpected
as the anaphylaxis-associated sharp drop in 7., should evoke a corresponding cold signal
that perhaps promotes the later recovery phase of anaphylaxis-associated hypothermia seen
around 30 min post challenge (Fig.1A). Taken together, we found that, upon IgE-mediated
MC activation, a specific thermoregulatory neural circuit is activated by a non-thermal signal
from MC:s, resulting in a robust, transient hypothermic response in mice, which is a key
element of the anaphylactic response.

Since it has been shown that LPBdPOA activation in mice elicits hypothermic responses
by attenuating brown adipose tissue (BAT) thermogenesis and promoting vasodilation in
the skin (e.g., tail) (13, 21), we next examined these specific body sites for thermal
changes during anaphylaxis, specifically, decreased BAT temperature ( 7z47) and increased
tail temperature (7)) which is a reflection of vasodilation in the tail (21). These thermal
changes can be measured by infrared imaging of the BAT region (interscapular region, in
the back of the neck) and the tail(21). Compared to the vehicle control, anaphylactic mice
experienced marked inhibition of BAT thermogenesis, which preceded the drop in 7y
(Fig.1H-J) indicating that BAT was driving this thermal change. Surprisingly, we did not
observe any increase in 7, 0f anaphylactic mice compared to vehicle control (Fig.S1C).
When we examined the back skin of mice as another site for skin vessel dilation, we
observed a marked drop in temperature, but this appeared to be the result of the drop

in T.ore as the latter preceded the drop in back skin temperature (7p4-0 (Fig. S1D and

E). Presumably, the drop in 7, during anaphylaxis is primarily due to a marked drop

in BAT thermogenesis. Thus, during anaphylaxis, MC projection to the CNS contributes
to hypothermia by activating a peripherally warm thermoregulatory neural circuit with
ascending hubs in the LPBd and the MnPO. These thermoregulatory sites in the brain
initiate the attenuation of BAT thermogenesis, which contributes to the marked lowering of

T(,‘O/’ e

TRPV1* sensory neurons promote hypothermia during anaphylaxis

We next sought to demonstrate that the peripheral neural afferents (thermosensory neurons)
provide key input to the anaphylaxis-hypothermia neural circuit we have hitherto defined.
For this purpose, we isolated DRGs, one of the sites where the major population of
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thermosensory neurons reside, to assay for phosphorylated ERK (p-ERK), a well-established
indicator of sensory neuron activation(22). We found markedly more p-ERK in the DRGs

of WT mice undergoing anaphylaxis than in either Wsh mice exposed to IgE/allergen or
vehicle control mice (Fig.2A), indicating that these sensory neurons are activated during
anaphylaxis in a MC-dependent manner.

We then asked which specific peripheral sensory neurons relay the anaphylaxis-associated
biochemical cues from MCs. Using a candidate gene approach, we focused on 7rpvZ and
Trpv4, which both encode ion channels responsive to thermal cues in the physiologic range
(TRPV4) or slightly hyperthermic range (TRPV1)(11). However, the latter is also known
to be activated within the physiologic range via Gq—PKC-mediated phosphorylation(23).
We found that 77pv4 '~ mice exhibited a 7, drop following IgE-mediated anaphylaxis
that was not significantly different from that of WT mice (Fig.2B). Regarding 7rpv1,

we found that 77pvZ~/~ mice exhibited a significantly attenuated 7, drop compared to
WT mice (Fig.2B), suggesting TRPV1 possibly functions as a peripheral thermosensor
responding to anaphylaxis-associated chemical signals from MCs. That this response is
attenuated but not eliminated in 770vZ~/~ mice could be rooted in multiple (mutually
non-exclusive) factors, such as other key contributory thermal-sensing neural afferents,
compensatory overexpression of other thermosensors in 77pvZ~/~ mice, and modulatory
effects of non-neural cells on the anaphylaxis-hypothermia pathophysiology, such as heat
dissipation caused by vascular changes induced by IgE/allergen-activated MCs.

Since TRPV1 is expressed not only in primary sensory neurons but also in non-neural
cells(24—26), we selectively rescued the 7rpvZ gene in the sensory neurons of 7rpvI™'~
mice by specifically directing the expression of 7rpvI-eGFPto these neurons via adeno-
associated viruses (AAVs). We intended to record if this sensory neuron-specific rescue

of TRPV1 expression could restore the hypothermia response in allergen-challenged

mice. For this study, as illustrated in Fig.2C, we designed an AAV expressing the
Trpvi-eGFPfusion gene under a neuronal specific promoter, hSyn(27), in a serotype

that preferentially transduces peripheral neurons(28), referred to as AAV-PHP.s-hSyn-Trpv1-
eGFP. For controls, we also generated a similar AAV under the same promoter but
expressing only eGFP, AAV-PHP.s-hSyn-eGFP. Approximately 5x1011 viral genomes (vg)
of each of these viral particles were administered intravenously to 77ovZ~/~ mice as
described previously(28). The administration of AAV-PHP.s-hSyn-Trpv1 in the Trovi~~
mice resulted in TRPV1 expression in 12% of their DRG neurons (Fig.S2A). Four weeks
later, allowing sufficient time for the 77ovZ~~ mice to express either the 7rovI-eGFP
rescue transgene, or eGFP control, we compared the hypothermic response to IgE/allergen
challenge. We observed that the 7rpvZ-rescued mice experienced a robust and significantly
deeper 7,qrdrop vs eGFP-mice (Fig.2D). However, a hypothermic response of the latter
mice of > 4°C (vs >8°C in TrpviI-rescued) indicates other molecular pathways contribute.
Thus, our sensory neuron-specific rescue experiments unambiguously implicate TRPV1*
sensory neurons as key peripheral feeders in the anaphylaxis-hypothermia neural circuit.
In view of robust previous evidence on TRPV1, these peripheral neurons are thermo-
nociceptors for physiologic functioning, yet our data do not exclude other molecular
contributory mechanisms in anaphylaxis-hypothermia.
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Chemogenetic activation of TRPV1* sensory neurons triggers anaphylactic-like responses

Based on these results, namely the implication that TRPV1* sensory neurons are

peripheral sensory transducers of anaphylaxis-hypothermia, we next sought to investigate

if chemogenetically activating TRPV1* sensory neurons suffices to induce responses seen

in anaphylactic mice, even in the absence of MCs. For this, we again employed the
chemogenetic Gg-DREADD tool which allowed us to selectively activate TRPV1" sensory
neurons, yet without activating MCs. We crossed TRPV1-Cre mice with Gq-DREADD-
FLEXx mice to generate TRPV1-Gg-DREADD transgenic mice (Fig.2E) which allowed

us to selectively activate TRPV1-expressing cells in a Gg-PLC/cAMP pathway-dependent
manner, by administration of the specific ligand for Gq-DREADD, clozapine N-oxide
(CNO)(29). Notably, certain MC products such as histamine and tryptase can activate or
sensitize TRPV1 receptor via Gq signaling, either through Gg-PLC-PKC or Gg-cCAMP-PKA
pathways(30, 31). Therefore, using this Gqg-DREADD approach, we could better recapitulate
the activation of TRPV1" sensory neurons during anaphylaxis and probe the sufficiency

of this activation for inducing anaphylactic-like hypothermia. Though other cell types have
been reported to express low levels of TRPV1, which suggests that they might also be
activated by CNO, we believe the anticipated hypothermic effect will be mainly due to
TRPV1" sensory neurons since 7rpvi is abundantly expressed in sensory neurons compared
to other cell types.

We found that upon CNO administration, hypothermia followed as evidenced by the sharp
drop in 7,4 Which was also accompanied by a decrease in BAT thermogenesis (Fig.2F-
G). With the control group of RC:L-hM3Dg mice administered with CNO, we confirmed
that these effects were not due to any potential effect of CNO in driving hypothermia.
Unlike anaphylaxis, where tail-associated heat dissipation was not observed, we observed
an initial spike at t=3min (albeitit is globally not significant) as shown in Fig.S2B, which
is another typical response when the thermoregulatory neural circuit is activated. When we
assayed for neuronal activation in the LPBd region in the brain stem, which is upstream

of the BAT activity, we observed activation of LPBd neurons (Fig.2H) confirming that
specific activation of TRPV1* sensory neurons can activate hubs in the brain involved

in thermoregulation. Additionally, the CNO-administered TRPV1-DREADD mice also
exhibited the characteristic extended posture (Fig.2l) reminiscent of the behavior of mice
experiencing anaphylaxis-hypothermia or receiving a heat signal (Fig.1C). We found that
another prominent outcome of IgE-mediated anaphylaxis in mice is a drastic drop in blood
pressure (Fig.S2C). Interestingly, we found that the activation of TRPV1* sensory neurons
can also induce a marked blood pressure drop in the mice (Fig.2J). Thus, stimulation of
peripherally innervated TRPV1* sensory neurons can lead to activation of the neuronal
network involved in thermoregulation and seemingly also neuronal networks involved in
regulating blood pressure.

Since capsaicin is a well-known natural agonist for TRPV1, we also examined its capacity to
induce hypothermia. We found that intraperitoneal administration of capsaicin evoked in WT
mice a similar hypothermic response as CNO in the TRPV1-DREADD mice (Fig.S2D-H),
indicating that systemic activation of TRPV1* sensory neuron with a naturally occurring
highly specific activator is sufficient to induce a sharp drop in 7., Which is preceded
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by inhibition of BAT thermogenesis, as well as a drop in blood pressure. Since MCs are
not activated by capsaicin(32), the capsaicin effect is also MC-independent. Therefore,
both mechanisms, chemogenetic activation of TRPV1* cells and direct capsaicin-mediated
activation of TRPV1, can trigger anaphylaxis-like responses in mice.

MCs activate TRPV1* sensory neurons via their granules

Having established that activation of TRPV1™" sensory neurons in the periphery is sufficient
to trigger hypothermia in WT mice, we sought to investigate if MCs and their products

are responsible for directly activating these sensory neurons. For this, we conducted an

ex vivo live-imaging experiment using freshly isolated TG tissue from Advillin-GCaMP6
mice. GCaMP&6 is a genetically encoded calcium indicator (GECI), which enabled us to
identify cell activation indicated by calcium influx, and the transgene is driven by the
sensory neuron-specific advillin promoter. Isolated TGs were co-incubated with adherent
IgE-sensitized RBL-2H3 MCs (a rat MC line) in a culture dish (Fig.3A). Thereafter,

the MCs were selectively induced to degranulate and release granules by adding TNP-
OVA. Using a fluorescent microscope, we then measured calcium dynamics of the TG
neurons over time. We observed a significant calcium response following MC degranulation
compared to the baseline (Fig. 3B-C), indicating that MC activation evokes activation of
sensory neurons. When we subsequently exposed the same TGs to capsaicin, we found that
some MC-activated neurons also responded to capsaicin, indicating their TRPV1* lineage.

We next sought to investigate the mechanism of how MCs activated TRPV1* sensory
neurons. We noticed from microscopy of the mouse tissues (ear pinna and trachea) that a
significant number of MC granules had deposited on nerve fibers (Fig.3D and Fig.S3A),
suggesting physical contact between recently released MC granules and sensory neurons
in the perivascular space as the mode of activation. Scanning electron microscopy (SEM)
of the ear pinna of anaphylactic mice appeared to reveal several MC granules adhering to
the surface of a single nerve fiber (Fig.3E). These observations drove us to hypothesize
that MC can directly activate TRPV1* sensory neurons via their granules. To test this
hypothesis, we investigated if cultured DRG neurons can be activated by isolated MC
granules. For this study, we isolated MC granules from IgE/allergen-activated RBL-2H3
cells and then exposed them to isolated DRG neurons from Advillin-GCaMP6 mice. We
observed an appreciable calcium influx in DRGs when treated with isolated granules
(Fig.3F). A significant portion of these responding DRG neurons subsequently responded
to capsaicin, indicating their TRPV1* lineage. In summary, these observations suggest that
following activation of tissue MCs, exocytosed granules deposit on neighboring sensory
neurons, and this event can result in the activation of TRPV1* sensory neurons.

MC granule-derived chymase activates TRPV1* sensory neurons

Several MC mediators found in exteriorized granules are known to activate neurons,
including histamine, serotonin, as well as a protease, tryptase(33). Chymase is another
prominent MC protease released during IgE-mediated anaphylaxis but its role remains
unknown despite its potential in serving as a biomarker for anaphylaxis in clinical
settings(34, 35). In view of its significant abundance in the circulation of anaphylactic
subjects, we investigated if chymase could contribute to anaphylaxis by activating TRPV1*
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sensory neurons. First, we compared IgE-mediated anaphylaxis in WT and Mcpt4™/~ mice,
a mutant mouse strain deficient in chymase production(36). We found that the 7., drop in
Mecpt47'~ mice was significantly attenuated compared to WT mice (Fig.4A) implicating
chymase in anaphylaxis-hypothermia. In support of this deduction, WT mice treated

with antagonists against the chymase receptor PAR1 (37) also experienced an attenuated
anaphylactic hypothermia (Fig.4B), pointing to MC-derived chymase as a major contributor
to the hypothermic response during anaphylaxis.

If chymase is activating TRPV1* sensory neurons, we reasoned that these neurons

should express its complementary receptor, PAR1, which is encoded by the gene F21(38).
Therefore, we surveyed for the expression of this gene in TRPV1* sensory neurons in
publicly available gene expression profiles of DRG cells from the Gene Expression Omnibus
(https://www.nchi.nlm.nih.gov/geo/) and the Mouse Brain Atlas (http://mousebrain.org/).
One bulk RNA-seq dataset from mice that we analyzed (produced by Zheng et al.(39))
revealed that TRPV1" sensory neurons, especially peptidergic type 1 and 2 neurons, express
high levels of F2r (Fig. 4C). Additionally, single-cell RNA-seq data of DRG neurons

from mice generated by multiple groups were analyzed, where cell type clusters were
predefined. From these analyses, one representative dataset is shown in Fig. 4D (Zeisel

et al.(40)), from which we also detected high-level expression of ~£2rin TRPV1* sensory
neurons, mainly peptidergic neurons, with the double-positive cell percentage of each cluster
plotted in Fig.4E. These findings from mice were also observed in datasets obtained from
rhesus macaques by Kupari et al.(41) (Fig.S4A-B), suggesting PAR1 expression by TRPV1*
sensory neurons is evolutionarily conserved from rodent to primate. That F2ris amply
expressed on DRG neurons of mice was confirmed by RNAscope specific probing for
F2r(Fig.4F). Overlapping expression of F2rand 7rpviI was also confirmed by this assay
(Fig.4F).

To investigate if chymase can directly activate TRPV1* sensory neurons, we measured
calcium influx in isolated DRG neurons expressing GCaMP6 following exposure to
recombinant chymase. We found that 20 ng/ml of recombinant chymase (serum or plasma
chymase levels during anaphylaxis are about 25 ng/ml in mice (42) and 90 ng/ml in

human patients(35)) evoked a substantial calcium response in DRG neurons, a significant
percentage of which also responded to capsaicin, indicating their TRPV1* lineage (Fig.5A).
We then repeated this experiment in DRG neurons isolated from 77ovZ~/~ mice (injected
with AAV9-GCaMP6 intrathecally so that DRG neurons express GCaMP6) (Fig.5B, left).
We found that chymase could not induce an increase of calcium influx in 77ovZ~/~ sensory
neurons (Fig.5B, right), suggesting TRPV1 expression as a necessary prerequisite for DRG
neurons’ response to chymase. To examine the impact of chymase on neuronal excitability
of primary sensory neurons, we recorded action potentials of cultured DRG neurons in
response to recombinant chymase. We also found that recombinant chymase increased

the number of action potentials in DRG neurons isolated from WT mice (Fig.5C). This
effect was not detectable in DRG neurons isolated from 77ovZ~~ mice (Fig.5D). These
patch-clamp data extend our calcium imaging finding and suggest that chymase can activate
and increase excitability of DRG sensory neurons, a process dependent on the 7rpvZ gene,
possibly indicating a key role for TRPV1 ion channels involved in the sensory neuronal
activation response to chymase.
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Since both isolated MC granules and chymase can activate TRPV1* sensory neurons
directly, we sought to assess the importance of chymase compared to other components

of isolated MC granules in activating neurons. For this, we examined how much of the
neuronal calcium response was inhibitable by TY-51469, a potent chymase inhibitor derived
from benzothiophenesulfonamide(43). As shown in Fig.5E, the chymase inhibitor appeared
to have an overwhelming effect in suppressing TRPV1* sensory neuronal response to MC
granules, suggesting that the calcium flux evoked by isolated MC granules shown earlier in
Fig.3F was largely due to chymase.

Proteases are believed to activate targeted cells through actions on PARs which initiate a
sequence of intracellular reactions(44). To test if the cognate receptor for chymase, PAR1,
is responsible for the response of these neurons, we examined the calcium response of DRG
neurons to chymase using selective PAR1 antagonists, SCH 79797 or RWJ 56110. As shown
in Fig.5F and Fig.S5A, the chymase-mediated activation of the TRPV1* sensory neurons
was blocked by PAR1 antagonists. Since chymase can activate PAR2 receptors which are
also expressed on TRPV1 sensory neurons(44), we examined chymase-induced calcium
responses in TRPV1* sensory neurons to see they could be blocked by a potent PAR2
antagonist, FSLLRY-NH2. We found that the PAR2 antagonist was only minimally able to
suppress neuronal responses to chymase (Fig.5G). Therefore, chymase activates TRPV1*
sensory neurons primarily through its cognate receptor, PAR1.

As the transcriptomic data suggested that PAR1 and TRPV1 receptors are co-expressed by
a significant population of peptidergic neurons, we next tested if chymase could induce
the release of neuropeptides, which is one of the key features when these peptidergic
neurons are activated(45). We found that chymase by itself did not promote the release

of neuropeptide (Fig.S5E), however, it could sensitize DRG neurons and promote CGRP
release to histamine (Fig.S5B-D).

In ensemble, we have shown that MC chymase can directly activate primary sensory
neurons via PAR1 which then activates TRPV1 to mediate calcium influx and facilitate
depolarization.

Discussion

In mice, we have discovered an element of the body’s thermoregulatory neural machinery
which underlies the profoundly hypothermic response to IgE-mediated anaphylaxis as
summarized in Fig.6. These findings thus describe a hitherto overlooked functional link
between two primal evolutionary defense mechanisms, namely thermal homeostasis and
innate immunity. The neural circuit we implicate has peripheral afferents of TRPV1*
sensory neurons, which transmit via the brainstem thermoregulatory nucleus LPBd to

the pre-hypothalamic POA. The POA is the epicenter of thermoregulation and drives
thermoregulation by activating or attenuating BAT thermogenesis as one of the mechanisms.
Indeed, the >8°C hypothermia in response to massive MC degranulation was driven partially
by diminished BAT thermogenesis. While we did not observe vasodilation in the skin as a
mechanism for heat dissipation, we cannot rule out the possibility that the infrared imaging
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we utilized to assess vasodilation may be compromised by MC-mediated vascular leakage
that is occurring concurrently(46, 47).

Our findings suggest a concept of biochemical activation of a neural thermoregulatory
organization with peripheral sensor and central effector mechanisms subserving
hypothermia. In other words, anaphylaxis-induced chemical signals activate peripheral
thermal-sensing neurons in the absence of a thermal cue, resulting in profound hypothermia.
This could be referred to as an anaphylaxis-pseudo-heat signal, which is transmitted by

the peripheral TRPV1™" sensory neurons. The cellular source for this pseudo-heat signal is
nearby MCs, which release prestored granules upon activation by IgE/allergen, and some of
the exteriorized granules readily deposit on nerve fibers. The resulting physical interaction
potentially exposes receptors on neurons to concentrated amounts of MC products presented
on particles. When ligands are immobilized on particles, they evoke a more potent signal
than in solution as they are more effective in crosslinking complementary receptors

on the cell surfaces(48). Although several MC products reportedly can activate sensory
neurons(33), we found that chymase, a protease and a major component of MC granules,
specifically activated TRPV1* sensory neurons as DRG neurons from 77ovZ~/~ mice
responded poorly to chymase. The importance of MC-derived chymase in anaphylaxis could
be deduced from the observation that chymase-deficient mice or WT mice pretreated with
chymase receptor antagonists exhibited attenuated anaphylactic responses. Additionally,
antagonists of the chymase receptor were shown to suppress much of the calcium responses
of TRPV1* neurons to MC granules, implying that chymase is the major activator of
TRPV1* neurons found in MC granules. A caveat, however, is that during isolation of MC
granules some of their soluble cargo may have been released and so may not be present

in isolated granules. Therefore, we cannot yet exclude possible roles of other MC products
especially soluble mediators such as histamine and serotonin, which have both been shown
to activate the TRPV1 receptor(33).

PAR1-PAR4 are a subfamily of G-protein-coupled receptors whose activation mechanism is
conserved(49). Typically, PARs become activated when their extracellular amino terminus is
cleaved by their own ligand protease(s). This activation triggers the intracellular signaling
pathway via Gq proteins, and this is also true in TRPV1* neurons as treatment with a

PAR?2 ligand (such as tryptase) was shown to phosphorylate TRPV1 through PKC, which

is downstream of the Gg-PLC cascade(44). We have found co-expression of TRPV1 and
PAR1 mRNAs by peptidergic neurons not only in mice but in higher mammals such as
rhesus macaques. In vitro findings that antagonists for PAR1 blocked chymase-mediated
activation of TRPV1* sensory neurons suggested chymase activated TRPV1 through

PAR1, presumably through the same Gg-PLC-PKC signaling pathway as seen with PAR2
activation. Taken altogether, these findings point to a critical role for MC chymase and

its interaction with TRPV1* sensory neurons through its cognate receptor PAR1 in IgE-
mediated anaphylaxis. Of course, future studies in PAR1 null mice or mice deficient in
PAR1 expression exclusively in TRPV1* sensory neurons are required to further confirm the
role of chymase-PARL1 on these nociceptors.

Although our studies revealed the previously unappreciated contribution of the nervous
system to anaphylaxis, our observations, in a way, also echoed the historical view of

Sci Immunol. Author manuscript; available in PMC 2023 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bao et al.

Page 12

MC-mediated vascular changes driving anaphylaxis. Indeed, this was supported by the
evidence that the 7, drop in the AN-TRAPed-CLZ mice and in 77ovZ~~ mice were
modest compared to anaphylactic WT mice, emphasizing the concurrent contributions of
MC-mediated vasodilation and vascular leakage to hypothermia. Additionally, one might
argue that in additional to periphery sensors, the POA also plays an important role in
detecting temperature changes, especially internal cues, as neurons located in POA can
directly sense blood temperature and respond accordingly(11). Future studies will elucidate
if MC products that diffuse into blood can directly activate neurons in the POA and
thereby trigger a hypothermic response. It will also interesting in the future to examine and
distinguish the roles of TRPV1* neurons from different ganglia (DRG/TGs versus nodose/
jugular) in the context of anaphylaxis, as they innervate different organs and tissues.

In view of the seemingly detrimental role played by the peripheral MC-TRPV1 sensory
neuron interaction during IgE-mediated anaphylaxis, why does this axis even exist?
Presumably, the close physical proximity between MC and nerve fibers and their associated
interactions evolved to rapidly respond to a local cutaneous challenge by microbes and
allergens, including injected insect venom. Upon activation of perivascular MCs by these
extrinsic agents, exteriorized MC mediators will activate TRPV1* sensory neurons, which
release neuropeptides such as CGRP that, together with MC mediators, will promote local
vasodilation and vascular leakage(33, 50, 51). These vascular events could be beneficial

to the host by slowing down or reducing the systemic spread of the foreign agents and
facilitating their neutralization and clearance by promoting seepage of circulating humoral
factors (such as complement and immunoglobulins) and extravasation of phagocytic cells(6,
52). Concurrently, activated TRPV1* sensory neurons can potentially trigger pain and itch
responses to promote scratch-mediated microbe and insect removal. However, when the
microbe/allergen exposure is systemic, as is the case during IgE-mediated anaphylaxis,

MC activation is no longer a local phenomenon. Instead, MC activation likely occurs
simultaneously throughout the body, resulting in the widespread activation of peripheral
TRPV1* sensory neurons. The intensity and magnitude of this activation could potentially
surpass the threshold for activating the thermoregulatory circuit downstream of TRPV1*
sensory neuron. Presumably, the threshold to trigger the abrogation of BAT thermogenesis is
not attained when local MCs and TRPV1 neuronal activation occur. Thus, the systemic
activation of the thermoregulatory circuit during anaphylaxis could be an unintended
consequence of widespread hyperactivation of the MC-TRPV1 neuronal axis.

Whereas anaphylaxis in rodents is measured by assessing hypothermia(8, 53), anaphylaxis
in humans is primarily assessed by measuring hypotension(54). Although hypothermia

is not routinely assessed in humans during anaphylaxis, it does not mean that intense
temperature regulation does not occur. Indeed, it has been reported that humans experiencing
anaphylaxis have damp skin, which is due to sweating, an alternate mechanism employed
by humans to regulate body temperature(55). Since sweating is a major mechanism for
heat loss in humans but is absent in rodents, the major effector organs responding to
thermal challenges in rodents and man appear different. Indeed, even though BAT has been
implicated recently in thermogenesis in humans(56) its role may not be as important as

in rodents. Nevertheless, initiating the peripheral TRPV1™" sensory neuron pathway leading
to activation of the CNS could be conserved as clinical studies have revealed that both
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TRPV1 agonists and antagonists may regulate the temperature in humans(57, 58). Even
though our studies of anaphylaxis in mice were mostly focused on thermoregulation, it

is conceivable that the neuronal circuit regulating blood pressure may be involved in a
similar manner in both animals and humans. This is especially the case considering how
fast the nervous system downregulates blood pressure following the specific activation of
baroreceptors in blood vessels(59-61). Indeed, our data have revealed that activation of
TRPV1™* sensory neurons can concurrently induce a blood pressure drop in mice, suggesting
that during anaphylaxis, the MC-TRPV1* sensory neurons axis also transmit signals to
the blood pressure regulation center in the brain. Other evidence of this comes from the
finding that capsaicin consumption or administration reduces blood pressure(62). Thus,
during anaphylaxis, both thermoregulatory and blood pressure regulatory centers in the
CNS may be simultaneously triggered by peripheral TRPV1* sensory neurons through the
actions of perivascular MCs. As there exists a dire need for effective ways to prevent

this life-threatening disorder, our finding of the role of a MC-sensory neuron-CNS axis in
driving anaphylactic responses provides valuable insights that may lead to new therapeutic
options.

Materials and Methods

Mouse strains

Cell culture

All procedures related to mice were performed in strict accordance with the animal

protocol approved by the of Duke University Institutional Animal Care and Use Committee.
Seven- to 12-week-old female and male mice were used for most of these studies. The
Mecpt4~'= mouse strain was a gift from Dr. Magnus Abrink at Swedish University for
Agricultural Sciences, Uppsala, Sweden. The Mcpt5-Cre strain was a gift from Dr. Axel
Roers, University of Technology, Dresden, Germany. The rest of the strains were obtained
from Jackson Laboratories (see list in Table S1).

RBL-2H3 cells were cultured in minimum essential medium containing 15% FBS and 1%
Anti-Anti. For mouse DRG cultures, DRGs were aseptically isolated from mice and digested
with collagenase (1.25 mg/ml)/dispase-11 (2.4 units/ml) at 37°C in a humidified 5% CO»
incubator for 60 min. Flame-polished Pasteur pipettes were used to mechanically agitate

the ganglia. Dissociated DRG cells, after filtration through 70 um nylon cell strainers, were
plated on poly-D-lysine- and laminin-precoated cover slips and grown in a Neurobasal
Medium, supplemented with 10% FBS, 2% B27 supplement, and 1% Anti-Anti. All cells
were cultured at 37°C in a humidified water-jacketed incubator under a 5% CO,-95% air
atmosphere.

MC depletion in Mcpt5-iDTR mice

MCs in Mcpt5-Cre*/~-iDTR mice were conditionally depleted as follows: 7-week-old
Mcpt5-Cre*/~-iDTR mice and Mcpt5-Cre™/~-iDTR littermates were given five intravenous
injections of 200 ng of DT per mouse for five consecutive days.
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To elicit anaphylaxis, mice were first sensitized with TNP-specific IgE (10 pg in saline)

by intravenous injection. After 18 hours, mice were injected intravenously with TNP-OVA.
For temperature monitoring, 1 ug TNP-OVA was injected. For brain c-Fos immunostaining
and TRAPIng, 1.2 ug TNP-OVA was injected two hours before mice were euthanized. For
DRG p-ERK immunostaining, whole mount tissue staining and SEM, 2 ug TNP-OVA was
injected 10 min before mice were euthanized. For anaphylaxis in MC-depleted mice, 3 pg
TNP-OVA was used. As for PAR1 antagonist treatment, we pretreated IgE-sensitized mice
with the combination of PAR1 antagonists RWJ 56610 (0.2 mg/kg) and SCH 79797 (0.5
mg/kg) intraperitoneally 1h prior to TNP-OVA.

TRAP2-Gq mice were sensitized with either saline or IgE on Day 0 and then challenged
with TNP-OVA on Day 1. Then each mouse received a total of 100 mg/kg of 4-OHT

for TRAPIng (or corn oil as a vehicle control) over a two-hour interval after induction

of anaphylaxis (t=0 and 2h). 4-OHT was prepared as previously described(16).To activate
TRAPed neurons, mice were injected intravenously with 0.1 mg/kg CLZ or PBS on Day 8.

TBAT: Ttail» Tback, @nd T¢ore Measurements

T core Was measured with a rectal microprobe thermometer at the specified time points,

while Tgar Tiin Tpack Were measured using a thermal infrared camera (FLIR C5) with a
protocol modified/combined based on previous studies (21, 63, 64). Briefly, for 7ga7, the
interscapular region of mice was shaved one day before measurement; for 7., the back
below the interscapular region was shaved one day before measurement. Snapshot images
were taken at the specified time points, which were later analyzed with FLIR Thermo Studio
software. The highest temperature in the interscapular region or the back skin (excluding

the interscapular region) was taken as the 7ga7 0r Tpack: respectively. Ti,ywas taken as the
average of a 5 mme-line of tail at the region that is 1 cm from the base of the tail.

Blood pressure measurement

The mean arterial blood pressure (MAP) was measured through the right femoral artery

of mice as described previously(65). Briefly, mice were placed into the induction chamber
and anesthetized with 5% isoflurane in 30% oxygen balanced with nitrogen, then placed in
the supine position and maintained in 1.5% isoflurane via face mask. A 1-cm skin incision
was made in the right groin to expose the femoral artery and vein, which were cannulated
with PE-10 tubing for arterial blood pressure and drug administration (for the IgE-sensitized
WT mice but not for the TRPV1-DREADD mice and capsaicin administered WT mice).
Heparin (1:10, 50 uL, 5 U) was given through the arterial line. MAP was measured through
a digital blood pressure transducer connected to a Bridge Amp (ADInstruments, Dunedin,
New Zealand). ECG needle probes were placed in both forearms and the left hind limb. The
ECG was recorded via Animal Bio Amp (ADInstruments). Rectal temperature (monitored
with a mouse rectal temperature probe) was monitored and heat lamp and heating pad

were supplied to keep the temperature at 37.0+0.2°C. Baseline recording was started when
their core body temperature recovered to 37°C after the surgery. Then 5 min later, mice
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were treated with different stimuli: IgE-sensitized WT mice received 1ug TNP-OVA in

100 pl PBS through the femoral vein cannulation, TRPV1-DREADD or the control strain
RC::L-hM3Dq mice received 2 mg/kg CNO in 200 pl PBS through intraperitoneal injection,
and 100 pg capsaicin was administered intraperitoneally into WT mice.

Virus injection

For the 7rova rescue experiment, we used AAV-PHP.s-hSYN1-TRPV1 and AAV-PHP.s-
hSYN1-eGFP produced by the Duke Viral Vector Core. Eight-week-old 77pv2~/~ mice
were injected intravenously with ~45x1010 vg AAVs. Four weeks later, passive systemic
anaphylaxis (PSA) was elicited in the mice. Body, BAT and tail temperatures were
monitored. For the 77pvZ~~ DRG calcium imaging experiment, ~41x1010 vg AAV9-
GCaMP6 was injected intrathecally into 8-week-old 77pvZ~~ mice. Four weeks later, DRGs
were isolated from these mice for calcium imaging.

Systemic TRPV1 activation experiments

TRPV1-DREADD—TOo generate TRPV1-DREADD mice, TRPV1-Cre mice were crossed
with Gg-DREADD-FLEx mice. CNO (2 mg/kg) was injected intraperitoneally into TRPV1-
DREADD mice. Tgar; Trgizand Topr. Were monitored.

Capsaicin—WT mice were injected intraperitoneally with 100 pg Capsaicin in 5%
Tween-80 in PBS or vehicle control alone. 7gar, Tiiyand 7.7 Were then monitored.

MC granule isolation

MC granules were isolated as described previously(66). RBL cells were cultured in 175 cm?
flasks until 70% confluency, then cells were sensitized with 0.5 pg/ml IgE for 18 h before
activating with 10 ng/ml TNP-OVA. Cells were left in the 37°C incubator for 1 h for MCs
to fully degranulate. 1 h later, the supernatant was collected and spun down at 1200 rpm

for 5 min at 4°C twice to remove cells or cell debris in the supernatant. Afterwards, a final
high-speed spin at 3000 x g for 15 min was performed. An Optima L-90K ultracentrifuge
(Beckman Coulter) was used for centrifugation. The collected granule pellet from one 175
cm? flask was resuspended in 0.5 ml of Tyrode’s buffer and stored in —80°C for later usage.

Immunostaining

Mice were perfused transcardially with PBS followed by 4% PFA in PBS.

Section staining: Brains or spines were dissected, post-fixed in 4% PFA for 12-24 h

and then placed in 30% sucrose in PBS for 24-48 h at 4°C. DRGs were isolated from

spines thereafter. Brains and DRGs were then embedded in Optimum Cutting Temperature
compound and stored at —80°C until sectioning. For brains, 40-um floating sections were
collected into cryopreservation solution (5:3:2 PBS: ethylene glycol: glycerin). For c-Fos
immunostaining, sections were washed in PBS for three times and then incubated in 0.3%
Triton X-100 in PBS (PBST) and 5% donkey serum for 2 h at room temperature (RT) and
then stained with rabbit anti-Fos (1:1000) overnight at 4°C in 0.3% PBST and 5% donkey
serum. All sections were washed 3 x 10 min in PBST and additionally stained with donkey
anti-rabbit Cy3 (1:1000) in 0.3% PBST and 5% donkey serum for 2 h at RT and then washed
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2 x 20 min in PBST, then with PBS for 2 x 20min prior to mounting onto slides and
coverslipping in Fluoroshield with DAPI. For DRGs, 15-um sections were cut and collected
onto coated slides. For p-ERK staining, sections were washed in PBS to remove the OCT
and then incubated in 0.3% Triton X-100 in PBS (PBST) and 5% donkey serum for 1 h at
RT and then stained with rabbit anti-p-ERK (1:500) overnight at 4°C in 0.3% PBST and
5% donkey serum. All sections were washed 3 x 10 min in PBST and additionally stained
with donkey anti-rabbit Cy3 in blocking buffer for 1 h at RT and then washed 3 x 10

min in PBST. Sections were then stained with Neuro-Trace Deep Red Nissl based on the
manufacturer’s instructions prior to being mounted in Fluoroshield with DAPI.

Whole-mount tissue staining—Ears and tracheal tracts were dissected and fixed in 4%
PFA overnight at 4°C. Then tissues were washed in 0.3% PBST for 3 x 20 min prior to
being blocked in 0.3% PBST and 5% donkey serum for 2 h at RT. Then tissues were stained
with rat anti-CD31 (1:200), rabbit anti-R3 tubulin (1:500) in the blocking buffer overnight

at 4°C. All tissues were washed 3 x 20 min in PBST and additionally stained with donkey
anti-rabbit Cy3, donkey anti-rat 647 (1:1000) and FITC-avidin (1:500) in blocking buffer for
1 h at RT and then washed 3 x 10 min in PBST. Then tissues were mounted with Prolonged
Diamond.

In situ hybridization (ISH)

Sections of mouse DRGs were freshly prepared. In situ hybridization was performed using
the RNAscope system (Advanced Cell Diagnostics) in accordance with the manufacturer’s
instructions, using a protocol designed for the Multiplex Fluorescent Kit v2. We used probes
directed against murine F2rand Trpv1. After completion of the RNAscope protocol, the
slides were incubated with Nissl/NeuroTrace-640 for 1 hour at room temperature in a
humidified chamber. Sections were washed several times with PBS and mounted with a few
drops of DAPI Fluoromount mounting medium.

Fluorescent image analysis

Fluorescent images were obtained with a Leica THUNDER imaging system and were
analyzed with Fiji (ImageJ, NIH). For fluorescent image quantification, in general, =5
images of each tissue were analyzed and then the mean of these images of each tissue was
obtained and graphed. For 3D modeling, the surface function of Imaris software (Bitplane)
was used to reduce the non-specific signal and render 3D modeling surfaces for every
channel based on the mean fluorescence intensity, to achieve the morphology of nerve fibers,
MCs and blood vessels.

Scanning electron microscopy (SEM)

Ear pinnae were dissected from mice 15 min after PSA and fixed in 4% PFA overnight

at 4°C. Then ear tissues were dehydrated with an ethanol series and finally dried in
hexamethyldisilane (HMDS) (Sigma, 440191). Ear samples were coated with gold for 600s
employing the SPUT6 Vacuum Sputter Coater (Kurt Lesker PVD 75) before being imaged
with a scanning electron microscope (FEI XL30 SEM-FEG).

Sci Immunol. Author manuscript; available in PMC 2023 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bao et al.

Page 17

Calcium imaging

Calcium imaging was conducted in mouse DRG neurons. DRG neurons were isolated from
Advillin-GCaMP6 or TrpvI~/~ GCaMP6 mice 18 h before a calcium imaging experiment.
The imaging was performed by recording cells responding to stimuli in perfusing buffer
which contained 140 mM NaCl, 10 mM D-(+)-Glucose, 1 mM MgCl,, 2 mM CaCl,, 5 mM
KCI, 10 mM HEPES, pH = 7.4, osmolarity = 320 mOsm/L. Ca2* signals were measured
using green emitted light in a 3s interval. Baseline average fluorescence intensity was
calculated as Fg. Fold change of signal amplitudes at each time point are presented as AF/Fg
= (F-Fo)/Fg; ratio of fluorescence difference (Fi-Fg) to basal value (Fg). F; represents the
fluorescence intensity at each time point. F; = 5% from baseline levels was considered a
positive response to a ligand. In some studies, 40 mM KCI was added at t=22~424min to
activate neurons.

Patch-clamp recording

Mouse DRG neurons were cultured as described above. After 24-hour culturing, whole-cell
patch-clamp recording was performed on small-diameter DRG neurons (<50 um) at room
temperature using patch pipettes with a resistance of 2-4 MQ. A patch-clamp configuration
which switched to current clamp mode was performed to record action potentials. The action
potentials were evoked by current injection steps from 0 — 650 pA with an increment of

50 pA in 1000 ms. 100 ng/ml chymase was perfused for 2 min, and action potentials were
recorded before (baseline) and soon after the perfusion with chymase.

Analysis of DRG single-cell RNA-seq data

Gene expression profiles of DRG single cells in the count scale along with

clustering annotations and other relevant metadata were downloaded from the Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) or the Mouse Brain Atlas
(http://mousebrain.org/). Normalization and visualization were done with the SCANPY
package(67). In brief, single cell counts were scaled by the total library size, multiplied
by 10,000, and log2 transformed. Highly variable genes were determined by mean and
dispersion and were used as the basis for downstream analysis. After rescaling, single
cells were projected onto a low-dimensional space using principal component analysis
(PCA). The first 50 principal components were then used as input for uniform manifold
approximation and projection (UMAP)(68) and visualized in a two-dimensional space.
Cell type clusters were predefined by the original studies. To facilitate interpretation of
the biological signals in a unified context, we harmonized clustering labels across DRG
datasets according to a cell type mapping provided by Kupari et al(41). Specifically, we
converted all cell type labels to their counterparts in the Usoskin study(69), which consisted
of Th, NP1/2/3, PEP1/2, TPRMBS, and NF1/2/3/4. The expression levels of mouse genes
Trov1 (TRPVI in rhesus) and F2r (FZR in rhesus) were visualized in the embedded two-
dimensional UMAP space.

Statistical analysis

Statistical analyses were performed by using GraphPad Prism v.9 (GraphPad Software).
The statistical methods used are specified in the figure captions. Briefly, for most of the
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studies, one-way or two-way analysis of variance (ANOVA) was used as a global test to
discern if there is any significant statistical difference among groups; Student’s t-test or
two-way ANOVA or Dunnett’s multiple comparison test was used as a post-hoc test later
if necessary. For some analyses, unpaired Student’s t-test was directly used to calculate
statistical significance. A p-value of <0.05 was considered statistically significant. Data are
presented as the mean + SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MC dependency and thermo-sensitive neural circuit activation during anaphylaxis.
(A) Tyore 0f MC-depleted mice (Mcpt5-iDTR'!™) and their littermates (/D7R*") after the

injection of TNP-OVA, n=4~46, two-way ANOVA. (B) MC degranulation in whole mount
ears (top) and trachea (bottom) (t=10min) during acute anaphylaxis. MCs granules (Avidin,
green); Yellow arrows: degranulating MCs; Magenta arrows: granules. Scale bar, 25um.
Degranulation ratio was graphed as the number of degranulated MCs/total MCs in the field,
n=5 for ear, n=4 for trachea. Unpaired t-tests. (C) Left or Middle: Mouse behavior (saline or
IgE-sensitized WT mouse) after injection of TNP-OVA. Right: Mouse behavior undergoing
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heat challenge (43°C ambient temperature). (D) A diagram showing the procedure for
gaining genetic control over anaphylaxis-regulating neurons. (E) 7.4 in TRAPed or control
mice after CLZ administration. 1. AN_4-OHT + PBS: TRAPed anaphylaxis mice injected
with Saline; 2. AN_4-OHT + CLZ: TRAPed anaphylaxis mice injected with CLZ; 3.
AN_Corn oil + CLZ: control mice injected with CLZ; 4. 4. Saline_4-OHT + CLZ: TRAPed
control mice injected with CLZ. Two-way ANOVA, n=6~47). (F) A diagram showing the
warm thermoregulatory neural circuit. Created with BioRender.com. (G) Left: representative
images of LPBd (star*) neuronal activation staining (Bregma, —5.12mm). c-Fos, green. Scale
bar, 100pm. Middle: a coronal view of LPB (green) with outlines of subregions. Right,
quantification of numbers of c-Fos™ neurons in LPBd. One-way ANOVA with Dunnett’s
multiple comparisons, n=5. (H-J) Tga7changes in saline- or IgE-sensitized WT mice after
TNP-OVA administration. (H) Representative infrared camera images at t=8min. (I) the
quantification of 7g47changes over time. (J) 7garand 7., dynamics presented in a single
graph. Two-way ANOVA, n=5~46.

Data are presented as mean + SEM. ns=p>0.05, ***p<0.001, ****p<0.0001. Two to three
independent experiments were performed for each individual panel.
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Figure 2. Systemic activation of TRPV1* sensory neuronsinhibit
contributesto the body temperature drop.

Time/min
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(A) Left: Representative images of sensory neuron activation staining with a zoomed-in

window for the WT anaphylactic group. p-ERK, red; Nissl, gr

een; DAPI, blue. Scale

bar, 100um. Right: p-ERK™ neurons out of all neurons in DRGs. One-way ANOVA as
global test, with unpaired t-tests as post hoc tests. N=5~46 mice. (B) 7y of Trov4~
(top) and Trpvi~'= (bottom) mice during anaphylaxis. Two-way ANOVA for 7, change
graph, unpaired t-test for min T bar graph. N=5~46. (C) A diagram showing AAV-PHP.s-
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hSyn-TRPV1-eGFP or AAV-PHP.s-hSyn-eGFP were intravenously (retro orbital injection)
administered into 7-week-old 77ovZ~/~ mice. Created with BioRender.com. (D) 7y, Of
Trovi-rescued mice from (C) during anaphylaxis. Two-way ANOVA for 7., change
graph, unpaired t-test for min T bar graph. N=5. (E) A diagram showing the genetics

of TRPV1-DREADD mice. In TRPV1" cells, eGFP is replaced by DREADD-mCherry
expression due to the Cre recombinase activity. (F-G) 7.y0and 7garchanges in TRPV1-
DREADD and RC::L-hM3Dq mice after CNO (2 mg/kg) or vehicle control administration.
(F) Representative infrared images at t=9min. (G) 7., changes, two-way ANOVA. (H)
Left: Neuronal activation in LPBd region in TRPV1-DREADD and RC::L-hM3Dq after
CNO administration. c-Fos, magenta; scale bar, 100um. Right: quantification of numbers
of c-Fos* neurons in LPBd, unpaired t-test, n=5~46. (I) Mouse behavior in TRPV1-
DREADD and RC::L-hM3Dq after CNO administration. (J) Mean arterial blood pressure
(MAP) in TRPV1-DREADD and RC::L-hM3Dq in baseline (for initial 5min) and after
CNO administration, n=4~45. Data are presented as mean = SEM. ns=p>0.05, **p<0.01,
****p<0.0001. Two to three independent experiments were performed for each individual
panel.
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Figure 3. MC granules activate TRPV1* sensory neurons.

(A-C) Calcium response of ex vivo TG neurons in responding to activated MCs. (A) A
diagram showing fresh TGs were isolated from Advillin-GCaMP6 mice and then placed
with IgE-sensitized RBL cells. Time-lapse imaging recorded TG neurons’ response to
10ng/ml TNP-OVA activated RBL cells followed by 300nM capsaicin. Diagram was created
with BioRender.com. (B) the representative images showing GFP intensity changes after
treatments. White arrows point to the neurons that respond both to MC granules and
capsaicin. Scale bar, 50um. (C) the quantification of maximum calcium responses (ratios

of fluorescence difference to the basal value) and the percentage of activated neurons as
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the activation ratio, unpaired t-test. Four separate experiments were performed, 6 different
Advillin-GCaMP6 mice were used.

(D, E) MC-released granules in whole mount ears from saline or IgE-sensitized WT mice
10min after TNP-OVA. (D) MC (Avidin, green), blood vessels (CD31, purple) and nerve
fibers (R3-tubulin, blue). White arrows point to the granules that fall off on the nerve

fibers. Scale bar, 15 um. (E) Pseudo-colored representative SEM image. Granules, magenta;
representative nerve fiber, blue; background, light yellow. Scale bar, 2 um. (F) Left: ratios
of fluorescence difference to the basal value as the calcium responses. Right: Venn diagram
showing the distribution of the activated DRG neurons and overlaps granule-responsive
neurons and capsaicin-responsive neurons after granule application. The percentage of the
activated population in cultured DRG neurons is indicated next to each chemical activator.
Orange circle, the group of neurons responds to capsaicin; blue circle, the group of neurons
responds to granule; center, the group of neurons which responds to both.

Data are presented as mean £ SEM. **p<0.01. Two to three independent experiments were
performed for each individual panel.
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Figure 4. The specific contribution of chymase to anaphylaxis.
(A) Tore OF IgE-sensitized Mcpt4'~ mice or WT after TNP-OVA administration, two-way

ANOVA, n=5~46. (B) IgE-sensitized WT mice were treated with the combination of PAR1
antagonists RWJ 56610 (0.2mg/kg) and SCH 79797 (0.5mg/kg) or vehicle control 1h prior
to the injection of TNP-OVA. Then 7, was monitored after TNP-OVA administration.
Two-way ANOVA, n=6. (C) Heat map showing the average expression levels of 7rpvi
and F2racross mouse DRG neuronal cell types based on the bulk RNA-seq data produced
by Zheng et al. (D, E) Analysis of mouse scRNA-seq data produced by Zeisel et al. (d)
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Bottom: track plot showing the expression levels of 7rpvIand F2racross mouse DRG
single neuronal cells, grouped by predefined cell type. (€) 7Trpvand F2rco-expressing
mouse DRG single neuronal cells were plotted within each predefined cell type. DP (double
positive) % on the top right of each plot is the percentage of 7rpvZ and F2rco-expressing
cells out of total cells. (F) Representative RNAscope images of WT DRGs, F£2r (Magenta)
and 7rpvi (Green), Nissl (Blue). From left to right: merge of 7rpvZ and Nissl; merge of or
F2Zrand Nissl; merge of 7rpvIand F2r. Scale bar, 100 um. The zoomed-in inset shows a
merge of 7rpvIand FZr, in which arrows point to the 7rpvZ and F2r DP cells. The pie charts
on the top-left of each image show the percentage of 77ovI* or F2r* or DP neurons out

of total neurons. The bar graph on the right indicates the percentages of DP out of 7rpvI*
or F2r* neurons. Data are presented as mean + SEM. *p<0.05. Two to three independent
experiments were performed for each individual experimental result panel.
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Figure 5. Chymase activates TRPV 1t sensory neuronsthrough its cognate PAR1 receptor.
(A) Calcium responses of Advillin-GCaMP6 DRG neurons treated with 20 ng/ml chymase

and followed by 300 nM capsaicin. Left: ratios of fluorescence difference to the basal value
as the calcium responses. Right: Venn diagram showing the distribution of the activated
DRG neurons and overlaps chymase-responsive neurons and capsaicin-responsive neurons
after chymase application. The percentage of the activated population in cultured DRG
neurons is indicated next to each chemical activator. Orange circle, the group of neurons
responds to capsaicin; blue circle, the group of neurons responds to chymase; center, the
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group of neurons which responds to both. (B) Calcium responses of 77ovZ~/~ DRG neurons
treated with 20 ng/ml chymase and followed by 300 nM capsaicin. Left: a diagram showing
that 7rpvZ~~ mice were intrathecally injected with ~41x1011vg AAV9-GCaMP6 virus.
Created with BioRender.com. Right: ratios of fluorescence difference to the basal value

as the calcium responses were plotted. (C, D) Patch-clamp recordings in small diameter
dissociated (C) WT DRG neurons or (D) 77pvZ~/~ DRG neurons with the application of
100 ng/ml chymase. Top: representative traces of current-evoked action potentials. Bottom:
quantification of current-evoked action potentials. Two-way ANOVA as global test with
Bonferroni’s multiple comparisons test for difference under each individual current. n=10
neurons per group from 6 WT mice or 3 7rpvZ™~ mice. (E) Calcium responses of Advillin-
GCaMP6 DRG neurons responding to isolated MC granules + chymase inhibitor 50 nM TY
51469 (premixed with the granules 15 min before the experiment) and followed by 300 nM
capsaicin. Left: Ratios of fluorescence difference to the basal value as the calcium responses
were plotted. Right: the maximum of calcium responses to granule alone (Fig.3F) or the
combination of granule + TY 51469, unpaired t-test. (F, G) Calcium influx in Advillin-
GCaMP6 DRG neurons responding to chymase in the presence of PAR1 antagonist SCH
79797 or PAR2 antagonist FSLLRY-NH2. 20 ng/ml chymase at t=2~44min, followed by
perfusion of (F) 1 uM SCH 79797 or (G) 10 uM FSLLRY-NH2 at t=12~415min, 20 ng/ml
chymase was also given during t=13~414min. Later, t=20~422min, 300 nM capsaicin was
added. Left: (F) 59 or (G) 41 representative calcium responses (the ratios of fluorescence
difference to the basal value) of DRG neurons. Right: the maximum of calcium responses
to chymase alone or chymase + individual antagonist, unpaired t-test. Data are presented in
mean * SEM, ns=p>0.05, *p<0.05. ***p<0.001, ****p<0.0001. Two to three independent
experiments were performed for each individual panel.
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Fig 6. The summary model:
Left: a zoomed-in peripheral perivascular site. During IgE-mediated anaphylaxis, IgE-

sensitized MCs are activated systemically when allergens bind to IgE, leading to extensive
degranulation. Once released, granules fall on nearby nerve fibers, and this promotes the
targeted release of multiple MC mediators to nerve fibers. Our study showed that one

of the key proteinases in MC granules, chymase, can activate TRPV1* sensory neurons
through its cognate receptor PARL. Right: MCs products activate TRPV1" sensory neurons
during anaphylaxis, triggering a pseudo-heat signal, which is transmitted through the

warm thermoregulatory neural circuit (DRGLPBdAMnPO), resulting in inhibition of BAT
thermogenesis. This effect decreases heat production and contributes to hypothermia during
anaphylaxis. Diagram was created with BioRender.com.
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