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Abstract

Transient receptor potential ankyrin 1 (TRPA1) is a polymodal cation channel that is activated by electrophilic irritants,
oxidative stress, cold temperature, and GPCR signaling. TRPA1 expression has been primarily identified in subsets of
nociceptive sensory afferents and is considered a target for future analgesics. Nevertheless, TRPA1 has been impli-
cated in other cell types including keratinocytes, epithelium, enterochromaffin cells, endothelium, astrocytes, and CNS
neurons. Here, we developed a knock-in mouse that expresses the recombinase FlpO in TRPA1-expressing cells. We
crossed the TRPA1Flp mouse with the R26ai65f mouse that expresses tdTomato in a Flp-sensitive manner. We found
tdTomato expression correlated well with TRPA1 mRNA expression and sensitivity to TRPA1 agonists in subsets of
TRPV1 (transient receptor potential vanilloid receptor type 1)-expressing neurons in the vagal ganglia and dorsal root
ganglia (DRGs), although tdTomato expression efficiency was limited in DRG. We observed tdTomato-expressing af-
ferent fibers centrally (in the medulla and spinal cord) and peripherally in the esophagus, gut, airways, bladder, and
skin. Furthermore, chemogenetic activation of TRPA1-expressing nerves in the paw evoked flinching behavior.
tdTomato expression was very limited in other cell types. We found tdTomato in subepithelial cells in the gut mucosa
but not in enterochromaffin cells. tdTomato was also observed in supporting cells within the cochlea, but not in hair
cells. Lastly, tdTomato was occasionally observed in neurons in the somatomotor cortex and the piriform area, but
not in astrocytes or vascular endothelium. Thus, this novel mouse strain may be useful for mapping and manipulating
TRPA1-expressing cells and deciphering the role of TRPA1 in physiological and pathophysiological processes.
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Significance Statement

The ion channel transient receptor potential ankyrin 1 (TRPA1) is activated by oxidative stress, pollutants, cold, and
downstream of GPCR activation. TRPA1 is expressed on some nociceptive sensory afferent nerves, and its activa-
tion evokes pain and nocifensive reflexes. However, there is disagreement regarding the extent of TRPA1 expression,
bothwithin specific afferent subsets and in nonafferent cells.We developed a TRPA1Flpmouse that expresses Flp re-
combinase in TRPA1-expressing cells, allowing for their identification and manipulation. TRPA1 was reported in
vagal and DRG subsets, and their chemogenetic activation in the skin evoked pain. TRPA1 was also reported in gut
subepithelial cells, cochleal supporting cells, and some cortical neurons. We found no evidence of TRPA1 reporting
in enterochromaffin cells, epithelium, endothelium, keratinocytes, Schwann cells, smoothmuscle cells, or astrocytes.

Received September 11, 2023; accepted November 11, 2023; First published
November 21, 2023.
The authors declare no competing financial interests.

Author contributions: M.J.P. and T.E.T.-C. designed research; M.J.P., S.-H.K.,
P.K.B., S.S.N., T.S.D., X.X.Z., S.H.H., and T.E.T.-C. performed research; M.J.P.,
S.-H.K., P.K.B., S.S.N., T.S.D., J.F., X.X.Z., R.D.F., S.H.H., and T.E.T.-C. analyzed
data; M.J.P., S.-H.K., P.K.B., S.S.N., T.S.D., J.F., X.X.Z., R.D.F., S.H.H., and
T.E.T.-C. wrote the paper.

December 2023, 10(12) ENEURO.0350-23.2023 1–20

Research Article: New Research

https://orcid.org/0000-0002-9553-5168
https://orcid.org/0000-0002-5056-2699
https://doi.org/10.1523/ENEURO.0350-23.2023


Introduction
Transient receptor potential ankyrin 1 (TRPA1) is a

member of the TRP superfamily of plasma membrane ion
channels (Wu et al., 2010). TRPA1 channels are formed by
four identical subunits and conduct cations, including
Na1 and Ca21, when activated (Paulsen et al., 2015; Zhao
et al., 2020). TRPA1 are polymodal channels that are acti-
vated by numerous independent mechanisms including by
electrophiles and reactive oxygen species (ROS) via cova-
lent modification of key intracellular cysteines (Hinman et al.,
2006; Macpherson et al., 2007; Andersson et al., 2008;
Bahia et al., 2016), by temperature (Story et al., 2003; Kwan
et al., 2006; Gracheva et al., 2010), and by GPCR second
messenger signaling (Bandell et al., 2004; Wang et al., 2008;
Wilson et al., 2011).
Overwhelming evidence from functional studies using

selective ligands and knockouts, as well as single-cell
transcript analyses, indicates that TRPA1 is expressed by
a subset of sensory afferent neurons, including those in
the dorsal root ganglion (DRG), vagal ganglion, and the tri-
geminal ganglion (Story et al., 2003; Jordt et al., 2004;
Nassenstein et al., 2008; Usoskin et al., 2015; Kupari et
al., 2019). TRPA1 agonists such as ROS (e.g., H2O2), electro-
philic products of lipid peroxidation (e.g., 4-hydroyxynonenal)
and electrophilic irritants [e.g., allyl isothiocyanate (AITC), cin-
namaldehyde and acrolein; Bandell et al., 2004; Jordt et al.,
2004; Bautista et al., 2006; Hinman et al., 2006; Andersson et
al., 2008; Taylor-Clark et al., 2008a] cause TRPA1 activation
in ;15–50% of sensory neurons (depending on the ganglia/
species), resulting in cation influx, depolarization, and the ini-
tiation of action potentials. Many if not all TRPA1-expressing
afferents are small-diameter “nociceptive” neurons that also
express the canonical capsaicin-sensitive ‘pain receptor’
TRP vanilloid 1 (V1), and thus the administration of TRPA1 ag-
onists evokes pain and other nocifensive reflexes (Bautista et
al., 2006; Kwan et al., 2006; McNamara et al., 2007; Bessac
et al., 2008; Taylor-Clark et al., 2009; Liu et al., 2013). As
such, TRPA1 plays an important role in the nocifensive re-
sponses of mammals to irritants, oxidative stress, and inflam-
mation (Patapoutian et al., 2009; Wu et al., 2010), and has
been a high-priority target for treating pain (Koivisto et al.,
2022). Nevertheless, the precise characterization of TRPA1
expression in afferents and its relationship with other markers
of nociceptive subsets [e.g., TRPV1, MrgprA3, MrgprD, sub-
stance P, and calcitonin gene-related peptide (CGRP)] has
largely been based on studies of neurons following dissocia-
tion, which can alter transcript expression (Ono et al., 2012;

Song et al., 2018). The characterization of TRPA1-expressing
afferents in vivo has largely relied on TRPA1 antibodies that
have low specificity.
Most initial screenings of TRPA1 transcript expression

found little evidence in cell types other than sensory affer-
ents (Story et al., 2003; Nagata et al., 2005; Jang et al.,
2012). However, subsequent studies have demonstrated
evidence of TRPA1 expression in multiple nonafferent cell
types, including keratinocytes (Kwan et al., 2009), epithe-
lium (Nassini et al., 2012), enterochromaffin cells (Cho et
al., 2014; Bellono et al., 2017), cerebral artery endothe-
lium (Earley et al., 2009), astrocytes (Shigetomi et al.,
2012), Schwann cells (De Logu et al., 2017), and CNS
neurons (Koch et al., 2011). In some cases, TRPA1 ex-
pression was identified using low-specificity antibodies or
very low transcript numbers, and thus their determination
is controversial. TRPA1 has been implicated in anxiety (de
Moura et al., 2014), cognition, and memory (Lee et al.,
2016a,b), and thus it is important to fully map its expres-
sion to take into account potential side effects of thera-
peutics developed to target TRPA1.
Here we have developed a TRPA1Flp reporter mouse,

by replacing the endogenous TRPA1 stop codon with a
2A-FlpO cassette. FlpO is a codon modified and thermo-
stable version of Flp recombinase (Raymond and Soriano,
2007). Similar to the commonly used Cre/lox system, Flp
recombines specific FRT sites in DNA (Fenno et al., 2014),
thus allowing for selective manipulation of targeted genes
in TRPA1-expressing cells. By crossing the TRPA1Flp mouse
with a reporter strain (R26ai65f) that expresses the fluorescent
tdTomato in a Flp-sensitive manner, we have mapped
TRPA1 expression to subsets of DRGs and vagal ganglia
neurons innervating multiple peripheral organs, including the
esophagus, gut, airways, bladder, and skin. Furthermore,
chemogenetic activation of TRPA1-expressing fibers evokes
acute nocifensive/pain behaviors. We found very limited
tdTomato expression in other cell types, but most notably in
subepithelial cells in the mucosa of the stomach and colon,
although these did not express serotonin, a marker of enter-
ochromaffin cells. Our TRPA1Flp mouse may prove use-
ful for mapping and manipulating the contribution of
TRPA1-expressing cells to physiological and patho-
physiological processes.

Materials and Methods
Animals
All procedures were in accordance with the animal pro-

tocols approved by the Institutional Animal Care and Use
Committee. The gene for the murine TRPA1 receptor
[National Center for Biotechnology Information (NCBI)
Reference Sequence, NM_177781.5] is located on chromo-
some 1 and has 27 exons. To develop a knock-in mouse
that expresses the codon-optimized FlpO recombinase de-
pendent on TRPA1 expression, the TAG stop codon in exon
27 was replaced with a 2A-Flp cassette (Fig. 1). The target-
ing vector homology arms were generated by high-fidelity
Taq PCR using BAC (bacterial artificial chromosome) clones
RP24-217G15 and RP24-312G12 from the C57BL/6J library
as template. The targeting vector was assembled with
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recombination sites and selection markers: neomycin
resistance gene (NeoR) flanked by self-deletion anchor
(SDA) sites for positive selection and diphtheria toxin A
(DTA) fragment gene for negative selection. Correct tar-
geting vector synthesis was confirmed by appropriate
digestion by restriction enzymes. The linearized vector
was subsequently delivered to C57BL/6 ES cells via
electroporation, followed by drug selection, PCR screen-
ing, and Southern blot confirmation. After gaining 184
neomycin-resistant clones, 12 potentially targeted clones
were confirmed, 6 of which were expanded for Southern
blotting. After confirming correctly targeted ES clones via
Southern blotting, clones were selected for blastocyst

microinjection, followed by founder production. Founders
were confirmed as germline transmitted via cross-
breeding with wild-type C57BL/6J mice. All aspects of
knock-in mouse development were performed by
Cyagen. Founders were mated to produce heterozy-
gous and homozygous TRPA1tm1.1(flp)Ttc (MGI:7398201)
mice (TRPA1Flp) in expected Mendelian proportions.
These mice express TRPA1-2A-FlpO from the endoge-
nous TRPA1 gene. Upon translation, the 2A peptide
self-cleaves (Furler et al., 2001) to release TRPA1 and
Flp as separate peptides. TRPA1Flp mice develop nor-
mally and were observed to have no apparent pheno-
type. Homozygous TRPA1Flp mice were crossed with

Figure 1. Development of the knock-in TRPA1Flp mouse. A, Targeting strategy for the replacement of the TRPA1 TAG stop codon
with a 2A-Flp cassette. Homology arms (blue and red lines) were generated for the TRPA1 gene [exons and 39 untranslated region
(UTR) in orange]. Homology arms of targeting vector include a neomycin resistance gene (NeoR) flanked by SDA sites for positive
selection. A DTA fragment gene was placed in a nonhomologous region of targeting vector as a negative selection for nonhomolo-
gous recombination. B, PCR of TRPA1 gene in offspring from a pairing of heterozygous TRPA1Flp mice. As expected, offspring
have a Mendelian distribution of mutant (i.e., TRPA1Flp, at 250bp) and wild-type (at 188bp) alleles.
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Flp-sensitive R26ai65f reporter mice [B6.Cg-Gt(ROSA)
26Sortm65.2(CAG-tdTomato)Hze/J; catalog #032864, The
Jackson Laboratory; Daigle et al., 2018] to produce
TRPA1Flp/1R26ai65f/1 mice or with Flp-sensitive R26FLTG re-
porter mice [B6.Cg-Gt(ROSA)26Sortm1.3(CAG-tdTomato,-EGFP)Pjen/
J; catalog #026932, The Jackson Laboratory] to produce
TRPA1Flp/1R26FLTG/1 mice. Both the R26ai65f and R26FLTG

mice have had an FRT-stop-FRT-tdTomato sequence
knocked into the ROSA26 locus. Thus, Flp recombina-
tion evokes cell-specific expression of tdTomato. We also
crossed the knock-in TRPV1Cre [B6.129� 1-Trpv1tm1(cre)Bbm/J;
catalog #017769, The Jackson Laboratory; Cavanaugh et al.,
2011] with transgenic CAG-loxP-STOP-loxP-Gq-DREADD
(designer receptors exclusively activated by designer drugs)
mice [B6N;129-Tg(CAG-CHRM3*,-mCitrine)1Ute/J; catalog
#026220, The Jackson Laboratory; formally known as Gt
(ROSA)26Sortm2(CAG-CHRM3*,-mCitrine)Ute/J] to produce TRPV1-
hM3Dqmice that express the clozapine-N-oxide (CNO)-sen-
sitive “activating” DREADD hM3Dq receptor in TRPV1-ex-
pressing cells. Last, knock-in PirtCre [Pirttm3.1(cre)Xzd; a
gift from Xinzhong Dong, Johns Hopkins University,
Baltimore, MD; Kim et al., 2016] were crossed with
the loxP-STOP-loxP-GCaMP6s mice [B6;129S6-Gt
(ROSA)26Sortm96(CAG-GCaMP6s)Hze/J; catalog #024106,
The Jackson Laboratory) to produce PirtCre/1R26ai96/1 mice,
which express the cytosolic Ca21 reporter GCaMP6s in all
sensory neurons (Hadley et al., 2021). Specific alleles were
confirmed by genotyping. Both male and female mice (6–10
weeks old) were used for all experiments, distributed equally.
Offspringwereweaned at 21 postnatal days, and up to four lit-
termates were housed per cage under normal conditions
(20°C, a 12 h dark/light cycle). Mice were provided with
standard rodent chow and water ad libitum.

Tissue collection and immunohistochemistry
Mice were killed by CO2 inhalation and transcardially

perfused with ice-cold PBS. Vagal ganglia and DRGs

from T1 to T5 and L3 to L5 were dissected out and fixed
for 1 h in 3.7% formaldehyde (FA) at 4°C. Brainstem and
spinal cord were dissected out and fixed for 4 h in 3.7%
FA at 4°C. Brain, stomach, and colon were collected and
fixed overnight in 3.7% FA at 4°C. Glabrous and hairy skin
was removed from the hindpaw and fixed in 3.7% FA at
4°C overnight. For the cochlea, the temporal bones were
collected and fixed in 4% PFA overnight at 4°C. The tem-
poral bones were washed three times in PBS for 10min
and transferred to 10% EDTA, dissolved in H2O at pH 7.2,
solution for overnight decalcification at 4°C. Tissue firm-
ness was checked by pressing tissue with forceps to en-
sure adequate decalcification. The trachea, esophagus,
and bladder were dissected out and cut longitudinally,
with the ends pinned in a SYLGARD-covered dish and
fixed in 3.7% FA overnight at 4°C. The muscle and the
mucosal layers of the esophagus were carefully separated
using fine scissors. The tissues were then unpinned and
rinsed free floating three to four times at room tempera-
ture in PBS.
All tissues to be sliced using a cryostat were first cryo-

protected in 20% sucrose. Stomach, colon, and skin were
sectioned in 20 mm slices, ganglia were sectioned sagitally
in 20mm slices, brainstem and spinal cord were sectioned
coronally in 40mm slices, and brains were sectioned sagi-
tally and coronally in 80mm slices and collected onto
Superfrost Plus slides. Slides were air dried at room tem-
perature in the dark overnight. Slides were washed with
PBS three times for 10 min, and tissue was permeabilized
with 0.3% Triton X-100 in PBS (PBSTx) for 15 min fol-
lowed by blocking for 1 h with 1% bovine serum albumin
(BSA), 10% donkey serum (DS), and 0.3% PBSTx. Tissue
was incubated with primary antibodies (Table 1) diluted in
blocking buffer overnight at 4°C. After washing with 0.2%
Tween 20 in PBS (PBST) three times for 10 min, the tissue
was incubated with secondary antibodies (Table 1) in 1%
BSA/5% DS in 0.2% PBST for 1 h. The tissue was washed

Table 1: Antibodies used in this study

Antibodies Host Dilution Catalog no. Source RRID
Anti-DsRed Rabbit 1:500 632496 Takara Bio AB_10013483
Anti-RFP Rabbit 1:1:200 600–401-379 Rockland AB_2209751
Anti-GFP Chicken 1:1000 ab13970 Abcam AB_300798
Anti-GFP Chicken 1:200 NB100-1614 Novus AB_10001614
Anti-E-cadherin Rat 1:300 ab11512 Abcam AB_298118
Anti-a-smooth muscle actin Goat 1:300 SAB2500963 MilliporeSigma AB_10603763
Anti-CGRP Rabbit 1:300 C8198 MilliporeSigma AB_259091
Anti-5-HT Goat 1:600 20079 ImmunoStar AB_572262
Alexa Fluor 594 anti-CD11b Rat 1:200 101254 BioLegend AB_2563231
Alexa Fluor 488 anti-chicken Ig Goat 1:500 A11039 Thermo Fisher Scientific AB_2534096
Alexa Fluor 488 anti-rabbit Ig Donkey 1:500 A21206 Thermo Fisher Scientific AB_2535792
Alexa Fluor 546 anti-rabbit Ig Donkey 1:500 A10040 Thermo Fisher Scientific AB_2534016
Alexa Fluor 546 anti-rat Ig Goat 1:500 A11081 Thermo Fisher Scientific AB_141738
Alexa Fluor 647 anti-chicken Ig Goat 1:500 Ab150171 Abcam AB_2921318
Alexa Fluor 647 anti-rat Ig Goat 1:500 A21247 Thermo Fisher Scientific AB_141778
Alexa Fluor 647 anti-goat Ig Chicken 1:500 A21469 Thermo Fisher Scientific AB_2535872
Alexa Fluor 647 anti-rabbit Ig Donkey 1:500 A31573 Thermo Fisher Scientific AB_2536183
Biotin-XX conjugate anti-rabbit Ig Goat 1:100 B2770 Molecular Probes AB_2536431
Alexa Fluor 647 isolectin GS-IB4 (from Griffonia simplicifolia) N/A 1:500 I32450 Thermo Fisher Scientific SCR_014365
DyLight 594 Lycopersicon esculentum lectin (LE-lectin) N/A 1:200 L32471 Thermo Fisher Scientific AB_2336416
Neurotrace 435/455 N/A 1:300 N21479 Thermo Fisher Scientific
Neurotrace 500/525 N/A 1:300 N21480 Thermo Fisher Scientific
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with 0.2% PBST three times for 10 min and then, in some
cases, counterstained with NeuroTrace fluorescent Nissl
Stain for 1 h at 1:300 dilution in PBS. After washing with
PBS, slides were air dried and mounted with DPX Mounting
Medium (Sigma-Aldrich).
Complete lungs with attached bronchi and trachea

were dissected out and fixed in 3.7% FA overnight at 4°C
with gentle agitation. Lungs were washed with ice-cold
PBS three times for 30 min, followed by cryoprotection in
30% sucrose solution. The lungs were flushed with PBS
three times and inflated with 2% low melting agarose so-
lution. After the agarose solution had solidified, the lung
lobes were separated and snap frozen with OCT com-
pound for cryosection. Eighty micrometer lung slices
were collected in cryoprotectant-filled wells and stored in
�20°C. Using identical blocking solutions, permeabilizing
solutions, and antibody solutions (see above), lung slices
were washed in PBS three times for 10 min and permeab-
ilized for 20 min. Lung slices were then blocked for 1.5 h
followed by primary antibody incubation overnight at 4°C.
The slices were then washed three times for 20 min and
incubated with secondary antibodies for 2 h. The slices
were washed again and mounted onto glass slides with
VECTASHIELD Antifade Mounting Medium with DAPI.
The staining of the esophageal muscle and mucosa,

trachea and bladder were performed in 0.5 ml tubes. The
washing in filtered PBS between staining steps was per-
formed in 15 ml tubes on the rotor at room temperature.
Tissues were permeabilized in 1% Tween 20 (Sigma-
Aldrich) in filtered PBS at room temperature for 6 h and
washed in filtered PBS (3� 20min on rotator). All tissues
except trachea were then incubated in blocking solution
[1% BSA in PBS (BSA/PBS)] with four drops of Avidin so-
lution (Avidin/Biotin Blocking Kit; catalog #SP-2001,
Vector Laboratories) and incubated at 4°C for 4 h. The tis-
sues were then washed 5� 20min on rotator and then in-
cubated with primary antibodies diluted in BSA/PBS with
four drops of Biotin (as necessary) for 48 h at 4°C. The tis-
sues were then washed in filtered PBS (10� 30min), incu-
bated with secondary antibodies and/or goat biotin-XX
conjugate anti-rabbit IgG (H1 L) secondary antibody (cat-
alog #B2770, Thermo Fisher Scientific) diluted 1:100 in
BSA/PBS overnight at room temperature, then washed in
PBS (10� 20min), incubated with streptavidin (Alexa
Fluor 548 conjugate; catalog #S11223, Thermo Fisher
Scientific) diluted 1:100 in filtered PBS for 5 h at room
temperature; washed in filtered PBS (3� 20min); incu-
bated in anti-fade, pH 8.6, glycerol (Sigma-Aldrich) for 24
h at room temperature; and stored at 4°C. The esophagus
preparation was placed mucosal side up on a glass slide
and covered with a coverslip (24� 50 mm).
Tracheal tissue was blocked with BSA/PBS alone at

4°C for 4 h. The trachea was then washed 5� 20min on
rotator and then incubated with primary antibodies diluted
in BSA/PBS for 48 h at 4°C. The trachea was then washed
in filtered PBS (10� 30min) and incubated with second-
ary antibodies in BSA/PBS overnight at room tempera-
ture, then washed in filtered PBS (3� 20min), incubated
in anti-fade, pH 8.6, glycerol (Sigma-Aldrich) for 24 h at
room temperature, and stored at 4°C.

In some cases, TRPA1Flp/1R26ai65f/1 mice were admin-
istered an intraganglionic injection of the constitutively ac-
tive AAV9-hSyn-GFP (;2 � 1013 GC/ml; catalog #50465,
Addgene) into the vagal ganglia to drive GFP expression
in vagal neurons. Using a procedure that has been de-
scribed previously (Kim et al., 2022), mice were anesthe-
tized with ketamine (50mg/kg) and dexmedetomidine
(0.5mg/kg) via intraperitoneal injection. An;2 cm incision
was made over a shaved superficial portion of the mass-
eter muscle area. The skin was retracted, and the vagus
nerve was located and then separated from the common
carotid artery and the anterior laryngeal nerve using a cot-
ton tip. The virus microinjection assembly consisted of a
pulled glass micropipette (tip diameter,;20 mm) attached
to a 1 ml syringe via plastic tubing. The tip of the micro-
pipette was gently inserted into the exposed vagal ganglia
and then 0.7 ml of AAV9-hSyn-GFP was injected using
;0.5 psi pressure. Three to 6weeks later, the mice were
used for analysis.
Images were taken with the Dragonfly Spinning Disk

Confocal Microscope (Andor) equipped with a Zyla 4.2
PLUS sCMOS Camera (Andor; 2048� 2048 pixel with
6.5 mm pixel size). The pinhole size was 25mm. We used
either a 10� UPLSAPO [0.4 numerical aperture (NA)], a
20� UPLSAPO (0.75 NA), or a 40� UPLSAPO (1.25 NA,
silicone oil-immersion) objective was used, depending
on the study. Fluorophores were excited by laser wave-
lengths at 405, 488, 561, or 637 nm. The z-stacked mul-
titile images were stitched using either Fusion software
or Imaris Stitcher. All 3D images were further processed
using Imaris software. The identification of anatomic
structures and subnuclei were based on the mouse
brain map (Paxinos and Franklin, 2012). In mice, the no-
dose vagal ganglion and the jugular vagal ganglion are par-
tially fused into a single structure. Nevertheless, these two
ganglia can be approximately discriminated visually in sagittal
slices of the vagal ganglia, as shown previously (Nassenstein
et al., 2010; Kim et al., 2020a,b). Cell counts and somal diam-
eter of neurons within the vagal ganglia and DRGs were ob-
tained using Fiji software.

Sensory ganglia dissociation
Mice were killed by CO2 asphyxiation followed by ex-

sanguination. DRGs or vagal ganglia were isolated in
Ca21-free, Mg21-free HBSS, incubated in HBSS contain-
ing type 1 collagenase (2mg/ml) and dispase II (2mg/ml),
and then mechanically dissociated with fire-polished pip-
ettes. Individual neurons were washed and resuspended
in L-15 media supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin, and 100mg/ml streptomycin,
then were plated onto poly-D-lysine-coated and laminin-
coated coverslips. As a positive ganglionic control for the
RT-PCR studies (see below), we transferred 2 ml of the cell
suspension into PCR tubes containing 1 ml RNase OUT.
Neurons were incubated at 37°C in antibiotic-free L-15
media supplemented with 10% FBS and used within 24 h.

Single-neuron RT-PCR
Coverslips with dissociated vagal sensory neurons were

superfused with Krebs bicarbonate solution (KBS; in mM:
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118 NaCl, 5.4 KCl, 1 NaH2PO4, 1.2 MgSO4, 1.9 CaCl2,
25 NaHCO3, and 11 dextrose, gassed with 95% O2-5%
CO2). tdTomato-expressing neurons were identified by
fluorescence (554 nm excitation, 581 nm emission) and
a BX51WI Microscope (Olympus). Individual neurons
were collected with a borosilicate glass pipette by ap-
plying a gentle negative pressure. Each single neuron
was stored in a PCR tube containing 1 ml RNase OUT
and stored at �80°C. The KBS surrounding the vagal
neurons was sampled (;2 ml) as a negative control for
the RT-PCR.
First-strand cDNA was synthesized with SuperScript III

First-Strand Synthesis System for RT-PCR by following
the manufacturer instructions. Primers and dNTP (deoxy-
nucleotide triphosphate) mix were added into each neu-
ron-containing PCR tube. Samples were incubated at
75°C for 10min and then placed on ice for at least 1min.
cDNA synthesis mix containing 10� reverse transcriptase
(RT) buffer, MgCl2, DTT, and SuperScript III RT was added
into each sample. Samples were incubated at 50°C for
50min, followed by 85°C for 5min. cDNA was stored at
�20°C until used for PCR amplification. cDNAwas amplified
with HotStarTaq DNA polymerase for 50 cycles of denatura-
tion at 94°C for 30 s, followed by annealing at 60°C for 30 s
and extension at 72°C for 1min. Customized intron-span-
ning primers for mouse TRPA1, TRPV1, P2X2, preprota-
chykinin A (PPT-A), and vesicular glutamate transporter
2 (VGluT2; Table 2) were used as previously reported
(Nassenstein et al., 2008, 2010). Products were visual-
ized in 1.5% agarose gel with GelRed, with a 100 bp
marker. VGluT2 was used as a positive control.

FURA-2AMCa21 imaging and analysis
Neuron-coated coverslips were incubated with 4 mM

fura-2 AM for 30–60min at 37°C. Coverslips were loaded
into a chamber on an inverted microscope (model Eclipse
Ti, Nikon), fitted with a CFI Super Fluor 10� objective and
a CoolSnap HQ2 camera (Photometrics), and perfused
with heated (33–34°C) HEPES buffer (154 mM NaCl, 1.2
mM KCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 5.6 mM D-glucose).
Cells were subjected to fluorescent light delivered by a
300 W (5000 lumens) PE300BFA Xenon Parabolic Bulb
housed in a Lambda LS (Sutter Instruments), with appro-
priate excitation and emission filters. Bright-field and fluores-
cence images (535nm excitation, 610nm emission) were
collected to facilitate subsequent analysis and the determina-
tion of tdTomato expression, respectively. Changes in [Ca21]i

were monitored every 6 s using sequential excitation at 340
and 380nm (510nm emission) and evaluated ratiometrically
using the 340:380 ratio (R). All drugs were diluted in HEPES
buffer. AITC (100 mM) was used to determine the functional
expression of TRPA1 (Jordt et al., 2004), and capsaicin (1mM)
was used to determine the functional expression of TRPV1
(Caterina et al., 1997). Neurons were further characterized by
response to KCl (75 mM) before ionomycin (5 mM), which
evoked a maximal Ca21 response. Region of interest (ROI)
analysis for individual neurons was performed using Nikon
Elements. ROIs with an unstable, high, or noisy baseline were
eliminated from analysis. Neurons that failed to exhibit an in-
crease in [Ca21]i to AITC, capsaicin, or KCl challenges
(.30% the ionomycin maximal response) were eliminated.
An individual neuron was considered to be sensitive to a
given agent if Ragent . (Rbl 1 2 * SDbl)10.03; where Ragent is
the average 340:380 ratio during treatment, Rbl is the average
340:380 ratio before treatment, and SDbl is the SD of Rbl.
Neurons were grouped by tdTomato expression and sensitiv-
ity to AITC and capsaicin. In some cases, the “d ” evoked re-
sponse to a given treatment was calculated as the Ragent –

Rbl.

GCaMP6s Ca21 imaging and analysis
Ca21 transients in individual neuronal soma in intact gan-

glia were assessed using the Ca21-sensitive fluorescent
protein GCaMP6s. In some experiments, PirtCre/1R26ai96/1

mice were used to drive GCaMP6s expression in all sen-
sory neurons. In other experiments, GCaMP6s expression
was induced in vagal neurons of TRPA1Flp/1R26ai65f/1

mice by intraganglionic injection with the constitutively ac-
tive AAV9-CAG-GCaMP6s (;2 � 1013 GC/ml; catalog
#100844, Addgene), using the technique described above.
Mice were killed by CO2 inhalation and exsanguination,

and the vagal ganglia and T2, T3, or L5 DRGs were dis-
sected out and pinned in a chamber superfused with KBS
(4 ml/min at 37°C). The ganglion was visualized using a
25� water-immersion objective and the Olympus
FVMPE-RS multiphoton system. The tissue was ex-
cited with 960nm (InSight X3 IR laser), and the emitted
light was split into two paths using a beam splitter,
which was then detected with specific filter cubes and
distinct photomultiplier tubes (PMT) containing gallium
arsenide phosphide (GaAsP): an FVG filter cube and
488 PMTs for GCaMP6s, and an FGR filter cube and
555 PMTs for tdTomato. A z-stack (100 mm) of the gan-
glia was visualized using Fluoview software (Olympus),

Table 2: Primers used for single-cell RT-PCR in mouse neurons

Gene Primer Sequence 39 to 59 Product size NCBI reference sequence
TRPA1 Forward GGAGCAGACATCAACAGCAC 393bp AY231177

Reverse GCAGGGGCGACTTCTTATC
TRPV1 Forward TCACCGTCAGCTCTGTTGTC 229bp NM 001001445

Reverse GGGTCTTTGAACTCGCTGTC
P2X2 Forward GGGGCAGTGTAGTCAGCATC 241bp NM_153400

Reverse TCAGAAGTCCCATCCTCCA
PPT-A Forward AGACCCAAGCCTCAGCAGTT 215/171/162/118 bp D 17584

Reverse CGTCTTCTTTCGTAGTTCTGCATT
VGluT2 Forward CTGCGATACTGCTCACCTCTAC 175bp AF324864

Reverse GCCAACCTACTCCTCTCCAA
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which allowed for automated increases in laser per-
centage and PMT voltage depending on the depth of the z-
plane into the ganglia. Live images were recorded every 12 s.
For the vagal recordings of TRPA1Flp/1R26ai65f/1 mice with
intraganglionic injection of AAV9-CAG-GCaMP6s, we deter-
mined the GCaMP6s responses to AITC (100 mM, 300 s) and
then KCl (50 mM, 300 s) added to the ganglionic compart-
ment. For the DRG recordings of PirtCre/1R26ai96/1 mice, we
determined the GCaMP6s responses to AITC (100 mM, 300
s), followed by capsaicin (1 mM, 300 s) and then KCl (50 mM,
300 s) added to the ganglionic compartment.
Fluoview-derived images were analyzed offline using

Fiji software (ImageJ). Each ganglion was imaged up to a
depth of 100mm, in ten 10-mm-thick z-planes. We ana-
lyzed either odd-numbered or even-numbered z-planes.
This limited the possibility that a given mouse neuron
(which are ;20 mm in diameter) was counted twice. Each
analyzed z-plane was used to mark the ROIs of tdT1 neu-
rons and neurons that responded to any of the treat-
ments. A neuron was considered to be sensitive to a
given treatment if its maximal GCaMP6s response during
treatment was double the mean baseline GCaMP6s fluo-
rescence of all identified neurons within that ganglion.
A neuron was only included in the analysis if it re-
sponded to one of the treatments. For each neuron,
the mean baseline GCaMP6s fluorescence was sub-
tracted from the GCaMP6s fluorescence at each time
point for dataset comparisons (F1-F0).

Nocifensive/pain behavioral assessment
The nocifensive behavior of mice following intraplantar

injection of the hindpaw with vehicle or CNO dihydro-
chloride (catalog #6329, Tocris Bioscience) was deter-
mined. In some experiments, TRPA1Flp/Flp mice first
received an intraplantar injection (10ml) into the right hind-
paw with rAAV2-hSyn-fDIO-hM3Dq [;1 � 1013 genome
copies (GC)/ml; catalog #154868, Addgene] or (as a con-
trol) rAAV2-Ef1a-fDIO-mCherry (;1 � 1013 GC/ml; cata-
log #114471, Addgene) 4weeks before the behavioral
assessment to drive the Flp-dependent expression of the
“activating” DREADD hM3Dq receptor (or mCherry as
control) in TRPA1-expressing paw afferents. CNO work-
ing solution was made fresh on the day of the experiment
in sterile PBS (1 or 10mg). Mice received an intraplantar in-
jection (20 ml) of CNO (1 or 10mg) or vehicle (sterile PBS)
into the right hindpaw and then were placed immediately
into a clear cage monitored by a camera placed under-
neath. The duration (in seconds) that the animal spent
flinching the injected hindpaw over a 15 min period was
recorded by the camera. The recordings were then scored
by an observer blinded to treatment allocation and mouse
strain. For each experiment, the response to vehicle and
CNO was recorded in the same set of mice, with the treat-
ments separated by 1 week (paired experiments). Thus,
the following studies were performed: (1) TRPV1-hM3Dq
mice (n ¼ 5: two females, three males) given intraplantar
injection of vehicle and 1 mg of CNO (paired experiments);
(2) TRPA1Flp/Flp mice 4 weeks after intraplantar injection
with rAAV2-Ef1a-fDIO-mCherry (n ¼ 3: one female, two
males) given intraplantar injection of vehicle and 1 mg of

CNO (paired experiments); and (3) TRPA1Flp/Flp mice 4
weeks after intraplantar injection with rAAV2-hSyn-fDIO-
hM3Dq (n ¼ 6: four females, two males) given intraplantar
injection of vehicle and 1 mg of CNO and 10 mg of CNO
(paired experiments).

Statistical analysis
All data were analyzed in GraphPad Prism 10. The

somal areas of various vagal and DRG afferent subpo-
pulations were compared using ANOVA with Tukey’s
multiple-comparisons test. In the fura-2 AM studies,
the mean d responses to a given irritant were com-
pared between tdT1 neurons and tdT– neurons using
an unpaired t test. The time spent flinching after intra-
plantar injection of CNO was compared against vehicle
responses in paired experiments: either t test for single
CNO doses or ANOVA with Dunnett’s multiple-com-
parisons test for multiple CNO dose studies. In all
cases, a p value ,0.05 was considered significant.

Results
tdTomato expression in sensory ganglia of TRPA1
reporter mice
To investigate the expression of TRPA1, we generated

a knock-in TRPA1Flp mouse (Fig. 1), which was crossed
with the Flp-sensitive R26ai65f reporter mouse to make
TRPA1Flp/1R26ai65f/1 mice, which express the red fluores-
cent tdTomato in TRPA1-expressing cells. Serial sections
of sensory vagal ganglia (7 slices from three mice) and
thoracic DRGs (t-DRGs; 12 slices from three mice) dem-
onstrated native tdTomato expression in a subset of neu-
rons (Fig. 2A,B). In general, the tdTomato signal-to-noise
ratio in sensory ganglia was high: comparing antibody de-
tection (anti-DsRed) with the native tdTomato showed
that 91.9% (530 of 577 neurons) of vagal and 71.1% (234
of 329) of t-DRG tdTomato expression was detectable
from the native fluorescence alone (Fig. 2C,D). In total,
40.0% (577 of 1442) of vagal and 12.5% (329 of 2635) of
t-DRG neurons expressed tdTomato. Counterstaining
sensory ganglia with an antibody against TRPV1 showed
that 44.8% (474 of 1057) of TRPV11 vagal neurons (Fig.
2C,E) and 15.8% (216 of 1369) of TRPV11 thoracic t-DRG
neurons also expressed tdTomato (Fig. 2D,E). Nevertheless,
a noteworthy percentage of TRPA1Flp-tdTomato1 neurons
in vagal ganglia (17.9%, 103 of 577) and t-DRGs (34.3%,
113 of 329) were TRPV1–. Although there was substantial
variance in the size of vagal neurons in the four groups cate-
gorized by TRPA1Flp-tdTomato and TRPV1 expression,
there were significant differences between the groups, as
follows: tdT1TRPV1– . tdT1TRPV11 ¼ tdT–TRPV1– .
tdT–TRPV11 (p, 0.05; Fig. 2F), indicating that vagal
TRPA1Flp-tdT1 neurons were larger than their TRPA1Flp-tdT–

counterparts, regardless of TRPV1 expression. Size rela-
tionships were different in t-DRG neurons: tdT–TRPV1– �
tdT1TRPV1– . tdT1TRPV11 ¼ tdT–TRPV11 (p,0.05;
Fig. 2G). Native tdTomato expression was also observed
in 7.9% (393 of 4996) of lumbar DRG (l-DRG) neurons
(data not shown).
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We further compared the expression of tdTomato in the
sensory neurons of TRPA1Flp/1R26ai65f/1 mice with the
expression of the neuropeptide CGRP and TRPV1 (Fig.
3A–C; six DRG slices and four vagal slices from three
mice). The vagal ganglion is composed of the anatomi-
cally distinct nodose ganglion and the jugular ganglion.
tdTomato was expressed in 245 of 618 (39.6%) TRPV11

nodose neurons and in 106 of 370 (28.6%) TRPV1– no-
dose neurons (Fig. 3C,D), whereas tdTomato was ex-
pressed in 115 of 253 (45.5%) TRPV11 jugular neurons
and in 19 of 73 (26.0%) TRPV1– jugular neurons, indicat-
ing that the percentage of TRPA1Flp-tdT1 neurons ex-
pressing TRPV1 was greater in jugular neurons (85.8%)
compared with nodose neurons (69.8%; Fig. 3C,D).
TRPV1 expression was only slightly more prevalent in
tdT1 than tdT– neurons in the nodose and jugular ganglia
(Fig. 3E). We noted that tdTomato expression in the no-
dose ganglion was almost perfectly correlated with CGRP
expression (Fig. 3C,F,G), as follows: CGRP was ex-
pressed by 335 of 351 (95.4%) tdT1 nodose neurons and
tdTomato was expressed by 335 of 389 (86.1%) CGRP1

nodose neurons. Although overall CGRP expression was
similar between nodose and jugular ganglia (Fig. 3B), this
association was less robust in the jugular ganglion, as fol-
lows: CGRP was expressed by 90 of 134 (67.2%) tdT1

jugular neurons and tdTomato was expressed by 90 of
136 (66.2%) CGRP1 jugular neurons. Similar to the previ-
ous data, TRPA1Flp-tdTomato expression was limited in

t-DRGs (Fig. 3A,B), as follows: tdTomato was expressed
in only 16 of 401 (4.0%) TRPV11 t-DRG neurons and in 10 of
692 (1.4%) TRPV1– t-DRG neurons (Fig. 3C,D). Nevertheless,
there was a positive association of tdTomato and CGRP ex-
pression, as follows: CGRP was expressed by 21 of 26
(80.8%) tdT1 t-DRG neurons (Fig. 3C,G). Indeed, the associ-
ation of tdTomato expression in t-DRG neurons was stronger
with CGRP than with TRPV1, as follows: 15 of 16 (93.8%)
tdT1TRPV11 t-DRG neurons expressed CGRP and 6 of 10
(60.0%) tdT1TRPV1– t-DRG neurons expressed CGRP.

Correlation of TRPA1 expression and tdTomato
expression in sensory ganglia of TRPA1 reporter mice
We sought to correlate tdTomato expression in the sen-

sory ganglia of TRPA1Flp/1R26ai65f/1 mice with evidence
of TRPA1 expression. We first performed single-cell RT-
PCR on 48 dissociated vagal neurons (from six mice), all
of which expressed the VGluT2 as a positive control (Fig.
4). Twenty-one of the 24 (87.5%) tdT1 neurons expressed
TRPA1, whereas 8 of the 24 (33.3%) tdT– neurons ex-
pressed TRPA1. As such, 21 of the 29 (72.4%) TRPA1-ex-
pressing neurons were tdT1. TRPV1 expression was also
higher in the tdT1 population (100%) compared with the
tdT– population (58.3%). Based on widespread expres-
sion of P2X2 and the limited expression of Tac1, it is likely
that most of these vagal neurons were derived from the
nodose ganglia (Taylor-Clark, 2021). We then performed

Figure 2. Subsets of sensory neurons in TRPA1FlpR26ai65f mice express tdTomato. A, B, Representative slices of native tdTomato
expression (in red) compared with antibodies against tdTomato (DsRed; green) and TRPV1 (blue) in vagal ganglia (A) and thoracic
DRGs (B). Scale bars, 50 mm. C, D, Euler diagram showing the overlap of neurons expressing native tdTomato and immunoreactivity
for tdTomato (DsRed) and TRPV1 in vagal ganglia (C) and thoracic DRGs (D). E, Percentage of vagal and DRG neurons (n¼1442
and n¼ 2635, respectively) that express tdTomato and/or TRPV1. F, G, Violin plots of the cell body area (in square micrometers) of
neurons expressing tdTomato and/or TRPV1 in the vagal ganglia (F) and thoracic DRGs (G). *Significant difference in cell body area
(p,0.05).
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Figure 3. Overlap of TRPV1 and CGRP with tdTomato in sensory neurons from TRPA1FlpR26ai65f mice. A, Representative slices of
tdTomato (red), TRPV1 (blue), and CGRP (green) expression in vagal ganglia (top) and thoracic DRGs (bottom). Scale bars: top,
100 mm; bottom, 50 mm. The vagal ganglion is visually divided by a dotted gray line into the nodose and jugular portions, each with a
higher magnification insert. B, Percentage of nodose, jugular, and DRG neurons (n¼988, n¼326, and n¼1093, respectively) that
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fura-2 AM calcium imaging of dissociated vagal neurons
(from three mice) in response to the TRPA1 agonist AITC
(100 mM) and the TRPV1 agonist capsaicin (1 mM). Fifty-
five of 231 (23.8%) dissociated vagal neurons expressed
tdTomato (Fig. 5A). AITC evoked a robust increase in
[Ca21]cyt in the TRPA1Flp-tdT1population compared with
tdT– neurons (Fig. 5B,C). Analysis of individual responses
showed that AITC activated 39.8% (92 of 231) of vagal neu-
rons in total. Importantly, 90.9% (50 of 55) of TRPA1Flp-tdT1

vagal neurons were activated by AITC compared with only
23.9% (42 of 134) of tdT– neurons (Fig. 5D). As such, 50 of
the 92 (54.3%) AITC-sensitive neurons were tdT1. When we
compared the magnitude of AITC-evoked responses in neu-
rons defined as AITC sensitive, we found that tdT1 neurons
had greater mean d responses (0.3846 0.036, n¼ 50) com-
pared with tdT– neurons (0.1396 0.014, n¼ 42, p, 0.05).
Many tdT1 vagal neurons (96.4%, 53 of 55) were also acti-
vated by capsaicin, as were 51.7% (94 of 176) of the tdT–

population.
These data suggest that although tdT1 neurons in dis-

sociated cultures are highly likely (;90%) to express
TRPA1 or be AITC-sensitive, a significant percentage of
tdT– neurons (;30%) also express TRPA1 or are AITC
sensitive. TRPA1 and tdT expression in dissociated neu-
ronal soma may not precisely reflect native expression.
To investigate native TRPA1 functionality, we studied
vagal neuron Ca21 fluxes reported by GCaMP6s in the in-
tact ganglion, whose expression was induced by vagal
ganglionic injection of TRPA1Flp/1R26ai65f/1 mice with
AAV9-CGaMP6s. AITC (100 mM) was added directly to the
vagal ganglia ex vivo. In total, we recorded GCaMP6s flu-
orescence in 210 vagal neurons (from four mice), 144 of
which expressed tdTomato (68.6%; Fig. 5E), suggesting
somewhat preferential transfection by the AAV9. AITC
evoked Ca21 influx in 123 of 144 (85.4%) tdT1 neurons
and in 5 of 66 (7.6%) tdT– neurons (Fig. 5F,G). As such
123 of 128 (96.1%) AITC-sensitive neurons were tdT1.
These vagal GCaMP6s experiments indicate that ,10%
of vagal tdT– neurons express TRPA1 in situ.
We then performed fura-2 AM calcium imaging of dis-

sociated t-DRG neurons (from nine mice) in response to
the AITC (100 mM) and capsaicin (1 mM). Consistent with
the immunohistochemistry data of t-DRG slices, only
5.5% (54 of 976) of dissociated t-DRG neurons expressed
tdTomato (Fig. 6A). In total, AITC evoked calcium re-
sponses in 31.9% (294 of 976) DRG neurons. Importantly,
AITC evoked greater responses in the TRPA1Flp-tdT1

population compared with tdT– neurons: 83.3% (45 of 54)
of TRPA1Flp-tdT1 t-DRG neurons were activated by AITC
compared with only 27.0% (249 of 922) of tdT– neurons
(Fig. 6B,C). Nevertheless, only 45 of the 294 (15.3%)
AITC-sensitive neurons were tdT1. We compared the
magnitude of AITC-evoked responses in neurons defined
as AITC-sensitive: tdT1 neurons had greater mean d

responses (0.36560.035, n¼ 45) compared with tdT–

neurons (0.1956 0.008, n¼ 249, p,0.05). Again, many
tdT1 neurons (79.6%, 43 of 54) and some of the tdT– neu-
rons (33.9%, 313 of 922) from the t-DRG were capsaicin
sensitive.

Figure 4. Individual tdT1 vagal neurons from TRPA1FlpR26ai65f

mice express TRPA1. A, B, Representative gels of individual
dissociated vagal neurons (1–10 tdT1, A; 1–10 tdT–, B) follow-
ing RT-PCR for transcripts for TRPA1 (393bp), TRPV1 (229bp),
P2X2 (241bp), PPT-A (215/171/162/118bp), and VGluT2
(175bp). Also shown are Hyperladder 100bp (M), KBS negative
control (neg), and whole ganglia positive control (G). C,
Percentage of tdT1 and tdT– vagal neurons (n¼ 24 each) that
express TRPA1, TRPV1, P2X2, PPT-A, and VGluT2.

continued
express tdTomato, TRPV1, or CGRP. C, Euler diagram showing the overlap of neurons expressing tdTomato, TRPV1, and CGRP in
nodose ganglia, jugular ganglia, or DRGs. D–G, Percentage of neurons in the nodose ganglia, jugular ganglia, or DRGs sharing ex-
pression of two markers: tdTomato expression in TRPV11 and TRPV1– neurons (D); TRPV1 expression in tdT1 and tdT– neurons
(E); tdTomato expression in CGRP1 and CGRP– neurons (F); and CGRP expression in tdT1 and tdT– neurons (G).
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Given the mismatch between tdTomato expression and
TRPA1 functionality in dissociated DRG neurons, we also
assessed TRPA1 expression by recording DRG neuron
Ca21 fluxes reported by GCaMP6s in the intact ganglion.
Because of technical issues with injecting AAV (adeno-as-
sociated virus) into the thoracic and lumbar ganglia, we
chose instead to assess the percentage of neurons with
AITC sensitivity in the intact DRGs of PirtCre/1R26ai96/1

mice (n¼ 5 animals), which express CGaMP6s in .95%
of sensory neurons. AITC (100 mM) was added directly to
the DRGs ex vivo. AITC evoked Ca21 influx in 216 of 462
(46.8%) t-DRG neurons (Fig. 6D,F). Similarly, AITC evoked
Ca21 influx in 86 of 231 (37.2%) l-DRG neurons (Fig. 6E,
F). Thus, the percentage of AITC-responsive DRG neu-
rons in intact ganglia is similar to acutely dissociated DRG
cultures. Therefore, the observation that the percentage
of AITC-sensitive DRG neurons (32–47%) is much greater
than the percentage of tdT1 neurons in the DRGs of
TRPA1Flp/1R26ai65f/1 mice (5–12%) is likely because of a
lack of efficiency in the tdT expression in the DRGs of
TRPA1Flp/1R26ai65f/1 mice.
Last, we crossed the TRPA1Flp mouse with the Flp-sensi-

tive R26FLTG reporter mice to produce TRPA1Flp/1R26FLTG/1

mice. Serial sections of the t-DRGs from thesemice (six slices
from threemice) demonstrated that 4.4% (61 of 1385) of neu-
rons expressed tdTomato (data not shown), which is similar
to data from TRPA1Flp/1R26ai65f/1 mice. This indicates that

the lack of efficiency in the tdT expression in DRG neurons is
not dependent on the specific Flp-sensitive reporter strain.

tdTomato expression in the CNS of TRPA1 reporter
mice
We investigated the expression of tdTomato in the CNS

of TRPA1Flp/1R26ai65f/1 mice (n¼ 5 mice). In the midbrain
and higher brain levels, tdTomato expression was ex-
tremely limited, except for minor populations of neurons
within the second/third layers of the somatomotor cortex
and the piriform area (Fig. 7A,B). In the brainstem,
tdTomato expression was limited to nerve fibers within
the nucleus tractus solitarius (nTS) and the trigeminal
complex (Sp5; Fig. 7A,C), as well as the paratrigeminal
complex (Pa5; data not shown). These medullary areas
receive dense innervation from vagal and trigeminal noci-
ceptive afferents (Kim et al., 2020a). tdTomato expression
in the nTS was restricted to the dorsal and medial subnu-
clei (e.g., SolC, SolG, SolDL). In the thoracic spinal cord,
tdTomato expression was observed in nerve fibers in the
dorsal horn (Fig. 7D). Primarily, tdTomato1 fibers were
concentrated in the superficial laminae innervated by
CGRP1 DRG afferents (Lamina I and, to some extent,
Lamina IIo) and by IB41 DRG afferents (Lamina IIi; Fig. 7E),
although sporadic fibers were noted in deeper areas. We
found no obvious tdTomato expression in astrocytes or
glial cells in any CNS region.

Figure 5. tdTomato expression correlates with sensitivity to AITC in vagal neurons from TRPA1FlpR26ai65f mice. A, Percentage of dissoci-
ated vagal neurons (n¼231) expressing tdTomato, and representative bright-field image of neurons with overlaid tdTomato fluorescence.
Scale bar, 50mm. Arrows, tdT1 neuron. B, Representative ratiometric 340:380 [Ca21]i images for the neurons shown in A under baseline
conditions, and following treatment with AITC (100 mM) and capsaicin (1 mM). C, Mean6 SEM 340:380 ratio [Ca21]i responses of dissociated
tdT1 (red; n¼55) and tdT– (black; n¼176) vagal neurons to AITC (100 mM), capsaicin (Caps; 1 mM), and KCl (75 mM). D, Percentage of dis-
sociated tdT1 and tdT– vagal neurons that were activated by AITC and capsaicin. E, Representative z-stack images of intact vagal ganglia
of TRPA1FlpR26ai65f mice with intraganglionic injection of AAV9-CAG-GCaMP6s showing tdTomato expression and the GCaMP6s fluores-
cence during baseline conditions and following treatment with AITC (100 mM). Scale bar, 100mm. F, Mean 6 SEM GCaMP6s [Ca21]i re-
sponses of tdT1 (red; n¼ 144) and tdT– (black; n¼66) neurons within intact vagal ganglia to AITC (100 mM) and KCl (50 mM). G, Percentage
of tdT1 and tdT– neurons within intact vagal ganglia that were activated by AITC.
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tdTomato expression in peripheral tissues of TRPA1
reporter mice
We investigated the expression of tdTomato in periph-

eral organs of TRPA1Flp/1R26ai65f/1 mice and control
R26ai65f/ai65f mice. We noted consistent Flp-independent
tdTomato expression in many LE-lectin1 blood vessels

within the esophagus (both muscle and mucosal layers),
trachea, stomach, colon, and bladder of R26ai65f/ai65f mice
(Figs. 8A,B, 9A,B; n¼ 4 mice). Immunohistochemical
staining with an anti-DsRed antibody confirmed the pres-
ence of tdTomato in these control mice (data not shown).
tdT1 blood vessels were only occasionally observed in the

Figure 6. tdTomato expression correlates with sensitivity to AITC in DRG neurons from TRPA1FlpR26ai65f mice. A, Percentage of dissoci-
ated thoracic DRG neurons (n¼ 976) expressing tdTomato. B, Mean 6 SEM 340:380 ratio [Ca21]i responses of dissociated tdT1 (red;
n¼54) and tdT– (black; n¼922) DRG neurons to AITC (100 mM), capsaicin (Caps; 1 mM), and KCl (75 mM). C, Percentage of dissociated
tdT1 and tdT– DRG neurons that were activated by AITC and capsaicin. D, Mean 6 SEM GCaMP6s [Ca21]i responses of AITC-sensitive
(black; n¼216) and AITC-insensitive (gray; n¼246) neurons within intact thoracic DRGs of PirtCre/1R26ai96/1 mice to AITC (100 mM) and
capsaicin (1 mM). E, Mean 6 SEM GCaMP6s [Ca21]i responses of AITC-sensitive (black; n¼ 86) and AITC-insensitive (gray; n¼ 145) neu-
rons within intact lumbar DRGs of PirtCre/1R26ai96/1 mice to AITC (100 mM) and capsaicin (1 mM). F, Percentage of neurons within intact t-
DRGs and l-DRGs that were activated by AITC and capsaicin.

Figure 7. tdTomato expression within the CNS of TRPA1FlpR26ai65f mice. A, Sagittal section of brain and brainstem showing tdTomato ex-
pression (black) in occasional neurons within the somatomotor cortex (CTX) and in fibers within the Sp5. B, Coronal section of brain (2.5 mm
caudal of bregma) showing tdT1 neurons in CTX. C, Coronal section of medulla (0.4 mm caudal of obex) showing tdT1 fibers in the nTS and
Sp5. D, Coronal section of thoracic spinal cord showing tdT1 fibers innervating lamina I and II (LI–LII) of the dorsal horn. E, High magnification
of superficial lamina of the dorsal horn showing tdTomato (red), the nonpeptidergic afferent marker IB4 (blue), and the peptidergic afferent
marker CGRP (green). Note that IB4 also labels some CNS blood vessels in mice (Laitinen, 1987). tdT1 fibers were found within the CGRP1

lamina (yellow arrow) and within the deeper IB41 lamina (pink arrow). Scale bars: A, B, 2 mm; C, 1 mm; D, 500mm; E, 100mm.
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skin and were absent from the lungs and cochlea (data
not shown). In the esophagus of TRPA1Flp/1R26ai65f/1 mice
(n¼ 6), many tdT1 nerve fibers were found in the mucosal
and muscle layers (data not shown) along with tdT1 blood

vessels. No tdT1 neuronal cell bodies were found. To deter-
mine the origin of these tdT1 fibers, we injected the vagal
ganglia of TRPA1Flp/1R26ai65f/1 mice with AAV9-hSyn-GFP
to label the vagal afferents with GFP. There was consistent

Figure 8. tdTomato expression in vagal afferent terminals innervating the esophageal mucosa of TRPA1FlpR26ai65f mice. A, B,
tdTomato expression (red) and LE-Lectin staining (green) blood vessels within the esophagus of control R26ai65/ai65ff mice. C,
Esophageal mucosa of TRPA1FlpR26ai65f mice with vagal ganglia injection of AAV9-hSyn-GFP showing expression of tdTomato
(red), GFP (green), and CGRP (blue). Scale bars: A, C, 100 mm; B, 50mm.

Figure 9. tdTomato expression in the stomach, colon, and bladder of TRPA1FlpR26ai65f mice. A, B, tdTomato expression (red) and
DAPI staining (blue) in the stomach (A) and colon (B) of control R26ai65f/ai65f mice. C–K, tdTomato expression (red) in tissues from
TRPA1FlpR26ai65f mice. C, Stomach with tdTomato and CGRP (green) expression and DAPI (blue). White arrows identify tdT1 fibers,
which almost exclusively also express CGRP. D, Stomach with tdTomato and 5-HT (green) expression and DAPI (blue). E, Higher
magnification of white box identified in D. F, Colon with tdTomato expression and DAPI (left), with overlay of CGRP expression
(green; right). White arrows identify tdT1 fibers, gray arrows identify tdT1 stellate-shaped resident cells. G, Higher magnification of
white box identified in F. H, Colon with tdTomato and 5-HT (green) expression and DAPI (in blue). I, Higher magnification of white
box identified in H. J, Colon with tdTomato and CD11b (green) expression and DAPI (blue). K, Bladder with tdTomato expression.
White arrows identify tdT1 fibers. Scale bars: A, B, C, F, H, J, 100 mm; D, E, G, I, K, 50 mm.
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overlap of tdTomato, GFP, and CGRP staining, indicating
that most tdT1 fibers were vagal CGRP1 fibers (Fig. 8C).
In addition to the tdT1 blood vessels that were also ob-

served in control R26ai65f/ai65f mice (Fig. 9A,B), tdTomato
was expressed in multiple structures in the stomach and
colon of TRPA1Flp/1R26ai65f/1 mice (Fig. 9C–J; n¼ 4
mice). Abundant tdT1 fibers were found within the mu-
cosa and the submucosal plexus. Some tdT1 fibers were
also observed in the myenteric plexus, but these did not ap-
pear to possess intraganglionic laminar endings (IGLEs).
Many tdT1 fibers expressed CGRP (Fig. 9C,F,G). No tdT1

neuronal cell bodies were found. Robust tdTomato expres-
sion was observed in many large stellate-shaped cells within
the stomach (Fig. 9C–E) and colonic mucosa (Fig. 9F–J),
which were absent in R26ai65f/ai65f mice (Fig. 9A,B). tdTomato
expression did not overlap with either serotonin (marker for
enterochromaffin cells; Bellono et al., 2017; Fig. 9D,E,
H,I) or cd11b (marker for most resident macrophages
and dendritic cells; Cerovic et al., 2014; Fig. 9J).
tdTomato expression was noted in nerve fibers inner-
vating the bladder of TRPA1Flp/1R26ai65f/1 mice (n¼ 4
mice), as well as within some blood vessels (Fig. 9K).
In the trachea of TRPA1Flp/1R26ai65f/1 mice (n¼ 4), we
noted dense innervation by tdT1 fibers, especially in
the subepithelial layers of the trachealis muscle and
annular ligaments (Fig. 10A). The tdT1 fibers formed a
dense plexus of free nerve endings that lacked defined
arbors. Almost all tdT1 fibers also expressed CGRP. In
the lungs (n¼ 3 mice), tdT1 fibers densely innervated
conducting airways of all diameters (Fig. 10B–D).
Some of these tdT1 fibers projected out into the alveo-
lar region (Fig. 10C). Some pulmonary blood vessels
were also innervated by tdT1 fibers (Fig. 10D). Last, we

observed tdTomato expression in the cells of Hensen
in the cochlea of TRPA1Flp/1R26ai65f/1 mice (n¼ 3; Fig.
11A,B). tdTomato expression was absent from all
other cell types including inner hair cells, outer hair
cells, and spiral ganglion cells. No tdTomato expres-
sion was found in the cochlea of R26ai65f/ai65f mice
(n¼ 2; Fig. 11C).

Chemogenetic activation of TRPA1-expressing nerves
in the paw evokes nocifensive behaviors
We observed dense tdT1 innervation of hairy skin and

glabrous skin on the hindpaw from TRPA1Flp/1R26ai65f/1

mice (Fig. 12A). tdTomato was expressed by free nerve
endings (that lacked defined arbors) within the dermis and
epidermis. We did not observe tdTomato expression in
other cell types, including keratinocytes. To determine the
effect of the activation of specific afferent populations
within the skin on nocifensive/pain behaviors including
flinching, we expressed the CNO-sensitive stimulatory
DREADD receptor hM3Dq in TRPV1-expressing and
TRPA1-expressing nerves. First, we found that intraplan-
tar injection of CNO (1 mg) into the hindpaw of TRPV1-
hM3Dq mice evoked a significant increase in flinching
time compared with vehicle (p,0.05, n¼ 5 mice; Fig.
12B). To drive hM3Dq expression in TRPA1-expressing
nerves, we injected the hindpaw of TRPA1Flp/Flp mice with
rAAV2-fDIO-hM3Dq (or rAAV2-fDIO-mCherry as a nega-
tive control). Four weeks later, we performed intraplantar
injection of the hindpaw with vehicle, 1 mg of CNO, and
10mg of CNO. In the TRPA1-hM3Dq mice (n¼ 6), CNO at
both concentrations evoked a significant increase in
flinching time compared with vehicle (p,0.05; Fig. 12C).
Importantly, CNO had no effect on flinching time

Figure 10. tdTomato expression in fibers innervating the trachea and lungs of TRPA1FlpR26ai65f mice. A, tdTomato (red) and CGRP
(in green) expression in the trachea (whole mount). B, Lung slice showing tdT1 fibers (red) innervating a large conducting airway la-
beled by E-cadherin (green). C, Lung slice showing tdT1 fibers (red) projecting from a small conducting airway (labeled by E-cadher-
in; green) into the alveolar regions. D, Lung slice showing tdT1 fibers (red) innervating a pulmonary blood vessel that expresses a
smooth muscle actin (aSMA; blue) but not E-cadherin (green). Scale bars: A–C, 100 mm; D, 50mm.

Figure 11. tdTomato expression in the organ of Corti in the cochlea of TRPA1FlpR26ai65f mice. A, B, tdTomato expression (red) with
DAPI staining (blue) in TRPA1FlpR26ai65f mice. A, Overexposure of tdTomato signal. B, Standard exposure of tdTomato signal with
cellular organization outlined with gray lines and Hensen’s cells (HCs), outer hair cells (OHCs), and inner hair cells (IHCs) identified.
C, Negligible tdTomato expression (red) with DAPI staining (blue) in control R26ai65f mice, with HCs, OHCs, and IHCs identified.
Scale bars: A, B, 25 mm; C, 50 mm.
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compared with vehicle in the control TRPA1-mCherry
mice (p. 0.05, n¼ 3; Fig. 12C).

Discussion
We developed the TRPA1Flp mouse as a tool to de-

tect and selectively manipulate TRPA1-expressing
cells. Although selective TRPA1 agonists and antagonists
have been extensively reported, there is disagreement in
the literature regarding the cellular expression patterns of
TRPA1 in mammals—especially in nonafferent cell types—
in part because of the inconsistent/poor antibodies avail-
able. Here we used a genetic approach, replacing the en-
dogenous TRPA1 stop codon with a 2A-FlpO cassette. As
2A is a self-cleaving peptide, we expect that the expression
of Flp recombinase would match TRPA1 peptide expres-
sion on a one-to-one basis. Crossing the TRPA1Flp mouse
with Flp-sensitive reporter mice (e.g., R26ai65f) is then a
powerful tool to visualize TRPA1 expression.
TRPA1 is a nonselective cation channel that is activated

by reactive oxygen species (e.g., H2O2), electrophilic prod-
ucts of lipid peroxidation (e.g., 4-hydroyxynonenal), and
electrophilic irritants (e.g., AITC, cinnamaldehyde, and acro-
lein; Bandell et al., 2004; Jordt et al., 2004; Bautista et al.,
2006; Hinman et al., 2006; Andersson et al., 2008; Taylor-
Clark et al., 2008a). As such, TRPA1 signaling has been im-
plicated in chemosensitivity, oxidative stress, and inflamma-
tion (Wu et al., 2010). TRPA1 expression, as assessed
functionally and by transcript analysis, is well established in
a subset of sensory afferent neurons within the dorsal root,
and vagal and trigeminal ganglia (Story et al., 2003; Jordt et
al., 2004; Nassenstein et al., 2008), and the administration of
TRPA1 agonists evokes pain and other nocifensive reflexes
in a TRPA1-dependent manner (Bautista et al., 2006; Kwan
et al., 2006; McNamara et al., 2007; Bessac et al., 2008;
Taylor-Clark et al., 2009; Liu et al., 2013; Patil et al., 2020).
Nevertheless, most studies characterizing TRPA1 expres-
sion have focused on individual neurons in acute cultures
following enzymatic dissociation, which can have profound
effects on transcript expression and electrophysiological

properties (Ono et al., 2012; Song et al., 2018). The precise
identity of afferents that express TRPA1 in vivo, particularly
in relation to their coexpression of other receptors (e.g.,
TRPV1, MrgprA3, MrgprD) and neurotransmitters (e.g., sub-
stance P, CGRP), is debated (see below).
In the vagal ganglia of TRPA1Flp/1R26ai65f/1 mice, we

observed tdTomato expression in a major subset (;40%)
of both nodose and jugular ganglionic neurons, consistent
with previous reports of their sensitivity to TRPA1 ago-
nists (Andrè et al., 2008; Nassenstein et al., 2008; Taylor-
Clark et al., 2008b; Lin et al., 2015; Stanford et al., 2019).
Most of these neurons also expressed the canonical no-
ciceptive receptor TRPV1 and the neuropeptide CGRP,
indicating that they were likely nociceptive in nature.
Approximately 90% of dissociated tdT1 vagal neurons
expressed TRPA1 mRNA and were activated by the se-
lective agonist AITC, confirming the effectiveness of the
reporter. Interestingly, ;25% of dissociated tdT– vagal
neurons also had TRPA1 expression/functionality, but this
was much lower for tdT– neurons within the intact vagal
ganglion (;7%). It is possible that dissociation selectively
depletes tdTomato protein within the soma or otherwise
renders tdTomato less detectable, although no evidence
of this was found in previous studies of TRPV1CreR26ai9

mice or P2X2
CreR26ai9 neurons (Stanford et al., 2019; Kim

et al., 2020b). Alternatively, acute dissociation and culture
may have caused de novo TRPA1 expression in a subset
of TRPV11 vagal neurons, possibly because of neurotro-
phic factors present in the FBS (Diogenes et al., 2007;
Ciobanu et al., 2009). Importantly, AITC activated ;40%
of dissociated vagal neurons—similar to the percentage of
neurons expressing tdTomato observed in frozen sections
of the vagal ganglia—arguing against dissociation-evoked
de novo TRPA1 expression. Indeed, native tdTomato ex-
pression in vagal ganglia sections was only detectable in
some neurons after signal augmentation using antibodies
suggesting some native fluorescence was near the limits of
detection.
Given that tdTomato expression denotes Flp-mediated

recombination of the R26ai65f locus at any time, the strong

Figure 12. Chemogenetic activation of TRPA1-expressing nerves in the hindpaw evokes nocifensive behavior. A, tdTomato expres-
sion (red) in fibers innervating the hairy skin of the hindpaw of TRPA1FlpR26ai65f mice. Scale bar, 50mm. B, Mean 6 SEM flinching
time of TRPV1-hM3Dq mice following intraplantar injection of vehicle or CNO (1mg). C, Mean 6 SEM flinching time following intra-
plantar injection of vehicle or CNO (1 or 10mg) in TRPA1Flp mice previously injected with rAAV2-fDIO-hM3Dq (A1-hM3Dq) or with
control rAAV2-fDIO-mCherry (A1-mCherry). *Significant difference in flinching time compared with vehicle (p, 0.05).
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correlation of tdTomato with TRPA1 expression suggests
that very few vagal neurons transiently express TRPA1
during development.
Some studies have identified a small subset of TRPA11

TRPV1– vagal neurons in functional (Nassenstein et al.,
2008; Taylor-Clark et al., 2008b; Stanford et al., 2019) and
transcript studies (Mazzone et al., 2020) of dissociated
neurons. Other studies of transcripts in dissociated neu-
rons (Nassenstein et al., 2008; Brozmanova et al., 2011;
Kupari et al., 2019; Meerschaert et al., 2020; Zhao et al.,
2022), and single fiber recordings of vagal afferents inner-
vating the airways or esophagus (Nassenstein et al.,
2008; Brozmanova et al., 2011; Nesuashvili et al., 2013)
argue that TRPA1 expression is confined to a subset of
TRPV11 vagal neurons. Here, we found ;20% of tdT1

neurons in vagal sections lacked immunoreactivity to
TRPV1. However, we detected TRPV1 transcript in all
tdT1 vagal neurons and found that .95% of these neu-
rons were capsaicin-sensitive. While there are caveats to
interpreting TRP expression in dissociated cultures, it is
probable that the high count of tdT1TRPV1– neurons in
vagal sections is partly because of inefficiencies of the
TRPV1 antibody used in the present study.
tdTomato was expressed in only 3–12% of neurons

within the DRGs of TRPA1Flp/1R26ai65f/1 mice. Most of these
neurons also expressed TRPV1 and CGRP. Following disso-
ciation,;85% of tdT1 DRG neurons were activated by AITC
compared with ;25% of tdT– vagal neurons. Given that few
DRG neurons expressed tdTomato, this meant that most
AITC-sensitive neurons were tdT–. This did not appear to be
because of culture-induced de novo TRPA1 expression be-
cause similar percentages (35–45%) of DRG neurons in intact
ganglia and dissociated cultures were activated by AITC.
Thus, our TRPA1 reporter preferentially labels TRPA1-ex-
pressing DRG neurons but with low efficiency. Functional
and transcript studies have shown that TRPA1 expression in
the DRG correlates with TRPV1 expression. In addition to the
expected tdT1TRPV11 population, our data also suggest evi-
dence of a TRPA11TRPV1– subset in DRGs, and this is con-
sistent with some reports (Malin et al., 2011; Usoskin et al.,
2015; Patil et al., 2018) whereas others argue that TRPA1 is
expressed exclusively in TRPV11 neurons (Story et al., 2003;
Mishra et al., 2011; Pogorzala et al., 2013; Wilson et al., 2013;
Weng et al., 2015). The tdT1TRPV1– DRG neurons observed
here were larger than tdT1TRPV11 DRG neurons but were
much smaller than tdT–TRPV1– neurons, which are likely to
be non-nociceptivemechanoreceptors.
The limited reporter efficiency in the DRGs of TRPA1Flp/1

R26ai65f/1 mice was recapitulated in TRPA1Flp/1R26FLTG/1

mice, implicating the Flp itself. Here we used FlpO, which is
the thermostable FlpE recombinase enzyme whose nucleo-
tide sequence has been optimized for mammalian codons
(Raymond and Soriano, 2007). When expressed in HEK293
cells, FlpO recombines FRT sites as efficiently as Cre recom-
bines LoxP sites (Fenno et al., 2014). Although only four Flp
molecules are technically necessary for recombination of
paired FRT sites, the reduced efficiency of FlpE compared
with FlpO (which are identical proteins) indicates that physio-
logically relevant expression levels are rate limiting (Raymond
and Soriano, 2007; Kranz et al., 2010). Thus, it is possible that

the low but functionally relevant expression of TRPA1 in
some TRPA11 DRG neurons fails to drive sufficient Flp ex-
pression to recombine the ROSA26 FRT sites for tdTomato
expression. Indeed, the AITC-evoked responses of AITC-
sensitive neurons was smaller in tdT– than in tdT1 DRG neu-
rons, suggesting lower TRPA1 expression. Nevertheless, we
noted that even when R26ai65f tdTomato expression was
evoked in sensory afferents (as observed in frozen sections),
its detection more often required antibody-mediated signal
augmentation in DRG tdT1 neurons (28.9%) compared with
vagal tdT1 neurons (8.1%), suggesting lower tdTomato ex-
pression per neuron in DRGs independent of the efficiency of
Flp recombination.
Comprehensive direct comparisons between Cre- and

Flp-expressing mouse strains are limited (Daigle et al.,
2018), but one study of corticotropin-releasing hormone
(CRH) reporter strains showed reduced efficiency of FlpO

recombination of R26ai65f/1 compared with Cre recombi-
nation of R26ai9/1 (Zhao et al., 2023): while the two strat-
egies labeled identical CNS regions, more tdT1 neurons
were noted for the Cre reporter because it was more effi-
cient evoking tdTomato expression in neurons expressing
lower levels of CRH. Interestingly, the efficiency of report-
ing was increased using homozygous CRHFlp mice. It is
possible that more TRPA1-expressing DRG neurons
would express tdTomato using homozygous TRPA1Flp

mice.
We used the TRPA1Flp/1R26ai65f/1 mouse to map TRPA1-

expressing afferents. We observed dense innervation of the
gut, bladder, skin, and airways by tdT1 fibers, but no intrin-
sic tdT1 neurons were found in these organs. Most of the
tdT1 fibers innervating the esophagus mucosa were derived
from the vagal ganglia. Abundant tdT1 fibers were also
found within the mucosa and the submucosal plexus of the
stomach and colon. Many tdT1 fibers in the gut expressed
CGRP, but no evidence was found of tdT1 fibers with
IGLEs. In the lungs, we observed tdT1 fibers innervating
conducting airways and blood vessels, similar to vagal
TRPV11 fibers previously described (Su et al., 2021; Kim et
al., 2022). The observation that some of the tdT1 fibers here
also penetrated the alveolar space argues that these were
projected from nodose neurons (Kim et al., 2022). In the
skin, we found abundant tdT1-free nerve endings within the
dermis and epidermis that resembled TRPV11 and CGRP1

fibers (Cavanaugh et al., 2011; McCoy et al., 2012; Le
Pichon and Chesler, 2014). In the brainstem medulla, abun-
dant tdT1 fibers were found terminating in the nTS, Pa5,
and Sp5, consistent with the innervation patterns of vagal
and trigeminal TRPV11 fibers (Kim et al., 2020a; Su et al.,
2021). In the spinal cord, tdT1 fibers mostly innervated dor-
sal horn lamina I and II, mimicking previous studies of noci-
ceptive peptidergic and nonpeptidergic Ad - and C-fibers
projected from DRG neurons (Cavanaugh et al., 2011;
McCoy et al., 2012; Le Pichon and Chesler, 2014) that syn-
apse with spinal neurons involved in pain processing (Todd,
2010). AITC has previously been shown to evoke glutamate-
mediated excitatory postsynaptic potentials in nTS and
dorsal horn neurons, implicating the presence of TRPA1-
expressing presynaptic terminals (Kosugi et al., 2007; Sun
et al., 2009).
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Despite the relatively low efficiency of the Flp reporter in
DRGs, chemogenetic activation of TRPA1-expressing af-
ferents innervating the hindpaw evoked flinching, similar
in quality to chemogenetic activation of TRPV1-express-
ing afferents (albeit at lower intensity). Such responses
are consistent with the expression of TRPA1 in nocicep-
tive DRG afferents, and multiple studies showing TRPA1
agonists evoke pain (Bautista et al., 2006; Kwan et al.,
2006; McNamara et al., 2007; Patil et al., 2020).
TRPA1 was originally cloned from cultured human fibro-

blasts (Jaquemar et al., 1999), and TRPA1 expression has
subsequently been reported in multiple nonafferent cell
types, including hair cells in the cochlea (Corey et al.,
2004), keratinocytes (Atoyan et al., 2009; Kwan et al., 2009),
airway epithelium and smooth muscle cells (Nassini et al.,
2012; Kannler et al., 2018), enterochromaffin cells (Cho et al.,
2014; Bellono et al., 2017), cerebral artery endothelium
(Earley et al., 2009), astrocytes (Shigetomi et al., 2012;
Takizawa et al., 2018), Schwann cells (De Logu et al., 2017;
2019), and cortical and hippocampal neurons (Koch et al.,
2011; Kheradpezhouh et al., 2017). The determination of
TRPA1 expression in these cell types was often controversial
when based on low-specificity techniques (e.g., antibodies)
lacking supporting evidence, especially given other reports
that TRPA1 transcript expression was very limited in rodents
(Story et al., 2003; Nagata et al., 2005; Jang et al., 2012;
Reese et al., 2020).
The use of our TRPA1Flp reporter to map TRPA1 ex-

pression was somewhat hampered by the Flp-independ-
ent expression of tdTomato in R26ai65f mice blood
vessels, particularly in the gut and bladder, partially in the
skin and trachea and virtually absent in the lung and CNS.
FRT-stop-FRT elements (which precedes the tdTomato
sequence in the ROSA26 knockin) are not completely
“leak proof” (Dabrowski et al., 2015), and thus may ac-
count for the tdTomato expression in these blood vessels.
We are not aware of any other previous reports that inves-
tigate peripheral tissues in R26ai65f mice, but Flp-inde-
pendent tdTomato expression does not appear to occur
in the CNS (Yao et al., 2020).
We found no expression of tdTomato, other than in af-

ferent-like fibers and some blood vessels, in the skin, tra-
chea, or lungs of TRPA1Flp/1R26ai65f/1 mice, and thus we
can provide no evidence for TRPA1 expression in keratino-
cytes, airway epithelium, or airway smooth muscle cells. We
found many large tdT1 stellate-shaped cells within the stom-
ach and colonic mucosa; however, these expressed neither
serotonin nor cd11b, indicating that they were neither entero-
chromaffin cells nor resident macrophages/dendritic cells,
respectively. The role of TRPA1 in the function of these un-
identified cells is presently not known. We found tdTomato
expression in a small subset of cortical neurons within the
second/third layers of the somatomotor cortex and the piri-
form area, but no tdTomato expression was found in astro-
cytes, Schwann cells, or vascular endothelium. Last, in the
cochlea we observed robust tdTomato expression in
Hensen’s cells, which are members of a group of support-
ing cells for the inner and outer hair cells in the organ of
Corti, but not in the hair cells themselves. Initial reports
using antibodies reported TRPA1 expression in inner hair

cells (Corey et al., 2004; Nagata et al., 2005), but the in situ
hybridization signal (Corey et al., 2004) appeared adjacent
to the outer hair cells—consistent with the location of
Hensen’s cells. Recently, AITC-evoked Ca21 transients
have been shown in Hensen’s cells (Vélez-Ortega et al.,
2023).
Overall, we find limited expression of tdTomato in non-

afferent cell types in TRPA1Flp/1R26ai65f/1 mice. While the
inhibition or knockout of TRPA1 reduces nociceptive re-
sponses to electrophilic irritants, oxidative stress, and in-
flammatory pain models (Bautista et al., 2006; Kwan et al.,
2006; Dai et al., 2007; McNamara et al., 2007; Eid et al.,
2008), a role for TRPA1 has also been reported for other
physiological and pathophysiological processes such as
endothelium-dependent cerebral artery dilation (Earley et
al., 2009), anxiety (de Moura et al., 2014), cognition and
memory (Lee et al., 2016a,b), which are unlikely to be
mediated by sensory nerves. It is possible that these are
because of off-target effects of TRPA1 knockout/inhibi-
tors. Alternatively, it is possible that some tdT– cells in our
reporter express functionally relevant levels of TRPA1
without sufficient Flp expression to drive tdTomato ex-
pression. Finally, de novo expression of TRPA1 in nonaf-
ferent cell types under pathologic conditions (not tested
here) could explain the role of TRPA1 in some processes.
In summary, we describe a TRPA1flp mouse that pro-

vides a new tool for the selective identification and manip-
ulation of TRPA1-expressing cells. Our data confirm that
TRPA1 is expressed by a subset of sensory neurons,
which largely but not exclusively overlap with the canoni-
cal nociceptive TRPV1 channel. We also find limited
TRPA1 expression in other cell types, but most notably in
subepithelial cells in the mucosa of the stomach and
colon. Recently, a TRPA1cre mouse line has been reported
(Matsuo et al., 2021). When crossed with a Cre-sensitive
enhanced yellow fluorescent protein (YFP) expressing
mouse, YFP1 neurons were identified in vagal and trigem-
inal ganglia, with some YFP1 fibers innervating the nTS
and Sp5 regions in the medulla, consistent with our find-
ings here.
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