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ABSTRACT

Sensitive skin, a common pathophysiological feature of allergic diseases, is defined as an un-
pleasant sensation in response to stimuli that normally should not provoke such sensations.
However, the relationship between allergic inflammation and hypersensitive skin in the trigeminal
system remains to be elucidated. To explore whether bronchial allergic inflammation affects facial
skin and primary sensory neurons, we used an ovalbumin (OVA)—induced asthma mouse model.
Significant mechanical hypersensitivity was observed in the facial skin of mice with pulmonary
inflammation induced by OVA sensitization compared to mice treated with adjuvant or vehicle as
controls. The skin of OVA-treated mice showed an increased number of nerve fibers, especially rich
intraepithelial nerves, compared to controls. Transient receptor potential channel vanilloid 1
(TRPV1)—immunoreactive nerves were enriched in the skin of OVA-treated mice. Moreover,
epithelial TRPV1 expression was higher in OVA-treated mice than in controls. Trigeminal ganglia of
OVA-treated mice displayed larger numbers of activated microglia/macrophages and satellite glia.
In addition, more TRPV1 immunoreactive neurons were found in the trigeminal ganglia of OVA-
treated mice than in controls. Mechanical hypersensitivity was suppressed in OVA-treated
Trpvi-deficient mice, while topical skin application of a TRPV1 antagonist before behavioral
testing reduced the reaction induced by mechanical stimulation. Our findings reveal that mice
with allergic inflammation of the bronchi had mechanical hypersensitivity in the facial skin that
may have resulted from TRPV1-mediated neuronal plasticity and glial activation in the trigeminal

ganglion.
© 2023 THE AUTHORS. Published by Elsevier Inc. on behalf of the United States & Canadian
Academy of Pathology. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

signal transduced by skin epithelial cells and sensory neurons
innervating the skin, the cell bodies located in the trigeminal

The skin provides important details about the external envi-
ronment and initiates complex behavioral and emotional re-
sponses to mechanical, thermal, actinic, osmotic, and chemical
stimuli. These stimuli activate specific receptors to produce a
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ganglion, and dorsal root ganglia (DRG)." Following proper
detection and identification of innocuous and noxious stimuli in
the skin, signals are relayed to neurons to maintain tissue barrier
integrity and homeostasis of the body.”> However, skin hyper-
sensitivity, described as sensitive or reactive skin, is a common
complaint of the general population globally.® Sensitive skin is
defined by the occurrence of unpleasant sensations in response

0023-6837/© 2023 THE AUTHORS. Published by Elsevier Inc. on behalf of the United States & Canadian Academy of Pathology. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1.

Mechanical hypersensitivity of facial skin in the mouse model of atopic asthma. (A) Schematic of an atopic asthma mouse model. (B) Epithelial hyperplasia with goblet cells is
indicated by PAS-positive mucous polysaccharide and a thickened smooth muscle layer in the bronchus of O+A group mice compared with PBS or Alum groups. Scale bar = 20
um. (C) Orofacial tactile allodynia was determined as reaction rates in a von Frey filament test with different stimulation strengths. The reaction rate was significantly higher in
the O+A group than in the PBS and Alum groups. n = 5, 5, and 6, respectively. #P < .05; ##P < .01; ###P < .001. *P < .05; **P < .01; ***P < .001. #: PBS vs O+A. *: Alum vs O+A.
(D) Representative immunofluorescence images of staining for PGP9.5 (a pan-neuronal marker) and TRPV1 in facial skin from PBS, Alum, and O+A groups. Note that the rich
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to stimuli that normally should not elicit such perception and
cannot be explained by lesions attributable to any skin disease.*
Survey data on the prevalence of self-declared sensitive skin in
various demographics showed that 60% to 70% of women and
50% to 60% of men have some degree of sensitive skin.” This
hyperreactivity affects the quality of life of patients and can lead
to the development of neuropsychiatric conditions. Accordingly,
unpleasant sensations such as burning, stinging, tingling, prick-
ing, tightness, dryness, or itching in response to various normally
innocuous physical, chemical, and/or thermal stimuli have a
substantial impact on affected individuals, society, and the
health care system.

Allergic diseases such as atopic dermatitis and atopic asthma
have become prevalent worldwide. Moreover, the number of
patients with atopic diseases is reportedly increasing.® Sensitive
skin is a common pathophysiological feature, especially in pa-
tients with atopic diseases.” Some patients with preceding se-
vere atopic inflammation displayed multifocally affected central
and peripheral nervous system tissues, termed atopic myelitis.®
Patients with atopic myelitis have hyperlgEemia and character-
istically report subjective unpleasant sensation or allodynia,
even without spinal lesions.” Understanding of allergic skin
inflammation and itch or pain from immunopathological and
neurologic aspects has greatly progressed in recent years.
However, the molecular and cellular mechanisms of unpleasant
subjective sensory effects, such as mechanical hypersensitivity,
remain to be elucidated.

The responsiveness to mechanical, chemical, or thermal stim-
uli is dependent on the specific sensitivity to the different stim-
ulus modalities. Recently, members of the nonselective cation
channel family, transient receptor potential (TRP) vanilloid 1
(TRPV1) and ankyrin 1 (TRPA1), were shown to be important
neuronal or nonneuronal targets for allergic diseases such as hy-
persensitivity for rhinitis,'” allergic keratoconjunctivitis,'' or
asthma.’? Accumulating evidence has revealed the multiple
pathophysiological roles of TRPV1 and TRPA1 in atopic dis-
eases.>!¥ However, the involvement of these ion channels in hy-
persensitivity needs to be defined further.

Sensitive skin can affect all locations in the body, especially the
face.* The facial sensation is conveyed by the trigeminal sensory
afferent, the cell bodies of which are located in the trigeminal
ganglion. Extensive studies have demonstrated that mechanisms
underlying ectopic orofacial hypersensitivity are associated with
trigeminal nerve injury or orofacial inflammation, and the tri-
geminal system is distinct from the spinal system.'” However,
because most of these studies used direct topical nerve transec-
tion, such as maxillary nerve or facial adjuvant injections,'®!” it is
unknown whether systemic allergic inflammation affects facial
hypersensitivity.

To explore whether facial skin sensitivity is affected by sys-
temic allergic conditions, we employed the ovalbumin (OVA)
asthma mouse model to induce a Th2-directed allergic response.
Here, we describe facial mechanical hypersensitivity in a mouse
model whose hypersensitive behavior was mediated by transient
receptor potential channel vanilloid 1 (TRPV1) in activated glia
and neurons of the trigeminal ganglion.

Materials and Methods
Mice

Male C57BL/6N mice (19-24 g; Japan SLC Inc), Trpv1 '~ mice,'®
and Trpvl’/’Trpal’/’ mice'® were used. Trpvl’/’ and
Trpvl~/~Trpa1~/~ mice were provided as a kind gift by Prof. M.
Tominaga (Department of Physiological Sciences, Graduate Uni-
versity for Advanced Studies, Okazaki, Japan). Animals were
housed in a temperature-controlled room (12-hour light-dark
cycle) with free access to food and water. All experimental pro-
tocols were approved by Saga University (29-05-1) and Kyushu
University (A27-167-0) Animal Care and Use Committees.

Atopic Asthma Mouse Model

An atopic asthma model mouse was generated as previously
described.?® Briefly, 6-week-old male mice were lightly anes-
thetized with 2% isoflurane (099-06571, Wako Pure Chemical
Corporation), and intraperitoneally administered 50 pg of OVA
(A5503, Sigma-Aldrich) and 2 pL of aluminum hydroxide hydrate
gel suspension (Alum; LG-6000, Cosmo Bio Co Ltd) dissolved in
200 pL of phosphate-buffered saline (PBS) at days 0, 7, and 14
(O+A group). Mice intraperitoneally injected with PBS (PBS group)
or Alum (Alum group) were used as controls. At day 14, the mice
were lightly anesthetized with 2% isoflurane and intranasally
challenged with OVA solution (2.5 mg/mL) for 4 consecutive days.
On day 19, von Frey testing of the facial region was performed in
all 3 groups (Fig. 1A).

Von Frey Test

Mechanical stimuli were applied to the whisker pad skin using
von Frey filaments (0.4-26 g; Aesthesio, DanMic Global). Briefly,
mice were lightly anesthetized with 2% isoflurane, placed in a
restraint device,”! and acclimated for 30 minutes in the test
environment. The von Frey filament was presented perpendicular
to the whisker pad skin with sufficient force to cause slight
buckling against the skin and held for 2 to 3 seconds. Stimuli were
presented at intervals of >10 s. The positive reaction was defined
as face withdrawal. Each filament was tested 10 times, and the
number of positive responses multiplied by 10 was recorded as
the percent response.”” The experimenter was blinded to the
experimental condition and mouse genotype while performing
these experiments.

Administration of the transient receptor potential channel vanilloid
1 antagonist

The TRPV1 antagonist N-(3-methoxyphenyl)-4-chlorocinna-
manilide (SB366791; 472981-92-3, Sigma-Aldrich) was dis-
solved in dimethyl sulfoxide (dimethyl sulfoxide; final
concentration of 1.25%) and diluted in 0.9% NaCl solution. Five

nerve bundles and intense intraepithelial nerves are positive for PGP9.5 and TRPV1. Epithelial TRPV1 immunoreactivity was prominent in the O+A group. Scale bar = 10 pm.
Quantification of PGP9.5- and TRPV1-positive areas in the epidermis of facial skin from PBS, Alum, and O+A groups, respectively. n = 3 for each group. (E) Representative
immunofluorescent superresolution images of TRPV1 (green) and PGP9.5 (magenta) facial skin from wild type and Trpv1~~ mice with an orthogonal projection of 15.68 pm.
Scale bar = 5 um. Lower panels show magnified 0.48-um-thick orthogonal-projection images of the intraepithelial nerve, indicated by the white box in the upper panel. TRPV1
fibers colocalized to PGP9.5 (yellow arrowheads). Scale bar = 1 um. (D, E) Airyscan superresolution microscopy. (E) Processed with Airyscan joint deconvolution. (F) Inmunoblot
analysis for TRPV1 in facial skin extracts of PBS, Alum, and O+A groups. n = 3 for each group. *P < .05; **P < .01; ***P < .001. Alum, aluminum hydroxide hydrate gel suspension;

PAS, Periodic acid-Schiff; PBS, phosphate-buffered saline.
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Macrophage/microglial and satellite glial activation in the trigeminal ganglia of the atopic asthma mouse model. (A) Representative immunofluorescence images of staining for
Iba-1 (a marker of microglia or macrophages; in magenta) and phosphorylated extracellular signal-regulated kinase (pERK; in green) in trigeminal ganglia from PBS, Alum, and
O+A groups. Airyscan superresolution images of Iba-1 (second panel) were processed with an orthogonal projection of 6.56 pm. Images of the uppermost, third, and fourth
panels were acquired by BC43. Uppermost and merged images in 10.9-um z-stack. pERK images showing a single optical slice. Scale bar = 10 pm. (B) Quantitative analysis of
microglial cell densities in trigeminal ganglia from PBS, Alum, and O+A groups. (C) Morphometric analysis of the shape characteristics of a single Iba-1-immunoreactive
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micrograms of SB366791 or vehicle was injected into the facial
skin of atopic asthma mice in a 20-uL volume using a 30-gauge
needle in reference to previous reports.”?> The von Frey test
was performed 30 minutes after facial injection of SB366791 or
vehicle.

Immunohistochemical analyses

The day after von Frey testing, mice were anesthetized with a
mixture of midazolam (4 mg/kg, 042824; Maruishi), butorphanol
tartrate (5 mg/kg, VETLI5; Meiji Seika Pharma), and hydrochloric
acid medetomidine (0.3 mg/kg, 9021; Kyoritsu Seiyaku), and then
transcardially perfused with PBS containing sodium heparin
(16HO6; Nipro) and hydrochloride procaine (73091; Maruishi),
followed by 4% paraformaldehyde (PFA; 104005; Merck KGaA) in
pH7.4 phosphate buffer.

Subsequently, the skin and trigeminal ganglion were
removed, postfixed in the 4% PFA overnight at 4 °C, cryoprotected
by 20% sucrose (196-00015, Wako) overnight at 4 °C, and then
embedded in OCT compound (4583; Sakura Finetek). All tissue
sections were cut with a cryostat (Thermo Fisher Scientific).
Trigeminal ganglion sections (10- or 20-pum-thick) and skin
sections (30-um-thick) were processed for immunohistochem-
istry according to our previous reports.’* Sections were per-
meabilized with 0.3% Triton-X100 (203-03215, Wako) in PBS for
10 minutes at room temperature and then blocked in PBS with 1%
bovine serum albumin (BSA; 10735078001; Roche), 0.05% so-
dium azide (NaNs; 195-11092, Wako), and 5% normal donkey
serum (NDS; 017-000-121, Jackson ImmunoResearch Labora-
tories) for 45 minutes. For staining with the mouse antibody,
sections were processed with Mouse-on-Mouse (M.0.M.) mouse
Ig blocking reagent (BMK-2202, Vector Laboratories) for 1 hour.
Subsequently, sections were incubated overnight at 4 °C with the
following primary antibodies: TRPV1 (rabbit, 1:10000),%® ionized
calcium-binding adapter molecule 1 (Iba-1; rabbit, 1:200; 019-
19741, Wako), Iba-1 (goat, 1:200; ab5076; Abcam), protein gene
product 9.5 (PGP9.5; rabbit, 1:2000; RA95101; Ultraclone),
PGP9.5 (mouse, 1:400; 31A3; Ultraclone) calcitonin gene-related
peptide (CGRP; rabbit, 1:2000; RPN1842; Amersham Interna-
tional), phospho-p44/42 MAPK (Erk1/2) (pERK; rabbit, 1:200;
9101; Cell Signaling Technology), and S100B (rabbit, 1:200;
ab52642, Abcam). Next, sections were incubated for 1 hour at
room temperature with the following secondary antibodies:
donkey anti-rabbit IgG-Alexa488 (1:200; 711-545-152; Jackson
ImmunoResearch Laboratories), donkey anti-goat IgG-Alexa546
(1:400; A11056; Invitrogen), and donkey antimouse IgG H&L
(DyLight 649; 1:400; ab96878; Abcam). F-actin was visualized
with Phalloidin-iFluor 647 Reagent (1:2000; ab176759, Abcam).
Finally, the sections were incubated with 4’,6-diamidino-2-
phenylindole and dihydrochloride (DAPI; 1:1000; 340-07971;
Dojindo Laboratories) for 5 minutes and then mounted with
PermaFluor (TA-030-FM, Thermo Fisher Scientific). Images were
acquired with laser confocal microscopies, BC43 (Oxford In-
struments), or an LSM800 equipped with Airyscan (Carl Zeiss).
Airyscan images were processed automatically determined
superresolution parameters plus 0.5 additional manual adjust-
ments per channel using ZEN Blue 3.5 (Carl Zeiss). In Figure 1E, 5
iterations of Airyscan joint deconvolution were used for

excitations at 405 nm and 488 nm, and 8 iterations were used for
excitations at 640 nm?>® using ZEN Blue 3.5. To correct for chro-
matic aberration, images of 0.2-pum TetraSpeck Microspheres
(Thermo Fisher Scientific) loaded with 4 fluorescent dyes were
taken as a reference in the same setting as the tissue samples.
The registration and alignment of each channel were performed
using the microsphere data and the “Channel Alignment
(Extended)” tool in ZEN Blue 3.5.

Morphometric analysis of Iba-1—immunoreactive cells’’ and
quantitative analyses of pERK- and F-actin—positive areas in
trigeminal ganglia were performed with Image] software (Na-
tional Institutes of Health). Quantitative immunoreactivity an-
alyses of TRPV1 and CGRP neurons in trigeminal ganglia were
performed by Lumina Vision 2.0 (Mitani Corporation). Cross-
sectional areas of neuronal cell bodies with DAPI-labeled
nuclei were analyzed from 12 sections per mouse. The pro-
portions of TRPV1- and CGRP-positive neurons to total
neuronal cell bodies in the trigeminal ganglion were analyzed.
Morphometric analyses of the intraepithelial nervous distribu-
tion of PGP9.5, TRPV1, and CGRP in skin were analyzed with
Image] software. The epithelial layer was manually selected as
the region of interest in sections multicolor-stained for E-cad-
herin and DAPI, and areas immunopositive for PGP9.5, TRPV1,
and CGRP were analyzed.

Periodic Acid-Schiff Staining

Lung tissues were removed and postfixed overnight at 4 °C in
4% PFA, cryoprotected by 20% sucrose overnight, and then
embedded in OCT compound for sectioning in a cryostat at a 5-um
thickness. Periodic acid-Schiff (PAS)—stained sections were
observed under an Axiolmager2 microscope with ApoTome.2 (Carl
Zeiss).

Immunoblot Analysis

Immunoblot analysis was performed as described previ-
ously.?® Skin and trigeminal ganglia were collected and homog-
enized in lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 1% Triton X-
100, 0.5% NP-40) containing a protease inhibitor (Nacalai Tesque)
and a phosphatase inhibitor cocktail (PhosSTOP; 04906845001,
Roche) for 10 minutes on ice. Supernatants were collected, and
the protein concentration was quantified with a Pierce BCA
Protein Assay Kit (23225, Thermo Fisher Scientific). Protein ex-
tracts were separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred to a polyvinylidene fluoride
membrane. The membrane was blocked with 4% BSA for 1 hour
at room temperature and then incubated overnight at 4 °C with
the following primary antibodies: TRPV1 (rabbit, 1:4000), p44/
42 MAPK (Erk1/2 [ERK]; rabbit, 1:4000; 9102; Cell Signaling
Technology), pERK (rabbit, 1:4000; 9101; Cell Signaling Tech-
nology), TATA-binding protein (rabbit, 1:1000; 8515, Cell
Signaling Technology), and glyceraldehyde-3-phosphate dehy-
drogenase protein (GAPDH; rabbit, 1:2000; sc25778, Santa Cruz
Biotechnology). Specific bands were visualized using an ECL
Prime Western Blotting Detection Reagent (RPN2232; GE
Healthcare) and analyzed using a FUSION-FX7 imaging system
(Vilber).

macrophage/microglia, including area, perimeter, circularity [4 x (area/perimeter?)], and Feret's diameter (max caliper). Aspect ratio is calculated as the ratio between the
major and minor axis. (D) Quantification of pERK-positive area in the trigeminal ganglia. (E) Immunoblot analysis of pERK in trigeminal ganglia from PBS, Alum, and O-+A groups.
n = 3 for each group. *P < .05; **P < .01; ***P < .001. Alum, aluminum hydroxide hydrate gel suspension; PBS, phosphate-buffered saline; pERK, phospho-p44/42 MAPK.
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Enhanced TRPV1 immunoreactivity in the trigeminal ganglion of the atopic asthma mouse model. (A) Representative immunofluorescence images of TRPV1 in the trigeminal
ganglion from PBS, Alum, and O+A groups. Arrowheads indicate TRPV1-positive neuronal cell bodies. Airyscan superresolution images. Scale bar = 20 um. (B) Mean percentage
of TRPV1-positive neuronal cell bodies in trigeminal ganglia from PBS, Alum, and O+A groups. n = 3 for each group. (C) Ratios of TRPV1-positive small- (<300 um?), medium-
(300-600 pm?), and large-sized (> 600 um?) neurons to total neuronal cell bodies in trigeminal ganglia from PBS, Alum, and O+A groups. n = 3 for each group. (D) Immunoblot
analysis of TRPV1 in trigeminal ganglia from PBS, Alum, and O+A groups. n = 4 for each group. *P < .05; **P < .01; ***P < .001. Alum, aluminum hydroxide hydrate gel sus-
pension; PBS, phosphate-buffered saline; TRPV1, transient receptor potential channel vanilloid 1.

Gene Expression Microarray Analysis

Total RNA was isolated from trigeminal ganglia with TRIzol
reagent (Invitrogen). RNA was purified and analyzed as described
previously.?? Briefly, 50 ng of total RNA was labeled with Cyanine
3. Hybridization was performed on a SurePrint G3 8 x 60K Mouse
Gene Expression Arrays (Agilent Technologies). Samples were
scanned using an Agilent scanner, and microarray data analysis
was performed using Agilent Feature Extraction Software. Raw
signal intensities and flags for each probe were calculated from
hybridization intensities (gProcessedSignal), while spot infor-
mation was calculated according to the procedures recom-
mended by Agilent Technologies (Flag criteria on GeneSpring
Software), as described previously.” To identify upregulated or
downregulated genes, we calculated Z scores and ratios (non-
—log-scaled fold-change) from the normalized signal intensities
of each probe for comparison between the control and experi-
mental samples. The Z score was calculated from the log, fold-
change (logFC) of probes, indicating the distance from the
average logFC (eg, if Z score = 2, then logFC of the current probe
was 2 x SD from the average). We then used the following
criteria for differentially expressed genes: upregulated genes had
a Z score > 2.0 and ratio > 1.5-fold, whereas downregulated
genes had a Z score of <2.0 and a ratio of < 0.66. Microarray data
analysis was supported by Cell Innovator.

Experimental Design and Statistical Analysis

Data are expressed as the mean + SEM for n (number of mice
used). Statistical analyses were performed with GraphPad Prism
9 (GraphPad Software Inc), J]MP Pro 15 (SAS Institute Inc), or
SPSS (Version 25, IBM). The statistical significance of differences
in data was analyzed by t test or one-way analysis of variance
with Tukey’s post hoc analysis. A P value of < .05 was considered
significantly different. Significance was labeled as follows:
* P < .05, **P < .01, and ***P < .001.

Results

Mechanical Hypersensitivity of Facial Skin in a Mouse Model of
Atopic Asthma

A previous report demonstrated that an OVA-induced mouse
model of asthma caused a Th2-directed allergic response in
C57BL/6 mice.” Thus, we performed lung histology and found
more PAS-positive mucus cells in the bronchial epithelia of the
O-+A group compared to controls (Fig. 1B). We did not observe
apparent skin lesions or scratching behavior. We tested mechan-
ical sensitivity by applying calibrated von Frey filaments on the
whisker pad skin to explore whether atopic asthma led to the
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Figure 4.

Attenuated mechanical sensitivity in Trpv1-deficient atopic asthma mice. (A) Schematic for atopic asthma model in WT, Trpv1 /-, and Trpv1~/~Trpa1~/~ mice. Reaction rates to
different stimulation strengths of von Frey filaments in the atopic asthma model of WT, Trpv1 /-, and Trpv1 '~ Trpal~/~ mice with OVA. Tactile allodynia presented in WT mice by
OVA was suppressed in Trpv1~/~ and Trpv1~/~Trpal~/~ mice. n = 6, 6, and 8, respectively. #P < .05; ##P < .01; ###P < .001. *P < .05; **P < .01; ***P < 001. #: WT (O+A) vs
Trpv1~!~ (O+A). *: WT (O+A) vs Trpvl~/~Trpal~!/~ (O+A). (B) The TRPV1 antagonist SB366791 or vehicle was administered to the facial skin of the mouse model before the von
Frey test. Lower reaction rates of O+A mice treated with the TRPV1 antagonist were observed compared with vehicle administration. n = 7 for each group. (C) Representative
immunofluorescent images of PGP9.5 and CGRP in facial skin from O+A and PBS groups of WT and Trpv1~/~ mice. The O+A group exhibited a rich nerve distribution with high
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sensitivity of facial skin. The reaction rate to von Frey filaments
was significantly higher in the O+A group compared with controls
for all stimuli strength except 26 g (Fig. 1C), suggesting that me-
chanical hypersensitivity of facial skin was evoked in the mouse
model with atopic asthma. To investigate the effect of systemic
allergies on skin innervation, we examined the distribution of the
pan-neuronal marker PGP9.5 to determine whether facial skin
hypersensitivity depended on peripheral changes in nerve fibers.
We observed abundant PGP9.5-immunoreactive nerve bundles in
the dermis and fine fibers that penetrated the epithelia in O+A
mice compared to controls (Fig. 1D). Furthermore, we observed
increased numbers of TRPV1-immunoreactive nerve fibers with
epithelial TRPV1 immunoreactivity in the facial skin of the atopic
asthma mouse model compared to the control groups (Fig. 1D). To
confirm the TRPV1-immunoreactive fibers in neurons, we coim-
munolabeled TRPV1-immunoreactive fibers with PGP9.5. In the
facial skin of wild-type (WT) mice, we found that TRPV1-
immunoreactive fibers colocalized with PGP9.5, suggesting that
TRPV1 localized to the neurons. Under superresolution imaging
with an XY-plane resolution of 140 nm, intraepithelial TRPV1 fi-
bers were clearly colocalized with PGP9.5. Epithelial and nervous
TRPV1 immunoreactivity were not observed in the skin from
Trpv1 ™~ mice (Fig. 1E). These results confirmed the specificity of
our TRPV1 antibody against TRPV1. Immunoblotting confirmed
elevated levels of TRPV1 expression (100 kDa) in the skin from the
O+A group compared to controls (Fig. 1F), suggesting increased
epithelial expression of TRPV1 in the mouse model.

Glial Activation in the Trigeminal Ganglion in the Mouse Model of
Atopic Asthma

To explore the contribution of peripheral neurons to facial
hypersensitivity in the mouse model, we first explored glial acti-
vation in the trigeminal ganglion. Immunohistochemistry
revealed higher numbers of cells positive for the macrophages/
microglia marker Iba-1 in the region of neuronal cell bodies in the
O+A group compared with controls (Fig. 2A, B). Iba-1—labeled
cells were located along blood vessels or juxtaposed to neuronal
cell bodies and not found in the nerve fiber region. Changes in the
shape of microglia or macrophages from ramified to amoeboid are
a reported indicator of microglia activation.’® In our study, the
mean area, perimeter, and Feret’s diameter of Iba-1 cells were
significantly larger in the O+A group compared to controls.
Moreover, Iba-1-immunoreactive cells showed lower circularity
and a higher aspect ratio in the O+A group compared to controls.
Furthermore, there were significant differences between the PBS
and Alum groups in microglial density, perimeter, circularity, and
Feret diameter (Fig. 2C), indicating longer and thicker cytoplasmic
processes and multiple ramifications of microglia in the O-+A
group. These results suggest that under the conditions of asthma,
microglia/macrophage activation with characteristic morphologic
changes occurred in the trigeminal ganglion. Recently, an active
role of satellite glial cells in the process of chronic pain has been
reported in DRG and the trigeminal ganglion.’! To address the
contribution of satellite glial activation to hypersensitivity, we
examined phosphorylation of extracellular regulated kinase
(pERK), an essential signaling pathway involved in various cellular
processes such as cell proliferation and differentiation that is also

used as a glial activation marker.>? In the trigeminal ganglion,
neuronal cell bodies were wrapped by pERK-immunoreactive
satellite glial cells, while Iba-1—immunoreactive cells were
located among the intercellular space of satellite glial cells. Higher
pERK immunoreactivity was observed around larger neuronal cell
bodies in the O+A group compared to controls (Fig. 2A, D).
Immunoblotting confirmed enhanced pERK expression in the
trigeminal ganglia of the O+A group compared to controls
(Fig. 2E). Thus, atopic asthma led to the activation of microglia/
macrophages and satellite glial cells in the trigeminal ganglion.

Enhanced TRPV1 Immunoreactivity in the Trigeminal Ganglia of
the Mouse Model of Atopic Asthma

Accumulating reports indicate that TRPV1 plays critical roles in
nociception, pain, and itch,*? and is dynamically regulated during
allergic inflammation with tissue insult. We immunohistochemi-
cally examined TRPV1 in the trigeminal ganglion. Primary sensory
neuronal cell bodies were classified as small (<300 pm?), medium
(300-600 pm?), or large (> 600 pm?) according to their soma
areas.>* In controls, TRPV1 immunoreactivity was observed in
small- to medium-sized neurons (Fig. 3A). In the O+A group, more
small- to medium-sized TRPV1 positive neurons were observed,
and the number of TRPV1-positive neurons were higher than that
in controls (Fig. 3B, C). The numbers of large-sized TRPV1-positive
neurons tended to increase in the O+A group compared to con-
trols (Fig. 3C). Immunoblotting confirmed elevated TRPV1
expression in trigeminal ganglia of the O+A group compared to
controls (Fig. 4D). Collectively, these results suggest that TRPV1
expression in neurons is associated with facial mechanical hy-
persensitivity in the mouse model.

Trpv1 Deficiency Attenuated Mechanical Sensitivity Induced by
Atopic Asthma

Next, we investigated whether the effect of TRPV1 on facial
sensitization was maintained in Trpv1-deficient (Trpv]’/*) mice.
After OVA sensitization, Trpvl—/~ mice showed lower reaction
rates in facial von Frey tests than WT mice. We also found that the
reaction rate of von Frey filaments in Trva/*Trpar/ ~ mice was
similar to that in Trpv1~/~ mice (Fig. 4A). Next, to explore whether
a topical TRPV1 antagonist suppressed mechanical hypersensi-
tivity, we subcutaneously injected the selective TRPV1 antagonist
SB366791 into the facial skin of OVA-treated mice. Tactile
behavior was efficiently inhibited in the SB366791 injected group
for all ranges of von Frey fiber stimulus strength in the mouse
model (Fig. 4B). To evaluate the effect of TRPV1 on skin innervatio,
we immunohistochemically observed PGP9.5-immunoreactive
nerves. We did not observe significant differences between PBS-
and OVA-treated Trpv1~/~ mice (Fig. 4C, D). We also explored the
distribution of CGRP, a neuropeptide mediator of neurogenic
vasodilatation related to mechanical allodynia®”. OVA-treated WT
mice showed intense CGRP-immunoreactive nerve fibers in their
facial skin, whereas OVA-treated Trpvl~/~ mice showed fewer
CGRP-labeled nerve fibers than OVA-treated WT mice (Fig. 4C, D).
These results suggest that TRPV1 contributes to tactile orofacial
allodynia in the mouse model.

PGP9.5 and CGRP expression compared with the PBS group, while distributions were similar between O+A and PBS groups of Trpv1~/~ mice. Images acquired by BC43. Scale
bar = 10 um. (D) Quantification of PGP9.5- and CGRP-positive areas of facial skin from O+A and PBS groups of WT and Trpv1~/~ mice, respectively. n = 3 for each group. *P < .05;
**#P < 01; ***P < .001. CGRP, calcitonin gene-related peptide; OVA, ovalbumin; PBS, phosphate-buffered saline; WT, wild type;
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Figure 5.

Induction of asthma did not increase the number of trigeminal CGRP neurons in Trpvi-deficient mice. (A) Representative immunofluorescent images of CGRP in trigeminal
ganglia from PBS and O+A groups of WT and Trpvl~/~ mice. Arrowheads indicate CGRP-positive neurons. Airyscan superresolution images. Scale bar = 20 um. (B) Mean
percentage of CGRP-positive neurons in trigeminal ganglia from PBS and O-+A groups of WT and Trpv1~/~ mice. n = 3 for each group. ***P < .001. CGRP, calcitonin gene-related

peptide; PBS, phosphate-buffered saline; WT, wild type.

Trpv1 Deficiency Suppressed Asthma-Induced Increases of CGRP
Neurons in the Trigeminal Ganglion

Next, we explored the impact of TRPV1 on atopic asthma-
induced neuronal activation by immunohistochemically
observing CGRP expression. There were larger numbers of CGRP-
positive neuronal cell bodies in the trigeminal ganglia of OVA-
treated WT mice than in PBS-treated WT mice. However,
compared with Trpv1~/~ mice, OVA treatment did not increase the
number of CGRP-immunoreactive cell bodies in the trigeminal
ganglion (Fig. 5A, B). These results suggest that TRPV1 upregula-
tion led to an increased number of CGRP-immunoreactive neurons
in the trigeminal ganglia of the mouse model.

Varied Actin Filament Distribution in the Trigeminal Ganglion in
the Mouse Model of Atopic Asthma

To explore the molecular mechanisms underlying mechanical
sensitivity, we performed an RNA array assay of trigeminal ganglia
among the 3 experimental groups. Among genes with apparent
differences between the groups, we observed remarkable changes
in actin, one of the most abundant and essential cytoskeletal

proteins for cell behavior and tissue integrity. The functions of
actin in nervous tissues have been well-studied in the central
nervous system, such as pathologic synaptic plasticity in dendritic
spines. However, few studies have evaluated the relationship be-
tween actin and primary sensory ganglia. We found that Acta1 and
Acta2 expressions were significantly downregulated in the O+A
group compared to the PBS group (Z score = —2.44 and —3.43,
respectively; fold increases of 0.62 and 0.37, respectively).

To explore the effect of actin filaments, we utilized fluorescent
phalloidin to reveal the distribution of filamentous actin in the
trigeminal ganglion. In WT mice, actin filaments (F-actin) were
intensely distributed in the region of neuronal cell bodies, while
distinct small spots of actin filaments were observed in the region
of nerve fibers (Fig. 6A). Intense bundles of F-actin wrapped
around almost all neuronal cell bodies. The thick bundles of F-
actin enveloped larger neuronal cell bodies, whereas the thin
bundles wrapped around smaller neuronal cell bodies. Short and
thin F-actin was observed in the cytoplasm of neuronal cell bodies
(Fig. 6A). F-actin staining also delineated blood vessels (Fig. 6A). To
define whether actin filaments were inside or outside of the
neuronal cell bodies, we employed superresolution laser-scanning
microcopy. The results revealed intense F-actin bundles that
colocalized with the satellite cell marker S1008 and pERK (Fig. 6B).
The line profile of neuronal cell-cell boundaries showed clear
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Changes in actin fiber distribution in the trigeminal ganglia of the mouse model of atopic asthma. (A) Representative images of staining for TRPV1 (green) and Iba-1 (magenta),
and F-actin (white) in trigeminal ganglia of WT mice. Images acquired by BC43. A horizontal section of the dorsal part of the trigeminal ganglion showing F-actin located in the
region containing neuronal cell bodies. The F-actin network wrapped neuronal cell bodies. Distinct Iba-1 immunoreactivity in the intercellular space of neuronal cell bodies.
Thicknesses of actin fibers were larger around larger neuronal cell bodies. Scale bars = 300 pum, 100 um, and 20 um, respectively. (B) Airyscan images of trigeminal ganglia
double-stained for S100f (green) and F-actin (magenta), pERK (green), and F-actin (magenta), respectively. Scale bar = 10 pm. (C) The line profile of F-actin and S1008
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colocalization of F-actin and S1008 or pERK (Fig. 6C), suggesting
that thick conspicuous actin filaments were outside of neuronal
cell bodies and located in satellite glial cells. We found that some
F-actin was localized in Iba-1—immunoreactive cells. Satellite glia
with actin filaments closely wrapped around the neuronal cell
bodies and larger neuronal cell bodies had thicker actin filaments
than the smaller neuronal cell bodies, suggesting that the actin
filament covering might affect the sensory properties of the pri-
mary neurons.

To examine whether the asthmatic condition affected F-actin
expression levels, we compared the 3 groups. F-actin—stained
areas were significantly decreased in the O+A group compared to
controls (Fig. 6D, E). The F-actin wrapped neuronal cell bodies in
the WT group had a somewhat straight line, whereas those in the
O-+A group had a delicate, wavy, and faint line (Fig. 6F). Larger
neuronal cell bodies had a conspicuous envelope of F-actin
without TRPV1-immunoreactivity, whereas smaller neuronal cell
bodies with TRPV1 had thin F-actin in the PBS and O+A groups.
Furthermore, in the O+A group, TRPV1-positive neuronal cell
bodies had less actin filaments than those in the PBS group
(Fig. 6F). The surface outline of the neuronal cell bodies with
TRPV1 in the O+A group had a thin, rough, and wavy line
compared to the PBS group (Fig. 6F). This suggested that smaller
neuronal cell bodies with TRPV1, wrapped by a thin actin covering,
might be susceptible to the structural derangements of the cell
shape.

Trpv1 Deficiency Suppressed Glial Activation in the Trigeminal
Ganglion

To explore the effect of TRPV1 on glial activation, we immu-
nohistochemically compared the distributions of Iba-1, F-actin,
and pERK (Fig. 7A). The number of Iba-1—immunoreactive cells in
the trigeminal ganglion was higher in OVA-treated WT mice than
in PBS-treated WT mice, but this increase was not observed in
OVA-treated Trpv1~/~ mice. In addition, increased areas of pERK
immunoreactivity in OVA-treated WT mice were not observed in
OVA-treated Trpvli~/~ mice. The area positive for F-actin was
distinctly diminished in OVA-treated WT mice compared to PBS-
treated WT mice but similar between PBS- and O+A—treated
Trpv1~/~ mice. The F-actin cellular outline was faint and wavy in
O-+A—treated WT mice compared to the PBS group, but that was
not observed between PBS- and O+A—treated Trpvl~/~ mice.
Quantitative analyses confirmed these subjective observations
(Fig. 7B, C). Collectively, these results suggest that TRPV1 plays an
upstream role in microglia/macrophage activation and structural
disorganization of satellite glial F-actin.

Discussion

The sense of touch exhibits a wide range of sensitivity to detect
the physical properties of the external environment. Patients with
atopic allergic diseases manifest sensitive skin. Even without skin
lesions, these individuals detect a single hair on the face with
uncomfortable perception, which normally should not raise such

unpleasantness. Because facial hypersensitivity causes more un-
pleasantness than other regions of the body, we attempted to
elucidate the mechanisms underlying the sensitive skin in the
orofacial region with atopic diseases by utilizing a mouse atopic
asthma model with OVA sensitization. We used the von Frey test
to observe the mechanical hypersensitivity of the facial skin of the
mouse model without apparent skin lesions or scratching be-
haviors. An increasing number of patients with sensitive skin also
have a history of allergic disease’, which begins in infancy with
atopic dermatitis and food allergy and subsequently develops into
allergic rhinitis or asthma. We utilized a mouse model of atopic
asthma that represents a typical allergic inflammatory disease of
the airways, which frequently accompanies other allergic diseases
such as atopic dermatitis or rhinitis. We suggest that OVA-
sensitized mice could be one of the mouse models for under-
standing the pathology of patients affected by subjective facial
skin unpleasantness.

Orofacial skin has rich innervation to perceive changes in the
environment. Compared with controls, the mouse model showed
elevated mechanical reactions in response to von Frey fibers. This
mechanical hyperreactivity is similar to our previous report
describing the plantar hind paw?’, suggesting that atopic asthma
induced by OVA sensitization may lead to the systemic mechanical
hypersensitivity of the skin. Labeling cells with the pan-neuronal
marker PGP9.5 showed us more intense innervation, especially of
intraepithelial nerves in the O+A group, than in controls (Fig. 8).
The mouse model showed richer TRPV1-immunoreactive nerve
fibers in the facial skin and increased TRPV1 expression in epithelial
keratinocytes. TRPV1 plays a significant role in the pathophysiology
of asthma and chronic cough®. Moreover, TRPV1 was reportedly
overexpressed in the bronchial epithelia of patients with severe
asthma compared to patients with mild asthma and healthy sub-
jects®”. The increased distribution of TRPV1-immunoreactive skin
nerve fibers and expression of TRPV1 in skin keratinocytes may
contribute to the mechanical hypersensitivity of facial skin. This
idea is supported by the results demonstrating that topical appli-
cation of the TRPV1 antagonist SB366791 could suppress me-
chanical hypersensitivity. Accumulating findings suggest that
critical Th2-related cytokines, such as interleukin (IL)}-13°® or IL-
31%%, potentiate TRPV1 transcription and channel activity. The sys-
temic Th2 response induced by OVA sensitization increased facial
skin nerve supply and induced both neuronal and epidermal TRPV1
expression, leading to hypersensitivity.

In the trigeminal ganglia of the mouse model, we observed
significantly larger numbers of TRPV1-immunoreactive cell bodies
in small- to medium-sized neurons compared to controls, and the
same tendency was observed for large-sized neurons (Fig. 8).
Enhanced TRPV1 expression was confirmed by immunoblotting
crude extracts of trigeminal ganglia. The size of cell bodies reflects
functional differences; specifically, small- to medium-sized neurons
transduce nociceptive information, while larger neurons transduce
innocuous mechanical forces initiated by proprioceptors and
cutaneous touch receptors*’. OVA sensitization—induced neuronal
plasticity and elevated TRPV1 expression in larger neuronal cell
bodies compared with controls, potentially leading to mechanical
allodynia and hyperalgesia. Furthermore, mechanical hypersensi-
tivity in the atopic asthma model was significantly reduced in

colocalization or pERK is indicated by arrows. Clear colocalization is observed in the peak of these 2 immunoreactivity profiles. (D) Representative immunofluorescent images of
F-actin in trigeminal ganglia of PBS, Alum, and O+A groups. Images acquired by BC43. Scale bar = 10 pm. (E) Quantification of F-actin—positive area in trigeminal ganglia of PBS,
Alum, and O+A groups (n = 3 for each group). (F) Representative immunofluorescent Airyscan superresolution images of TRPV1 and F-actin in trigeminal ganglia of PBS and O+A
groups. Small-sized TRPV1-positive neuronal cell bodies (white arrowheads) contained less F-actin, whereas medium- or large-sized neurons (yellow arrowheads) displayed
intense F-actin with less TRPV1-immunoreactivity. Scale bar = 10 pm. **P < .01; ***P < .001. Iba-1, ionized Ca®* binding adapter molecule 1; PBS, phosphate-buffered saline;
pERK, phospho-p44/42 MAPK; TRPV1, transient receptor potential channel vanilloid 1; WT, wild type.
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Figure 7.

Glial activation in the trigeminal ganglion was reduced in Trpvi-deficient mice. (A) Representative immunofluorescent images of pERK (green), Iba-1 (magenta), and F-actin
(white) in trigeminal ganglia from O+A and PBS groups of WT and Trpv1~/~ mice. Images were acquired by BC43. OVA sensitization—induced phosphorylation of ERK and
increased numbers of Iba-1-immunoreactive cells in WT mice but not in Trpv1~/~ mice. OVA sensitization—induced suppression of F-actin was not observed in Trpv1~/~ mice. Top
and merged images showing Iba-1 processed with an orthogonal projection of 7 um. pERK- and F-actin images showing single optical slice. Scale bar = 20 um. (B) Quantitative
analysis of microglial cell density in trigeminal ganglia from O+A and PBS groups of WT and Trpv1~/~ mice. (C) Quantification of pERK- and F-actin—positive areas in trigeminal
ganglia from O+A and PBS groups of WT and Trpv1~/~ mice. n = 3 for each group. *P < .05; **P < .01. Iba-1, ionized Ca*" binding adapter molecule 1; OVA, ovalbumin; PBS,
phosphate-buffered saline; pERK, phospho-p44/42 MAPK; TRPV1, transient receptor potential channel vanilloid 1; WT, wild type.
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Schematic representation of differences in skin and trigeminal ganglia between normal and atopic asthma mice. Atopic asthma evoked mechanical hypersensitivity of facial skin
with rich PGP9.5, CGRP, and TRPV1 peripheral nerves. In the trigeminal ganglion, neuronal plasticity with enhanced TRPV1 and CGRP expression and activated macrophage/
microglia and satellite glia were observed. Neuronal cell bodies were wrapped by bundles of actin filaments; however, the asthmatic condition weakened this filamentous actin
network. Facial hypersensitivity is potentially mediated by TRPV1-dependent glial and neuronal plasticity. CGRP, calcitonin gene-related peptide; TRPV1, transient receptor

potential channel vanilloid 1.

Trpv1~/~ mice compared with that in WT mice, suggesting that
TRPV1 is one of the main modulators of this behavior under the
atopic asthma condition. Previous studies in mice demonstrated
that both TRPV1- and TRPA1-expressing DRG neurons are impor-
tant contributors to scratching®! and pain®* behavior. We expected
that OVA-treated double-knockout (Trpv1~/~Trpal~/~) mice would
show reduced responses to mechanical stimuli compared to OVA-
treated Trva*/ ~ mice; however, their reaction rates were similar.
Recently, mechanosensitive ion channels Piezo1 and Piezo2, which
are expressed in the trigeminal ganglion®’, have been associated
with tactile pain in mice and humans.**** In addition to TRPV1,
TRPA1 and Piezo channels could contribute to atopic facial me-
chanical hypersensitivity. Further studies are needed to charac-
terize the properties of trigeminal ganglion neurons in facial
sensitization because the trigeminal sensory ganglion has variable
distinct characteristics from the spinal sensory system under
physiological or pathologic conditions.*’

Microglia/macrophages and satellite glial cells participate in
the development and maintenance of chronic pain.*® We observed
activation (increased Iba-1 and pERK immunoreactivity) of
microglia/macrophages and satellite glial cells in the trigeminal
ganglia of the mouse model. This result of systemic OVA
sensitization—induced glial activation is consistent with a previ-
ous report on the spinal cord.?® The functional state of microglia/
macrophages can be characterized by cellular morphologic
changes.?” Microglia/macrophages in the trigeminal ganglion of
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the mouse model were larger and longer, with thicker and flat-
tened cytoplasmic processes than in the PBS group. These
morphologic characteristics are not consistent with previous re-
ports in the spinal cord of an atopic model®® or brain.*® Iba-
1—immunoreactive cells were located in the intercellular space
adjacent to the neuronal cell bodies. In addition, these cells were
juxtaposed to blood vessels, suggesting that some activated
microglia/macrophages may have been recruited from circulating
blood cells. Activation of microglia/macrophages and satellite glial
cells was not observed in OVA-treated Trpvl~/~ mice. These re-
sults suggest that glial activation was downstream of TRPV1,
which may affect both neuronal and glial plasticity in the tri-
geminal ganglion.

Recently, an emerging role of neuron-satellite glia interactions
was implicated in chronic pain.>! We observed enhanced pERK;
otherwise, less F-actin was observed in satellite glial cells of the
mouse model compared to controls. F-actin bundles were con-
spicuous around large neuronal somata, whereas thin fibers were
observed around small neurons. Neuronal cell bodies had intra-
cellular actin filaments but not cortical actin, suggesting that sat-
ellite glial actin bundles provided structural support to neuronal
somata. Increasing evidence shows that cortical actin plays a sig-
nificant role in controlling the cell shape, resisting external me-
chanical stresses, and exertion of forces on neighboring cells.*’
Neurons and satellite glial cells in the sensory ganglia communi-
cate bidirectionally, reportedly through chemical messengers.”’
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Accordingly, satellite glial cells may play a role in regulating the
mechanical properties of neurons. This notion is supported by the
morphologic observation of rather faint and weak flaccid edge
contours in the neuronal somata of the mouse model. The actin
cytoskeleton is integral to peripheral glial migration and neuro-
lemma and mediated by RhoA and Rac1.>' Satellite glial cells in the
DRG reportedly participate in acute nociception induced by
capsaicin stimulation.”® Furthermore, Feldman-Goriachnik et al*°
showed that capsaicin-induced activation of satellite glial cells
and neuron-satellite glia coupling is upregulated by systemic
inflammation. This study showed that Th2-directed systemic con-
ditions with airway sensitization—evoked facial sensitization might
be caused by neuronal-satellite glial interactions, which have
similar underlying mechanisms to LPS-induced inflammation in the
trigeminal ganglion.>®> Evidence indicates that actin remodeling
modifies neuronal properties such as channel activity and synaptic
plasticity in the neuronal cell body, dendrites, or spines in the
central nervous system.”*>> However, further molecular and
morphologic analyses are needed to explore how direct interactions
between satellite glia and neurons affect neuronal or glial plasticity
from systemic and peripheral aspects.

TRPV1 appears to play a role in sensitive skin through
increased peripheral innervation and glial and neuronal activation
in the trigeminal ganglion. The mechanistic pathways of TRPV1
remain unclear because functional TRPV1 is expressed in a variety
of cell types, including peripheral sensory neurons and non-
neuronal cells such as epithelia, blood vessel walls, and immune
cells®®. The contribution of TRPV1 to the development of asthma
was demonstrated by the administration of the TRPV1 antagonist
capsazepine or TRPV1 small-interfering RNA, which suppressed
peribronchial inflammation and Th2 cytokine release in OVA-
treated BALB/c mice®’. The level of airway inflammation was
indistinguishable between OVA-sensitized Trpv1~/~ mice and WT
mice®’. This suggested that the suppression of neuronal and glial
activation in the trigeminal ganglion or in the skin of the OVA-
treated Trpvl~/~ mice in this study might not result from the
suppression of Th2 asthmatic responses. Clinical trials of the oral
TRPV1 antagonist SB-705498°% or XEN-D0501°° administered to
patients with refractory chronic cough did not reduce the objec-
tive cough frequency. However, a topical TRPV1 inhibitor was
recently reported to improve the severity of perioral dermatitis®.
Based on these findings, topical or systemic administration of a
TRPV1 inhibitor might be an attractive approach to suppress facial
mechanical hypersensitivity, a common manifestation of allergic
individuals, which could improve patients’ quality of life.
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