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Abstract Sensing temperature is vitally important
to adapt our body to environmental changes. Local
warm detection is required to initiate regulation of
cutaneous blood flow, which is part of the peripheral
thermoregulatory mechanisms, and thus avoid dam-
age to surrounding tissues. The mechanisms mediat-
ing cutaneous vasodilation during local heat stress are
impaired with aging. However, the impact of aging on
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the ability of the skin to detect subtle thermal changes
is unknown. Among heat-activated cation channels,
transient receptor potential vanilloid 3 (TRPV3) is a
thermo-sensor predominantly expressed on keratino-
cytes and involved in local vascular thermoregulatory
mechanisms of the skin in young mice. In the present
study, using a murine in vivo model of local heat
exposure of the skin, we showed that heat-induced
vasodilation was reduced in old mice associated with
reduced expression of TRPV3 channels. We also
found a decrease in expression and activity of TRPV3
channel, as well as reduced TRPV3-dependent adeno-
sine tri-phosphate release in human primary keratino-
cytes from old donors. This study shows that aging
alters the epidermal TRPV3 channels, which might
delay the detection of changes in skin temperature,
thereby limiting the mechanisms triggered for local
vascular thermoregulation in the old skin.

Keywords TRPV3 - Keratinocytes - Heat-induced
vasodilation - Aging

Introduction

The skin is the largest organ of our body. This
envelop is involved in various functions, including
temperature detection required to initiate regulation
of cutaneous blood flow [1, 2]. During environmen-
tal thermal stress, changes in skin temperature occur
prior to changes in core temperature, and allow a
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rapid and appropriate response to heat (vasodilation)
or cold (vasoconstriction) [3]. Adaptation of the skin
blood flow thus plays an essential role in thermoregu-
lation, and therefore prevents damages to nearby tis-
sues. The physiological regulation of the skin blood
flow relies not only on the activation of the autonomic
and sensory nervous system through the release of
vasoactive neuropeptides [4] but also on the release
of vasoactive factors by the endothelial cells [5, 6].
The mechanisms underpinning the cutaneous vasodi-
lation during local heat stress have been extensively
studied [3, 6-8], and include an initial increase of
skin blood flow (axonal reflex), followed by a plateau
predominantly dependent of the nitric oxide (NO)
pathway. The effects of aging are also well charac-
terized with a reduction in the ability to raise skin
blood flow during local heat stress, due to a decrease
of sympathetic transduction and endothelial dysfunc-
tion [9-15], including decrease of endothelium NO
synthase (eNOS) activity and NO bioavailability.
Although sensing environmental temperature changes
is vitally important for the body to properly adapt its
vascular thermoregulatory responses to local heat
stress, temperature detection process remains poorly
studied. It is therefore crucial to further improve our
understanding of the impact of age progression on the
physiological mechanisms of thermoregulation and in
particular on the trigger mechanisms (local detection
of moderate skin temperature changes).

Historically, sensory nerve endings passing
through the epidermis were thought to be the exclu-
sive transducers for temperature detection and, con-
sequently, thermoregulation [3, 16, 17]. Since the
discovery of thermo-sensors of transient potential
vanilloid (TRPV) channels family [18-20], substan-
tial advances have been made on thermal sensors
biology. Interestingly, keratinocytes, the major cell
population of the epidermis, also expressed several
thermo-sensors such as TRPV1, TRPV3, and TRPV4
[21]. Our knowledge on the relationship between the
thermo-TRP channels and the heat-evoked cutane-
ous vasodilation response is just emerging and has
yet mainly focused on TRPV1 [22, 23]. Being able
to accurately detect subtle 1 °C temperature devia-
tions from our thermoneutral skin temperature of
around 33 °C, TRPV3 and TRPV4 channels local-
ized on the epidermal keratinocytes [19, 24, 25] are
likely to be first activated by local warming of the
skin, ultimately triggering cutaneous vasodilation.
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However, it has recently been shown that TRPV4
channels did not contribute to the regulation of cuta-
neous vasodilation in human skin during local ther-
mal hyperemia [26]. In contrast, using a murine
model, we previously demonstrated that epidermal
TRPV3 acts as a crucial cutaneous thermo-sensor
for the local thermoregulatory control of skin blood
flow. Indeed, the local heat-evoked vasodilation was
impaired in 7rpv3-KO mice associated with local heat
loss disruption, but not in TrpvI-KO mice [27]. This
phenomenon requires mainly peptidergic nerve end-
ings through calcitonin gene-related peptide (CGRP)
release and NO produced by endothelial cells. Moreo-
ver, TRPV3 can answer to a heat stimulus by releas-
ing various mediators such as adenosine tri-phosphate
(ATP), NO, prostaglandin E, (PGE,), and nerve
growth factor (NGF) [28-31]. Deprivation of cuta-
neous heat-induced vasodilation in 7rpv3-KO mice
was associated with a faster increase of internal tem-
perature in passive whole-body heating, exhibiting an
attenuated physiological ability to dissipate heat due
to a reduced cutaneous vasodilation [27]. Trpv3-KO
mice also present a profound deficit in sensing warm
external temperature and have a preference for cooler
temperature (25 °C) [32]. Such deficit in response to
thermal change was also observed in elderly people
[12, 33, 34]. We thus hypothesized that a decrease of
TRPV3 expression or activity in keratinocytes could
be involved in the default of warm detection and thus
cutaneous vascular thermoregulation during aging.

In the present study, we firstly compared the vas-
cular response of the skin in young and old con-
trol mice, as well as young Trpv3-KO mice upon
a local heat exposure. To explore the impact of
aging on epidermal TRPV3 channels, we analyzed
the expression of TRPV3 channel in biopsies from
young and old humans, as well as in mouse skin. We
also measured TRPV3 activity from young and old
human primary keratinocytes using calcium imag-
ing. To identify the impact of aging on the soluble
mediators released by epidermal keratinocytes fol-
lowing TRPV3 activation, we evaluated cytokines
and other factors such as ATP, a cell communica-
tion mediator, following TRPV3 activation in 2D
culture of young and old human primary keratino-
cytes. Our data showed a default of heat-induced
vasodilation in old mice, also observed in Trpv3-KO
mice. Moreover, our results demonstrated a strong
decline of both expression and activity of TRPV3
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in old human primary keratinocytes, which could
contribute to the impaired initial thermal detection
(>33 °C) and consequently thermoregulation in the
elderly population.

Materials and methods
Animals

Young (2 months) and old (22 months) C57BL6 mice
and young (2 months) Trpv3-KO mice (raised on a
C57BL6 background) were used in all experiments.
Mice were housed with ad libitum access to food
and water, in a temperature-controlled room (about
23 °C) with a 12-h light/dark cycle. All experiments
were conducted in accordance with European Union
recommendations for animal experimentation and
approved by scientific and ethics committees (agree-
ment, #33946 Rhone-Alpes ethics). Special effort was
made to minimize the number as well as the stress
and suffering of mice used in this study. As they age,
mice can lose weight and lower their internal temper-
ature. These two parameters were monitored at least
once a week for aged mice (>15 months old).

Assessment of skin blood flow

For the skin blood flow experiments, mice were anes-
thetized with thiopental (i.p. injection at 75 mg-kg™
of body weight). Anesthesia was monitored to ensure
an appropriate anesthetic depth to avoid the con-
founding effects of movement artifacts on laser Dop-
pler flowmetry. Anesthetized mice were placed in
an incubator maintained at 30 °C in order to better
control cutaneous temperature throughout the experi-
ment (35.5 + 0.1 °C) and avoid anesthesia-mediated
hypothermia. Cutaneous blood flow and cutaneous
temperature were continuously recorded by a data
acquisition system (Biopac) and subsequently ana-
lyzed (Acknowledge Biopac). In addition, systolic
arterial blood pressure was monitored using a tail cuff
system (IITC INC Life Science Inc.) before and after
the experiments. At the end of each experiment, ani-
mals were killed and whole (epidermisanddermis)
skin samples were taken in the plantar hindpaw and
hairless back.

Heat-evoked response in the plantar hindpaw
by laser Doppler flowmeter

Cutaneous blood flow was measured in the plan-
tar hindpaw area using a laser Doppler probe (457,
Perimed, Sweden) in anesthetized mice. The heat-
ing model consisted of recording 1-min baseline
blood flow to ensure that the hemodynamic vascu-
lar responses had stabilized following anesthesia, as
previously described [27]. Briefly, the hindpaw was
exposed to local heating at a rate of 1 °C/min for 10
min (from 33 to 40 °C) using Temp Unit (PF 5020,
Perimed, Sweden). The response to local heating
consisted of an increase in cutaneous blood flow
(vasodilation). Results are expressed as (1) arbi-
trary flux units during the entire recording period
or (2) arbitrary flux units (X 10° flux units) meas-
ured as area under the recorded flux versus time for
the entire recording period for 10-min temperature
exposure or (3) a measure of maximum % increase
in blood flow from preheating baseline to the end of
the heat exposure (maximum vasodilation observed
at 40 °C).

Endothelium-independent and -dependent responses
on the dorsal skin by laser Doppler flowmeter
coupled to iontophoresis

Skin blood flow was measured on a hairless area of
the back of mice anesthetized with thiopental (75
mg-kg™' body weight) using a laser Doppler probe
(481-1, Perimed Sweden) for transcutaneous ionto-
phoresis (probe area ~ 1.08 cm?). Hair was removed
using depilatory lotion 2 days prior to iontophoresis.
Cutaneous blood flow was recorded during 1-min
baseline period prior to iontophoresis. The endothe-
lium-independent response was assessed by using
iontophoretic delivery of sodium nitroprusside (SNP)
(2%) with a cathodal current application of 100 mA
for 20 s, while the endothelium-dependent responses
were assessed by using iontophoretic delivery of ace-
tylcholine (ACh) (2%) with an anodal current applica-
tion of 100 mA for 20 s. The iontophoresis technique
was chosen to assess in vivo skin microvascular func-
tion to avoid any systemic effects. Blood flow data
were expressed as a measure of maximum % increase
in blood flow from baseline over the entire recording
period (20 min) following iontophoretic delivery.
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Assessment of thermal function of skin sensory nerve
endings

Tail flick

The conscious mouse was maintained in a restrainer
and a cloth was used to cover their head. The tail
(about 1.5 cm from the tip) was placed under a radiant
heat source produced by a halogen lamp of a device
(2TC series 8 Model, ITT Inc. Life Science, CA,
USA) previously calibrated for 30 s to deliver 25 W
of heat. The heating rate was 1.3 °C/s, and the delay
in tail removal was measured. A cutoff time of 10 s
was imposed to prevent tissue damage. Five measure-
ments of the tail withdrawal latency were taken and
averaged for each mouse to determine the nociceptive
thermal threshold for the animal.

Hot plate

The conscious mouse was placed on a Bioseb hot
plate (Bioseb, USA, #BIO-CHP) calibrate at 55 °C.
The delay in mouse behavioral change (jump or paw
licking) was manually measured using a chronometer.
A cutoff time of 10 s was imposed to prevent tissue
damage. Three measurements of latency were taken
and averaged for each mouse to determine the nocic-
eptive thermal threshold for the animal.

In situ hybridization

Human paraffin embedded tissue microarray (TMA:
#SK244A and #SKN1001) was purchased from
US Biomax (Derwood, MD, USA). Details on skin
sample are presented on Supplementary Table 1.
In situ hybridization of TRPV3 was performed using
RNAscope® Multiplex Fluorescent Reagent Kit v2
(bio-techne, France, 323100) according to the manu-
facturer’s instructions. TRPV3 probes were labeled
with Opal 570 (1:1500) supplied with the kit. At the
end of the amplification and signal development, tis-
sue sections were washed three times with PBS and
blocked with PBS containing 5% goat serum, 2%
BSA, and 0.1% Tween20 for at least 1 h at RT. After
washing steps, primary antibodies targeting KRT14
(Abcam, ab181595, 1:400) were incubated overnight
at 4 °C. Sections were washed and incubated with
secondary antibodies (Thermo Fisher Scientific, #A-
21245, 1:1000) 45 min at RT and nuclear staining
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was performed using ProLongTM Glass Antifade
Mountant with NucBlueTM (Thermo Fisher Scien-
tific, #P36981). Negative controls were performed
using probe diluent supplied with RNAscope Kkit.
Images were visualized using High Content Screen-
ing Yokogawa CQ1 microscope (Yokogawa, Tokyo,
Japan), digitalized using sSCMOS camera (Olympus,
Hamburg, Germany), and analyzed using QuPath
software (version 0.2.3).

Cell culture

Human primary keratinocytes (HPK) were isolated
in-house from skin biopsies as previously described
[6], or purchased from Lonza (Basel, Switzerland,
#00192627). Skin biopsies were obtained from the
DermoBioTec tissue bank at Lyon (Tissue Transfer
Agreement n°214854) with the informed consent of
adult donors (non-pathological tissues from abdomen
or breast), in accordance with the ethical guidelines
(French Bioethics law of 2021). Donor specifications
are indicated in Supplementary Table 2. HPK were
cultured in KBM Gold medium (Lonza, #00192060)
at 37 °C and 5% CO,. The culture medium was
renewed three times a week and cells were main-
tained to no more than passage 4.

RNA extraction and real-time PCR

For tissue RNA extraction, plantar hindpaw samples
were immersed in RNA-later for 24 h at 4 °C and
further stored at —80 °C. Total RNA was isolated
using RNeasy® Fibrous Tissue Mini Kit (Qiagen,
France, #74704), according to the manufacturer’s
instructions. For cell RNA extraction, 6 h after treat-
ment, cells were washed three times with PBS and
RNA were extracted using NucleoSpin® RNA Plus
(Macherey-Nagel, 740984.250). Quantity and purity
of RNA were evaluated using NanoDrop ™ 2000.
cDNA synthesis was performed from at least 200
ng of RNA using PrimeScriptTM RT reagent kit
(Takara Bio Europe, #RR037A) and analyzed in real-
time qPCR using SYBR® Premix ExTaqll (Takara
Bio Europe, #RR820A) on an AriaMx Realtime
PCR system (Agilent Genomics, Santa Clara, CA,
USA). Results were normalized to TBP and RPLI3A
(human) or Rpll3a and Eif4h (mouse) housekeep-
ing genes expression levels, using the 2—AACt
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quantification method. RT-qPCR program and prim-
ers are listed in Supplementary Table 3.

Chemical compounds

The TRPV3 agonists carvacrol (Sigma-Aldrich,
France, #W224511) and 2-aminoethoxydiphenyl
borate (Sigma-Aldrich, France, #100065-100MG),
and TRPV3 antagonist isochlorogenic acid B (Med-
ChemExpress, Sweden, #HY-NO057) were sequen-
tially diluted in DMSO (stock solutions) and further
diluted in KGM-gold just before use. All chemical
treatments were performed when cells reached 70%
confluence, with, depending on the conditions, 50 pM
2-APB, 300 pM carvacrol, 100 pM IAB, or an equiv-
alent volume of DMSO diluted in medium.

Ca®* measurement

Cells were cultivated in p-Dish 35 mm High (Ibidi
GmbH, #81156). After 45 min incubation at 37 °C
with 2 uM of fura-2-acetoxymethyl ester (Fura2-
AM) (Thermo Fisher Scientific, #F1221) in culture
medium, cells were washed twice for 5 min with a
Hank’s Balanced Salt Solution (HBSS 1x) with 1.26
mM Ca?* and 0.49 mM Mg?* (Gibco, UK, #14025-
050), and placed at RT on a DMI6000 inverted wide-
field microscope (Leica microsystem). Images were
acquired with an Orca-Flash 4.0 Scientific CMOS
camera (Hamamatsu) using a 40X oil-immersion
objective. Using a Lambda DG-4+ filter (Sutter
instruments), Fura-2 AM was excited at 340 and
380nm and the fluorescent signal emitted measured
at 510nm. Images (1024 x 1024 pixels) were taken
with a 3 s interval. Fluorescence ratios (F340 nm/
F380 nm) were analyzed with MetaFluor 6.3 (Univer-
sal Imaging) after removing background fluorescence
[35]. After 1 min of baseline, cells were treated with
or without IAB (100 pM) for 10 min and then with
Carvacrol (300 pM) for 5 min, or 2-APB (50 pM)
2 min and Carvacrol (300 pM) 5 min. Results are
expressed as ratio 340/380 for each cell (~30/field) of
each donor.

Luminex multiplex assay
Procartaplex 17 Plex (Life Technologies, France,

#PPX-17) were designed in order to identify cytokines
in cell supernatant 16 h after treatment: EGF, FGF-2,

FGF-21, INFa, IFNp, INFy, IL-1a, IL-1p, IL-6, IL-8,
IL-17A, IL-23, IL-29, NGF-B, TGF-a, VEGF-A, and
VEGF-D. Measurements of cytokines were done
according to the manufacturer’s instruction with
MAGPIX®. Cell culture supernatants were collected
16 h after treatment.

Extracellular ATP assay

RealTime-Glo™ Extracellular ATP Assay (Promega,
France, #GA5010) was used to measure ATP released
after 10 min following TRPV3 activation. Doxoru-
bicin (Sigma-Aldrich #D1515) 50 nM was used as
positive control.

Statistics

Data are expressed as mean + SD or mean + SEM or
median (IQR). According to the normality (Shapiro-
Wilk test), statistical significance was calculated by
Student’s r-test or Mann-Whitney, one-way analysis
of variance (ANOVAL) or Kruskal-Wallis, two-way
analysis of variance (ANOVA?2), and Pearson corre-
lation using Prism software (version 7.0, GraphPad
Software, San Diego, CA, USA). Mean differences
were considered statistically significant when p <
0.05. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.

Results

Cutaneous heat-induced vasodilation is reduced in a
similar fashion in young 7rpv3-KO and old mice

Using the murine in vivo model as previously [27],
we measured cutaneous blood flow on hindpaw of
young wild-type (WT; 2 months), old wild-type (22
months), and young Trpv3-KO (2 months) mice in
response to a local heat exposure (from 33 to 40°C)
(Fig. 1A-B). Young WT mice displayed a blood flow
increase immediately after the onset of local heat-
ing. With exception of Trpv3-KO female mice (max
temperature achieved: 36 °C), the cutaneous blood
flow of old and 7rpv3-KO mice did not increase sig-
nificantly from baseline compared to young WT mice
(34.2°C for both male and female) (Fig. 1A-B). As
expected, the heat-induced vasodilation was sig-
nificantly lower in old mice compared to young WT

@ Springer
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Fig. 1 Cutaneous heat-induced vasodilation is reduced in a
similar fashion in young 7rpv3-KO and old WT mice. Rela-
tive paw blood flow in response to local heating in anesthetized
male (A) or female (B) of 2 months (n = 12 & and n = 159),
22 months (n = 11 & and n = 139), and 2 months Trpv3-KO
(n =12 & and n = 119). Results are expressed as mean +

mice (Fig. 1C-D). In contrast, heat-induced vascular
response was not different between young 7rpv3-KO
mice and old WT mice (Fig. 1C-D). The cutaneous
vascular function (on back skin) assessed with acetyl-
choline and sodium nitroprusside, the systolic arte-
rial blood pressure and skin temperature at baseline
were not different between all groups, strengthening
that neither aging nor TRPV3 inactivation impaired
endothelium or vascular smooth muscle integrity
(Supplementary Fig. 1A-D). Thus, the delay of local
heat-induced vasodilation in old WT mice was not
due to a vascular defect. Using sensory tests (tail
flick and hot plate), we showed that the nociceptive
responses were well-preserved in old WT and Trpv3-
KO mice compared to young WT mice (Supplemen-
tary Fig. 1E-F). These data suggest that the default
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SEM. C AUC and D maximal skin blood flow from baseline
of young wild-type, old wild-type, and young 7rpv3-KO mice
(median (IQR)). A Kruskal-Wallis was used to compare mean
of each group. Two-way ANOVA (mixed-model) with Sidak’s
multiple comparison was used to compare blood flow from the
baseline

of local heat-induced vasodilation in old mice was
due to a failure of the initial heat detection (likely via
warm-sensitive TRPV3) and/or consequent trigger-
ing neurovascular mechanisms, rather than peripheral
sensory nerve impairments.

Altogether, these results highly suggested that
impairment of heat-induced vasodilation in old WT
mice is related to a decreased ability to sense heat
(=33 °C), likely due to an altered TRPV3 function.

TRPV3 expression is decreased with aging in both
mouse and human epidermis

As Trpv3-KO and old WT mice displayed a similar
deficit in response to local heat, we explored
the epidermal expression of Trpv3 in young and
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old WT mice. Using RT-qPCR, we found a ~
47% decrease of Trpv3 transcripts in old mice as
compared to young animals in hindpaw skin, the
major skin area involved in thermoregulation
with the tail (Fig. 2A). In contrast, this decrease

29yo-Ma

in Trpv3 expression was not observed in the back
skin, which is not involved as a thermoregulatory
area (Supplementary Fig. 2A). It is noteworthy to
note that the expression of Trpv3 is significantly
higher in hindpaw skin than in back skin regardless
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Fig.2 TRPV3 expression is decreased with aging in both
mouse and human skin. A Relative expression of Trpv3 nor-
malized with mean Rpl/3a and Eif4h in paw skin from young
(5 months) and old (22-24 months) mice. In situ hybridization
of TRPV3 (red dots) in a B 29-year-old man’s back humerus
skin, C a 21-year-old woman’s breast skin, D a 78-year-old
man’s back humerus skin, and E a 71-year-old women’s scalp
skin, combined with KRT14 immunostaining (yellow) (scale
bar 20 pm). F Percentage of TRPV3-positive cells and G num-
ber of TRPV3 transcripts per keratinocyte according to the age
in nine women (circles) and seven men (squares) epidermis. H

TRPV3 transcripts in basal cells (KRT14+) or differentiated
cells (KRT14-) in young (19-52 years old) and old (66-78
years old) human skin. Results are expressed as median (IQR).
A Mann-Whitney test was used to compare Trpv3 in young (n
=63 andn=4 Q) andold (n =4 & and n = 7 Q) mouse
hindpaws. Pearson correlation was performed to evaluate
TRPV3 expression with aging (n = 16). A two-way ANOVA
with Tukey’s multiple comparison test was used to compare
TRPV3 transcripts in basal versus differentiated cells of young
(n = 8) and old (n = 8) human epidermis
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of both age and sex (Supplementary Fig. 2A).
These results demonstrate a specific decrease
of epidermal Trpv3 expression with aging in a
thermoregulatory area, which could contribute to
the impaired vasodilation on exposure to local heat
in old mice.

To further confirm the negative effect of aging on
epidermal TRPV3, we looked at TRPV3 expression
in human skin sections from both genders of several
ages (Fig. 2B-E). As TRPV3 localization is still
controversial in the literature [36-38], we used
fluorescent RNA in situ hybridization of TRPV3
in combination with cytokeratin-14 (KRT14)
immunostaining (Fig. 2B-E). We showed that the
percentage of TRPV3-positive cells (Fig. 2F) and
the number of TRPV3 transcripts per keratinocyte
(Fig. 2G) gradually decrease with aging in men
and women (see Supplementary Table 1 for more
details). Accordingly, a strong negative correlation
was determined between TRPV3-positive cells
(r-0.7603) or estimated TRPV3 transcripts per cell
(r-0.7799) and the age. In addition, the KRT14
immunostaining allowed to discriminate basal
cells (KRT14+) and suprabasal cells (KRT14-)
(Fig. 2H). Remarkably, when we compared the
expression of TRPV3 in old human biopsies (mean
age 71.25 years) with young ones (mean age 33.5
years), we only observed a decrease in basal cells,
but not in differentiated keratinocytes. These results
strongly suggest that aging negatively affects the
expression of TRPV3 in the proliferating basal layer
of human epidermis.
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Fig.3 Aging reduces TRPV3 activity in human primary
keratinocytes. A Changes in the intracellular Ca** concentra-
tion (mean curve), expressed as the fluorescence intensity ratio
at 340 and 380nm (F340/F380), were monitored in response to
50 pM 2-APB (2 min) and then 300 pM carvacrol (5 min) with
(dotted line) or without (solid line) 100 pM IAB, in young
(mean age 32.6 years) and old (mean age 81.8 years) human
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TRPV3 activity is reduced with aging in human
primary keratinocytes

Since we already demonstrated that primary skin
cells retain some features of aging when they are cul-
tured in vitro [39—41], we took advantage of this 2D
model to measure the TRPV3 channel intrinsic activ-
ity. To do so, we used a cytosolic Ca** ratiometric
dye (Fura-2AM) to follow intracellular Ca** flux at
the single cell level in human primary keratinocytes
from young (mean age 32.6 years) and old (mean age
81.8 years) individuals (Fig. 3). We first confirmed
the decrease of TRPV3 expression in “old” keratino-
cytes (Supplementary Fig. 3A). We next validated
the specific activation of TRPV3 channel by its ago-
nist carvacrol [42, 43], which effectively induced the
intracellular Ca*" entry in keratinocytes from young
skin (Supplementary Fig. 3B-C). This effect was
totally abolished by the co-treatment with the TRPV3
antagonist isochlorogenic acid B (IAB) [44], which
confirm the specificity of TRPV3 activation (Sup-
plementary Fig. 3B—C). In addition, TRPV3 can be
sensitized and increases its response upon repetitive
stimuli [45, 46]. Indeed, the sensitization with 2-APB
followed by stimulation with carvacrol significantly
increased the Ca®* flux in keratinocytes compared to
carvacrol only (Supplementary Fig. 3D). Therefore,
we used this dual treatment (2-APB sensitization
+ carvacrol activation) to get the maximal stimula-
tion of TRPV3. With this treatment, we observed
an increase of intracellular Ca>* flux in both young
and old primary keratinocytes (Fig. 3). However,
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formed to determine the effect of aging and TRPV3 antagonist.
(n = 4/group with at least 40 cells recorded in each biological
replicate)
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the maximal response of TRPV3 channel was ~31%
lower in old keratinocytes (Fig. 3B). In addition, the
TRPV3 antagonist IAB strongly reduced the intracel-
lular Ca®* flux in young keratinocytes but completely
abolished the response in old ones (Fig. 3A-B).
These results indicate that the intrinsic activity of the
TRPV3 channels is less effective in old keratinocytes,
likely due to a decrease of its expression with aging.

TRPV3-dependent ATP release is altered with aging
in human primary keratinocytes

After exploring the expression and the activity of
the TRPV3 channel, we aimed at characterizing the
effect of aging on the release of TRPV3-dependent
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Fig. 4 Aging reduces TRPV3-dependent release of ATP
but not cytokines in human primary keratinocytes. A Rela-
tive TGF-a production following 16 h TRPV3 stimulation
using agonists (50 pM 2-APB and 300 pM carvacrol) with or
without the TRPV3 antagonist 100 pM IAB in young (n =
4, mean of age 34.3 years) and old (n = 5, mean of age 81.1
years) keratinocytes. Relative expression of IL-14 (B), IL-6
(C), IL-8 (D), and NGF-$ (E) normalized to the mean of TBP
and RPLI3A 6 h following TRPV3 stimulation with or without
TRPV3 blockade in young (n = 5, mean of age 32.6 years) and
old (n =5, mean of age 81.1 years) keratinocytes. A—E Results

mediators. We first decided to focus on a well-known
downstream pathway of TRPV3, the EGFR/TGF-o/
NFxB pathway [36, 47, 48]. Using Luminex bead-
based multiplex immunoassay, we found that TRPV3
stimulation (2-APB + carvacrol) induced an equiva-
lent release of TGF-a in young and old keratinocytes
(Fig. 4A). This TRPV3-dependent release of TGF-a
was blocked by the TRPV3 antagonist IAB (Fig. 4A).
The same tendency was observed by RT-qPCR for
the following cytokines IL-1p, IL-6, IL-8, and NGF-
p 6h (Fig. 4B-E), suggesting that the TRPV3/EGFR/
TGF-o/NFkB pathway was not affected with aging in
human primary keratinocytes.

ATP is a key messenger involved in cell commu-
nication and various biological processes [49-52],
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are expressed as a ratio treated/untreated. F Extracellular ATP
release following TRPV3 stimulation with or without the
TRPV3 antagonist IAB in young (n = 5, mean age 32.6 years)
and old (n = 5, mean age 81.1 years) keratinocytes. Results are
expressed as a ratio treated/untreated and then as percentage
of variation from positive control (doxorubicin 50 mM) (n =
5). A two-way ANOVA (mixed-model) with Sidak’s multiple
comparison was performed to determine effect of aging and
TRPV3 antagonist groups. Results are expressed as mean +
SEM
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including in temperature transmission from keratino-
cytes to sensory nerve endings [28]. In order to evalu-
ate the impact of aging on the ability of keratinocytes
to release ATP in response to TRPV3 stimulation,
we quantified extracellular ATP released by young
and old keratinocytes using luminescence ATP assay.
We found that ATP release after TRPV3 activa-
tion was strongly reduced in old compared to young
keratinocytes (Fig. 4F). Moreover, IAB significantly
decreased ATP release only in young cells. These
results indicate that aging impairs TRPV3-induced
ATP release in human primary keratinocytes.

Discussion

In this study, we provide the first evidence that aging
alters epidermal TRPV3, which is necessary for tem-
perature detection by the keratinocytes to trigger heat-
evoked cutaneous vasodilation. The major findings
are as follows: (i) aging is associated to a decrease of
TRPV3 expression in mouse and human skin regard-
less of sex, (ii) the cutaneous vascular response upon
local heat (from 33 to 40 °C) is almost abolished in
old mice, as previously reported in young 7rpv3-KO
mice, and (iii) TRPV3 activity and ATP release in
human primary keratinocytes are greatly diminished
with aging.

We previously demonstrated that vasodilation in
response to local heating was reduced in non-neu-
ropathic old subjects (60-75 years old) compared to
young subjects (25-30 years old) [34], suggesting
that aging alters ability of cutaneous microvessels to
adapt to local heat. In the present study, we showed
that 22-month-old mice presented a lack of vasodila-
tion upon local heat exposure on paw skin (from 33
to 40 °C), regardless of sex. This defect was similar
to that observed in young male and female Trpv3-
KO mice (2 months), as previously reported in males
[27]. Although endothelial dysfunction has been
described in very old mice (22-25 months) [10, 53,
54] and old individuals (~70 years old) [34, 55, 56],
the old mice we used in the present study (22 months)
displayed intact vasodilator function of the endothe-
lium and smooth muscle in cutaneous microvessels,
as assessed by the iontophoresis experiments using
acetylcholine and sodium nitroprusside, respectively.
As previously reported [27], we confirmed the intact
vasodilator function of the endothelium and smooth
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muscle in cutaneous microvessels in Trpv3-KO mice.
We also showed that old WT mice displayed intact
sensory nerve integrity using tail flick and hot plate
experiments. In a previous study, we already showed
that motor and sensory nerve conduction velocities
were not different between young adult C57BL6/J
mice (6-7 months) and old mice (22-25 months)
[53]. These data suggest that the impaired vasodila-
tion on exposure to local heat in old mice is specifi-
cally due to a failure of the initial heat detection and/
or consequent triggered neural mechanisms, rather
than to downstream mechanisms required for heat-
evoked vasodilation.

TRPV3 is an essential cutaneous sensor of warm-
ing, playing a primary role in the vascular response
to heat exposure in young mice [27]. Accordingly,
our findings demonstrated that Trpv3 expression
was significantly reduced in the hindpaw skin of
old mice compared to young mice. In addition, the
higher expression of TRPV3 in hindpaw compared
to the back skin, regardless of the age, underlines
the importance of thermo-sensors in thermoregu-
latory areas [57-59]. We thus suggest that the
reduced Trpv3 expression in the mouse epidermis
alters the detection of moderate temperature in old
mice and, in turn, triggers mechanisms necessary
for the vascular response to local heat exposure.
We also showed this decrease of TRPV3 expression
in elderly subjects, further strengthening the criti-
cal role of TRPV3 to adapt to local heat in mam-
malian homeotherms. Here, we showed a strong
negative correlation between TRPV3 expression and
age for both women and men using in situ hybridi-
zation. We also observed that TRPV3 expression
was quite identical in photo-exposed (groin, scalp,
face) and photo-protected skin areas (back humeral,
chest), suggesting that TRPV3 is homogeneously
expressed in human skin regardless sun exposure.
In contrast to TRPV3, TRPV1 channel expression
has been shown to increase with aging especially in
photo-exposed skin [60, 61], implying that TRPV1
expression is sensitive to sun exposure. The temper-
ature activation of TRPV1 being > 42 °C, this may
suggest that elderly are more able to detect painful/
burning temperature, related to UV exposure, than
moderate temperature of 33-39 °C (TRPV3 range)
[62-64]. In addition to the decrease of TRPV3
expression in aged keratinocytes, we also point out
for the first time an impaired intrinsic activity of the
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TRPV3 channel. Alongside the decreased expres-
sion of TRPV3, other alterations may occur with
aging. For example, it has been shown that some
post-translational modifications, such as hydroxy-
lation of TRPV3 on N242, altered TRPV3 current
in HEK cells [65, 66]. Indeed, hydroxylation at
this site could destabilize TRPV3 multimer assem-
bly or interactions with other protein partners that
can modulate channel gating or addressing to the
plasma membrane. However, changes in TRPV3
structure and post-translational modifications with
aging remain unknown and would constitute a
promising further study.

Activation of TRPV3 is associated with the release
of various diffusible molecules that act on neighbor-
ing cells. Stimulation of the channel is well known
to trigger a proinflammatory response [36], but the
signaling cascade associated with local heat-medi-
ated vasodilation is still not fully depicted. It has
been already described that keratinocytes can con-
vey heat [28] and touch [67] stimuli through release
of ATP. In this study, we confirmed that TRPV3
stimulation induced an extracellular ATP release
from young keratinocytes, but to a less extent from
old keratinocytes. As expected, the level of proin-
flammatory cytokines was not changed in the same
context. In addition to its function of an energetic
molecule, ATP plays various biological roles includ-
ing sensory transduction via its neuroactive property
[67] or regulation of blood vessels via its vasoactive
property [49, 68-70]. Since the discovery of synap-
tic-like contacts between keratinocytes and sensory
neurons, it has been strongly suggested that keratino-
cytes could directly communicate with sensory nerve
endings in the skin [71, 72]. Thus, the ATP release
from keratinocytes after TRPV3 activation could act
on purinergic receptors from sensory nerves [49]
and might regulate vascular tone in response to heat.
Thus, the loss of ATP release with aging may com-
promise communication between sensory nerve end-
ings and keratinocytes in the elderly. In addition, skin
blood vessel also expressed purinergic receptor [50].
We cannot thus exclude that the TRPV3-dependent
release of ATP by keratinocytes will directly act on
skin blood vessel to regulate vascular tone. Finally,
keratinocytes can release other neuroactive and/or
vasoactive substances than ATP, such as CGRP, NO,
and PGI, [29, 31, 73], which could also contribute
to local heat-evoked vasodilation either by acting on

sensory nerve endings or dermal blood vessels. How-
ever, how keratinocytes can inform and modulate the
vascular tone needs further exploration.

In conclusion, our study confirms that the initial
detection of moderate temperature, through the
warm-sensitive epidermal sensor TRPV3, is crucial
for the skin to adapt to thermal stress such as heat.
This offers a new function of the keratinocyte as
a fundamental thermo-sensor and transducer of
its thermal environment. With aging, decreased
expression and activity of TRPV3 could reduce or
delay the detection of changes in skin temperature,
thereby limiting the mechanisms triggered for
thermoregulation, including cutaneous vasodilation.
Thus, TRPV3 may be a reliable target to counteract
the thermoregulatory defect in the elderly. Aside
TRPV3, decline of cold TRP channels with
aging has been reported to influence temperature
detection and may compromise vascular response
to environmental cold in old individuals [74].
TRP channels are thus key actors in regulating
the cutaneous vascular response to environmental
temperature during aging, and need to be further
considered.
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