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Abstract

Recent studies have revealed gender differences in cold perception, and pointed to a
possible direct action of testosterone (TST) on the cold-activated TRPMS8 (Transient
Receptor Potential Melastatin Member 8) channel. However, the mechanisms by
which TST influences TRPMS8-mediated sensory functions remain elusive. Here, we
show that TST inhibits TRPM8-mediated mild-cold perception through the nonca-
nonical engagement of the Androgen Receptor (AR). Castration of both male rats
and mice increases sensitivity to mild cold, and this effect depends on the presence
of intact TRPMS8 and AR. TST in nanomolar concentrations suppresses whole-cell
TRPMS8-mediated currents and single-channel activity in native dorsal root ganglion
(DRG) neurons and HEK293 cells co-expressing recombinant TRPMS8 and AR, but
not TRPMS8 alone. AR cloned from rat DRGs shows no difference from standard
AR. However, biochemical assays and confocal imaging reveal the presence of AR
on the cell surface and its interaction with TRPMS in response to TST, leading to an

inhibition of channel activity.
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1 | INTRODUCTION

Sensing changes in environmental temperature is essential
across species for the adaptation of organisms to their en-
vironment, and therefore, crucial to their survival. From
this perspective, the identification of transient receptor po-
tential (TRP) channels as highly sensitive molecular ther-
mometers has substantially advanced our understanding
of mammalian thermoreception at the cellular level.! The
regulation of the activity of TRP channels is of primary
importance for proper thermoreception and thermoregu-
lation and accounts not only for pathological states, such
as thermal dysesthesia, pain, or improper thermal homeo-
stasis, but also plays a role in inter-individual variations
in thermoreception. Indeed, multiple factors are known to
influence thermosensitivity, including age, sex, body mass
index, previous temperature experience and psychological
state, as well as hormonal status.’

Regarding cold perception, TRPMS is known to be one of
the main cold receptors expressed in sensory neurons, and is
directly activated by non-noxious cold (<28°C, with maxi-
mal activation around 18°C) or by chemicals evoking a cool-
ing sensation such as menthol, icilin, or eucalyptol.3 Using
TRPMS8-knockout mice, three independent groups have
established that TRPMS is indeed an important physiolog-
ical detector of environmental cold.*® In TRPMS-deficient
mice, the ability to avoid cold temperatures is markedly sup-
pressed, suggesting that TRPMS activation is also involved
in the generation of signals interpreted by the brain as being
unpleasant.“'6

The TRPMS8 modulators known so far are synthetic
chemicals or active ingredients of plant extracts, with very
few endogenous substances in the microenvironment of
TRPMS-expressing cells being identified as channel regu-
lators. In this respect, steroids have emerged as interesting
candidates since they represent a large family of circulating
mediators with important biological roles. Interestingly,
epidemiological studies have indicated that among men
lower testosterone (TST) concentrations may be associated
with increased cold sensitivity,” while fluctuations in TST
concentrations in a population of Norwegian men has been
linked to variations in ambient temperature.8 In addition,
androgens are not only known to increase TRPMS8 expres-
sion in prostate tissue %19 byt TST has also recently been
shown to rapidly modulate channel activity in vitro. 13
However, it is unclear how TST would act on thermore-
ception in vivo, and the exact molecular mechanism of the
modulation of the sensation of cold by TST in sensory neu-
rons remains elusive.'*

The purpose of this study was, therefore, to determine
how TST levels affect cold perception in vivo and to unravel
the molecular mechanisms underlying this effect, by focus-
ing on the TRPMS8 channel as a putative link between the

two. From this perspective, we took a multidisciplinary ap-
proach ranging from in vivo studies in rat and mouse mod-
els to single-channel electrophysiological measurements in
primary sensory neurons, protein-protein interaction assays
and confocal imaging in primary and overexpression cellular
systems. The combination of these approaches allowed us to
show that circulating androgens at a physiological level do
indeed have an impact on the TRPM8-mediated perception
of mild cold in both mice and rats. We observed that TST
specifically inhibits TRPMS activity in primary sensory neu-
rons through its interaction with the cell-surface androgen
receptor (AR).

2 | MATERIALS AND METHODS

2.1 | Behavioral animal studies

Experiments were performed on 150-200 g male Wistar
rats (Janvier, France) 20-24 g male C57B1/6] mice (Charles
River, France) and TRPM8™~ mice (kind gift of Prof. D.
Julius, UCSF, USA). We obtained floxed AR mice (stock
no: EM:02579), whose generation has been previously de-
scribed,’ from EMMA. Transgenic Navl.8-Cre mice were
a kind gift from Prof. John N Wood (UCL, UK). Male mice
expressing Cre recombinase under the control of the Nav1.8
gene promoter16 were mated with floxed AR (B6N.129-
Artm1Verh/Cnrm) female mice to generate ARfl Nav1.8-Cre
and ARwt Nav1.8-Cre littermates. Detailed genotyping meth-
ods and primer sequences have been described plreviously.16
Animals were acclimatized to housing conditions for at least
1 week prior to testing. They were housed in grouped cages
in a temperature-controlled environment with food and water
ad libitum. Behavioral experiments were performed blind to
genotypes, in a quiet room, by the same experimenter for a
given test taking great care to avoid or minimize discomfort
of the animals.

For the siRNA assays Stealth RNAi were synthesized by
Invitrogen. The sense sequences of siTRPMS and the scramble
control were 5'-CAGUGAUGUGGACAGUACCACAUAU-3’
and 5'-CAGGUAGGUACAAUGACCACUGUAU-3', respec-
tively. Intrathecal administrations of siRNA (10 pg/rat) were
performed in a volume of 10 pl via direct transcutaneous in-
jection (with a 25-gauge needle connected to a 25 pl Hamilton
syringe) between the L5 and L6 dorsal spinous processes under
anesthesia with isoflurane (3.5%). Treatments were random-
ized and all experiments were performed blind by the same
experimenter using the method of equal blocks to avoid any un-
controllable environmental influence that might induce a mod-
ification in behavioral response. Treatments were randomized
and all experiments were carried out according to the guidelines
of the Committee for Research and Ethical Issues of IASP."”
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In cold-avoidance test, two hot/cold plates (Bioseb,
France) were placed side by side so that the adjacent ther-
mal surface (each 16.5 X 16.5 cm) were enclosed in a single
Plexiglas chamber (34 X 17x25 cm). The temperature of each
plate could be controlled individually over the —3 to 65°C
range. Exploration of the plates by animals was recorded
over 3 minutes by tallying the cumulative time spent on each
plate. The temperature of one of the plates (reference) was
maintained at a constant value of 25°C, and the fraction of
time spent on the second plate (test plate), which temperature
varied between experiments, was calculated. The number of
crossings was also recorded as a measure of general explor-
atory behavior.'®

In the tail immersion test, the tail of the animal was im-
mersed in a water bath (set at different temperatures ranging
from 6 to 48°C) until withdrawal was observed (cut-off time
30 seconds).]9 Withdrawal latencies from three consecutive
measurements were averaged out.

2.2 | Surgical procedures

All surgeries were performed on day 1 under anesthesia
and strict sanitized conditions. Castrations were performed
on day 1 via scrotal route by removing epididymal fat pads
with the testes. The sham-castrated animals were opened,
and their testes were dissected but not removed. Operated
animals were then sutured, and the injured areas were dis-
infected with betadine solution and sprayed with aluspray
(Vetoquinol).

To add the desired quantity of exogenous androgens for
comparison with control animals, we implanted, at day 8§,
Silastic medical-grade silicone tubing (1 cm length, 2.5 cm
length, or 3.5 cm length 0.078 ID x 0.125 OD; Dow Corning,
Midland, M) filled with TST (Sigma) subcutaneously over
the scapula. As shown previously, these implanted silicone
tubing filled with TST restore 50%, 100%, and 150% respec-
tively of normal circulating TST.?° One end of the tubing
was sealed with adhesive (Silastic Medical Adhesive; Dow
Corning). After loading with the hormone, the unsealed end
was sealed with adhesive. After the adhesive had hardened,
the implants were put overnight in distilled water. The im-
plants were inserted on day 8 in pockets formed over the
dorsal area of the scapula. The incised area was disinfected,
and then, sutured.?® The behavioral analyses were performed
between days 14 and 21 after surgery.

2.3 | Cells and electrophysiology

Neurons were isolated from the lumbar dorsal root ganglion
(DRG) of adult Wistar rats (250-300 g) using enzymatic di-
gestion procedure described elsewhere.?! Cell suspension was
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plated onto Petri dishes filled with 10% of fetal calf serum-
and 8 pg/mL gentamicin-supplemented DMEM (“Gibco,”
UK) culture medium, and incubated for 18-24 hours at 37°C
in the 95% air 5% CO, atmosphere, prior to using in electro-
physiological experiments. For the whole-cell patch-clamp
recordings, patch pipette was filled with Cs-based intracellu-
lar solution (in mM): 140 CsCl, 2 CaCl,, 1 MgCl,, 8 EGTA,
10 HEPES, pH 7.4, while bathing the cells in the standard
extracellular solution (in mM): 140 NaCl, 5 KCI, 10 Glucose,
10 HEPES, 2 CaCl,, 1 MgCl,, pH 7.3.

HEK 4 cells were cultured as described previously** and
TRPMS expression was induced with tetracycline 24 hours
before experiments. Western blot analysis have shown that
TRPMS protein expression in HEKMS cells reaches maxi-
mum after 3 hours of tetracycline (2 ug/mL) induction, and
then, remains steady for up to 48 hours.

Patch-clamp experiments were performed using Axopatch
200B amplifier and pClamp 10 software (Molecular Devices,
Union City, CA) for data acquisition and analysis. Patch pi-
pettes were fabricated from borosilicate glass capillaries
(World Precision Instr., Inc, Sarasota, FL) on a horizontal
puller (Sutter Instruments Co., Novato, CA) and had resis-
tance of 2-3 MQ for whole cell and 6-10 M« for single-chan-
nel recordings. Single-channel recordings were carried in
cell-attached patches made to DRG neurons and HEKyg/ar
cells. Cells were immersed in high-K+ solution (in mM: 150
KCl, 5 glucose, 10 HEPES, 1 CaCl,, 2 MgCl,, pH 7.3, ad-
justed with KOH) in order to keep membrane potential close
to zero. Pipettes were filled with the same KCl solution, to
keep recording conditions symmetrical.

Recorded activity was quantified by performing a sin-
gle-channel search analysis using the pClamp 10 software.
Stimulation of TRPMS8 by both mild cold and application of
100 pM of menthol led to high levels of TRPMS activity,
with typical P, in excess of 0.5. Therefore, simple rejection
of traces that, at any point, exhibited multiple conductance
levels provided a reliable way to select appropriate traces.
Statistical analyses, #-tests, and Gaussian fits to amplitude
distributions were carried out using the Microcal Origin soft-
ware. Values are expressed as mean + SEM, unless indicated
otherwise.

2.4 | RT-PCR and quantitative real-time
PCR analysis

DRG were homogenized with Precellys 24 using CK14 tubes
containing ceramic beads (Bertin technologies, Ozyme,
France) at 5000 rpm for two cycles of 20 seconds in Trizol
Reagent (ThermoFisher Scientific, USA) and total RNA
was isolated and reverse transcribed as described previ-
ously.22 The AR coding sequence was then cloned in the
pGEM-T Easy vector (Promega, France) using the following
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primers pair 5- ATGGAGGTGCAGTTAGGGCT-3'/5'-
TCACTGTGTGTGGAAATAGATGGGC-3'. Custom made
primers were purchased from (Eurogentec, Belgium) and
long PCR was carried out with the High Fidelity Phusion
DNA Polymerase (ThermoFisher Scientific, USA) and veri-
fied by sequence analysis.

TRPMS expression levels were quantified by quantita-
tive real-time PCR on a CFX96 Real-Time PCR Detection
System. TRPM8 mRNA levels were quantified with the
primer  pair 5-GGATCTTCCGCTCTGTCATC-3'/5'-
TCATCTAGCTCCACGCACAG-3'. The housekeeping gene
HPRT was used as an endogenous control to normalize vari-
ations in RNA extractions, the degree of RNA degradation,
and variability in reverse transcription efficiency. Primers for
HPRT were 5'-TAAGTTCTTTGCTGACCTGCTG-3'/5'-
CCCGTTGACTGGTCATTACA-3'. To quantify the results,
we used the comparative threshold cycle method described
by Livak and Schmittgen.*

2.4.1 | Immunocytochemistry and
confocal imaging

DRG neurons and HEKyqar Were washed twice, fixed
with 4% of formaldehyde-1X PBS for 15 minutes, washed
three times, then, permeabilized in PBS-gelatin (Phosphate
buffer saline, gelatin 1.2%) supplemented with 0.01%
Tween 20 and 100 mM glycine for 30 minutes at 37°C.
For the TST, surface labeling cells were treated with FITC-
BSA-TST (Sigma) at room temperature for 1 min prior to
fixation. Afterward, cells were incubated with primary
antibodies: 1/100 goat polyclonal anti-TRPMS8 antibody
(Antibodies online), rabbit anti-AR (1/100 Santa Cruz) in
PBS-gelatin at 37°C for 1.5 hours. After thorough washes,
the slides were treated with the corresponding secondary
antibodies: Rhodamine Red-X -labeled anti-goat (Jackson
ImmunoResearch, dilution: 1/300), Alexa Fluor 488-la-
beled anti-rabbit (Jackson ImmunoResearch, dilution:
1/250) and Rhodamine Red-X -labeled anti-rabbit (Jackson
ImmunoResearch, dilution: 1/250), diluted in PBS-gelatin
for 1 hours at room temperature. The slides were then in-
cubated with 0.3% Sudan Black) in 70% ethanol in order to
reduce autofluorescence, washed twice, and mounted with
Mowiol®. Fluorescence analysis was carried out using a
Zeiss LSM 700 confocal microscope and Image J analy-
sis software (NIH). For freshly isolated rat and mice DRG,
confocal imaging was performed using LSM 510 META
confocal workstation. FITC fluorescence was excited by
488 nm Argon laser and emitted light was captured at 505-
530 nm. Rhodamine Red-X fluorescence was excited by
543 nm line HeNe laser and captured above 560 nm. DAPI
fluorescence was excited by a 405 nm blue diode laser and
the emitted light was captured at 470-500 nm. TRPMS and

AR antibodies were validated on freshly isolated DRGs
from TRPMS knockout and AR knockout mice as shown
in Figure S3.

2.4.2 | Calcium imaging

Dorsal root ganglia neurons from ARwt Nav1.8-Cre and
ARfl Nav1.8-Cre adult male mice were quickly collected in
ice-cold Hanks’ balanced salt solution (HBSS) and incubated
45 minutes at 37°C in 5% of CO, in a digestion enzyme mix
containing: collagenase type III (5 mg/mL, Worthington), dis-
pase (10 mg/mL, Gibco), glucose 10 mM, and HEPES 5 mM
in Ca** and Mg**-free HBSS. DRGs were subsequently trans-
ferred in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with heat-inactivated, charcoal-stripped Fetal
Bovine Serum 10%, L-Glutamine 2 mM, Minimum Essential
Vitamins solution 1x (Gibco), Penicillin/Streptomycin 100
Ul/mL, Sodium Pyruvate 1 mM, and nonessential amino
acids solution 1x (Gibco) and gently triturated using fire-
polished glass Pasteur pipettes. After centrifugation, cells
were suspended in supplemented DMEM and plated on poly-
L-lysine and laminin-coated glass coverslips. Neurons were
kept at 37°C in 5% CO, and used for calcium imaging experi-
ments within 2 days after culture.

On the day of experiment, cells were washed twice
in DMEM and incubated for 45 minutes at 37°C under
gentle shaking in DMEM containing 4 uM Fura-2 AM
(ThermoFisher) and 0.04% pluronic acid. Neurons were
washed twice in a Krebs-Ringer solution containing: NaCl
140 mM, KCI 3 mM, MgCl, 1 mM, CaCl, 2 mM, D-glucose
10 mM, and HEPES 10 mM, pH 7.4, 300 mOsm. Fura-2 cal-
cium binding was monitored by alternatively illuminating
cells at 340 and 380 nm with an exposure time of 200 ms
for each wavelength. Fluorescence emission at 510 nm was
acquired every 2 seconds using an Ando Zyla sCMOS cam-
era and recorded using the MetaFluor software (Molecular
Devices). 340/380 nm fluorescence intensities ratios were
normalized using AF/FO, where AF is the ratio subtracted by
the ratio at the start of the experiment (FO).

During experiments, neurons were continuously super-
fused with 35°C Krebs-Ringer. Menthol and TST were dis-
solved in 96% of ethanol, which was used as vehicle when
indicated. At the end of the experiment, excitable cells were
identified by the application of high-KClI Krebs-Ringer solu-
tion (NaCl 93 mM, KCI 50 mM, MgCl, 1 mM, CaCl, 2 mM,
D-Glucose 10 mM, and HEPES 10 mM, pH 7.4, 300 mOsm).
Cells displaying an increase of at least 50% of their AF/FO
(calculated between the last acquisition before perfusion and
the observed peak within the stimulation period) were in-
cluded in the analysis. Among them, cells were considered as
cold- or menthol-responsive for an increase of at least 40% of
their AF/FO upon stimulation.
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2.4.3 | Biotinylation

Cells were subjected to cell surface biotinylation and pre-
cipitated after lysis with neutravidin-agarose beads (Pierce
Rockford, IL, USA) as described previously in Gkika et al**
For the immunoblot analysis, we used the anti-TRPMS anti-
body (1/1500, Alomone Labs Ltd, Jerusalem, Israel) and rab-
bit anti-AR (1/400 Santa Cruz).

2.4.4 | Immunoprecipitation assay

HEK?293 cells were transfected with CFP-tagged AR and
His-tagged TRPMS. 48 hours after transfection, cells were
washed twice with PBS and incubated on ice in lysis buffer
(1% of Triton X-100, 1% sodium deoxycholate, 150 mM
NaCl, 10 mM NaKPO,, pH 7.2, and antiprotease cocktail;
Sigma-Aldrich). After centrifugation (12 000 g for 10 min-
utes at 4°C) of the lysates, protein concentration was de-
termined by BCA assay (Thermo Fischer Scientific). An
equal amount of supernatants was incubated overnight at
4°C with 40uL His-tag beads (dynabeads His-tag, Thermo
Fischer Scientific) in IP buffer (20 mM NaH,PO,, 150 mM
NaCl, pH 8). The pellet was washed three times in IP
buffer, resuspends in SDS sample buffer, heated at 95°C
for 5 minutes, and separated on 10% of precast SDS-PAGE
gels (Biorad). SDS-PAGE gels were analyzed by immuno-
blotting using rabbit anti-androgen receptor (AR) (1:400;
Santa-Cruz, N-20) and rabbit anti-TRPMS8 (1:400; Abcam,
ab109308) antibodies. Each experiment was repeated at
least in triplicate.

2.4.5 | GST-fusion proteins and pull-
down assay

TRPMS8 N- and C-terminal tail GST-fusion proteins were
produced and purified as described previously.24 For the di-
rect interaction assay, PCMV-TNT AR, PCMV-TNT DBD/
LBD, or PCMV-TNT NBD vectors were translated in vitro
using the TNT Quick Coupled Transcription/Translation
Systems kit (Promega) and the FluoroTect GreenLys in vitro
Translation Labeling System (Promega) as per the manufac-
turer’s instructions. In vitro translated proteins were incu-
bated overnight at 4°C together with the purified GST-fusion
proteins in presence or in absence of TST. Subsequently,
beads were washed extensively and bound proteins were
eluted with SDS-PAGE loading buffer, separated on 10% of
SDS-PAGE gels and visualized by fluorescence imaging or
immunoblotting using anti-AR (1:400; Santa-Cruz, N-20)
and anti-GST (1:1000) antibodies (Bio-Imager Amersham
Imager 600, GE, Healthcare, France). Each experiment was
repeated at least in triplicate.
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2.5 | Proximity ligation assay

Duolink® In situ red starter kit goat/rabbit (Sigma-Aldrich)
was used according to the manufacturer’s instructions.
Cells transfected or not were seeded in confocal FluoroDish
(World Precision Instruments) and were fixed after the TST
treatment. After 10 minutes of fixation and permeabilization
with 4% PFA cells were incubated in the blocking buffer
(provided with the kit) for 30 minutes at 37°C in a humidi-
fied chamber. Cells were then incubated with the primary
antibodies mentioned above diluted in the antibody diluents
for 2 hours. For the rest of the protocol, the manufacturer’s
instructions were followed and images were acquired by
confocal imaging (Zeiss LSM700) using z-stack superposi-
tion (Zen 2010 software, Zeiss). Appropriate controls were
performed by incubating cells with both primary antibodies
separately and gave no puncta.

2.6 | Drugs and chemicals

Testosterone, dihydrotestosterone, 17-p-estradiol, proges-
terone, menthol, were obtained from Sigma-Aldrich. Icilin
was obtained from Tocris. Steroids were prepared as stock
solutions at 10 uM in absolute ethanol, kept at —20°C, pro-
tected from light, and diluted into extracellular solution prior
to experiments.

2.7 | Data analysis

Data are expressed as mean + SEM Statistical significance
was determined by two-way analysis of variance (ANOVA)
followed by Bonferroni’s multiple comparisons test or
Tukey’s method as indicated. Differences between two
groups were analyzed by student #-test. The statistical analy-
ses were performed using the Prism6 (GraphPad, USA) and
Microcal Origin software.

3 | RESULTS
3.1 | Circulating TST reduces sensitivity to
mild cold in rats

To check to what extent the level of circulating androgens
impacts cold sensitivity in vivo, we conducted behavio-
ral studies on male rats with different levels of circulating
TST. In order to set androgen levels in these animals, we
performed orchidectomy (OX) and infused with 50%, 100%,
or 150% exogenous TST supplementation into their circula-
tion. We first examined the cold sensitivity of OX male rats
with strongly reduced circulating TST levels as compared to
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sham-operated animals, using a standard thermal sensitivity
test: measuring the rats’ tail withdrawal latency in response
to immersion in a water bath set at different temperatures,
from noxious cold (6°C) to noxious heat (48°C). As shown
in Figure 1A, lowering the androgen levels of male rats led
to a clear reduction of their tail withdrawal latency in the

range of cold temperatures: from 16 to 20°C (Figure 1A),
indicating that decreased TST level enhances sensitivity to
mild cold. Consistent with this, the infusion of OX rats with
exogenous TST via implanted mini-pumps restored the tail
withdrawal latency up to control levels (Figure 1A). Notably,
OX did not affect the animals’ sensitivity to noxious cold
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Testosterone levels tune TRPM8-mediated cold perception in rats and mice. Tail-withdrawal latencies at specified water

bath temperatures in sham-operated (sham) or orchidectomized (OX) male rats A, as well as in sham-operated and OX wild-type (WT) and

TRPMS8™~ male mice. B.C, Comparison of tail withdrawal latencies at 16°C and 18°C in control (sham) and OX male rats treated with scrambled

or TRPM8-targeting siRNA (siM8). Data are expressed as means + SEM, statistical significance was determined by two-way ANOVA followed by
Bonferroni’s multiple comparisons test, n = 6-10 (*P < .05; ¥*P < .01; ***P < .001 relative to sham and $p < .05; #p < .01, $8p < 001 relative

to OX)



GKIKA ET AL.

(6°C) (Figure 1A), indicating the recruitment to the signaling
pathway of the mild-cold-sensitive TRPMS rather than the
noxious-cold-sensitive TRPA1 channel.?®

Similar results were also obtained with a second
cold-avoidance behavioral test, in which OX male rats showed
increased avoidance of a surface with a temperature ranging
from 19 to 21°C compared to controls. Again, this differ-
ence could be eliminated by the infusion of exogenous TST
(Figure S1A). Thus, taken together, these experiments led
us to believe that the level of circulating TST could strongly
contribute to the tuning of mild-cold perception in the range
of the TRPMS cold sensitivity. Notably, quantitative PCR as-
says showed that OX per se and TST supplementation did not
influence TRPM8 mRNA levels in the dorsal root ganglia
(DRGs) of animals (Figure S1B), suggesting that in contrast
to non neural cells, particularly prostate epithelial cells,1°
TRPMS expression in the peripheral nervous system is not
androgen-dependent.

3.2 | Circulating TST reduces cold
sensitivity in both rats and mice through a
TRPMS8-dependant mechanism

To directly assess the involvement of TRPMS in the TST-
mediated regulation of cold sensitivity, we conducted the
same behavioral tests on TRPM8-knockout animals gener-
ated through the targeted deletion of a genomic region encod-
ing a part of the amino-terminal domain.* The aforementioned
behavioral results showing the influence of TST on mild-cold
sensitivity in rats were fully reproduced in wild-type but not
in TRPMS8™"~ mice. Indeed, the tail immersion test showed
that OX in wild-type mice led to the shortening of the tail
withdrawal latency on average by 27% in the 16-20°C range
(Figure 1B) while in TRPMS8™"™ mice the tail withdrawal la-
tency not only increased dramatically, but OX failed to affect
its duration (Figure 1B). Consistent with this, in the cold-
avoidance test, wild-type OX mice spent on average 20% less
time on 17-21°C surfaces compared to their sham-operated
counterparts, whereas in the case of TRPMS8 ™/~ mice, the time
spent on 17-21°C surfaces was found to be about 20% longer
than that for wild-type controls, but there was no difference
in latency between OX and control animals (Figure S2A).

In parallel, we utilized a siRNA-mediated knockdown
strategy in male rats. The sequence targeted by TRPMS8
siRNA (siM8) is located within the channel’s pore region,
resulting in the silencing of all putative functional TRPMS
isoforms. The protocol was based on previous studies demon-
strating efficient silencing of ion channels in sensory neurons
in vivo®® and consisted of periodic (twice a day for 3 days)
intrathecal injections of siRNA inbetween the L5 and L6
vertebrae of OX or sham-operated male rats. Quantitative
RT-PCR showed that following knockdown, TRPM8 mRNA
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expression in the lumbar dorsal root ganglia (DRG) of sh-
am-operated and OX male rats decreased by 43% + 8% and
35% + 6%, respectively (Figure S2B). In line with the re-
sults from knockout mice, the siRNA-mediated silencing of
TRPMS in sham-operated rats resulted in a longer latency to
tail withdrawal at 16°C and 18°C (Figure 1C), consistent with
a decrease in channel expression. In OX rats, the injection
of anti-TRPMS siRNA also led to a delay in tail withdrawal
latency at 16°C and 18°C, similar to what we observed in
knockout animals.

3.3 | TST inhibits native TRPMS8-mediated
currents in sensory neurons

Altogether the results obtained in the TRPMS-deficient rats
and mice suggest that TST regulates mild-cold sensitivity
in vivo via the activity of the cold receptor channel TRPMS
without affecting the channel expression. We, therefore, as-
sessed the effect of TST on TRPMS channels in DRG sen-
sory neurons isolated from rats.

We first examined whether the TRPM8-mediated mem-
brane current (Itgpyg) in DRG neurons could be modulated
by TST. In these experiments, we only used small-diame-
ter DRG neurons, which in response to menthol (100 uM)
developed Irgpvg With characteristic biophysical proper-
ties (Figure 2A). The subsequent application of 10 nM
TST caused the suppression of the current by 83% + 12%
(Figure 2A,B). To make sure that the observed I gpyg Sup-
pression was physiologically relevant, we conducted cur-
rent-clamp studies. We found that the menthol-induced
depolarization and associated action potentials (APs) were
abolished by 10 nM TST (Figure 2C). Thus, physiological
concentrations of TST are capable of suppressing the elec-
trical firing induced in sensory neurons by the activation of
the cold transducer TRPMS.

To investigate how the activity of TRPMS8 was affected
by TST at the single-channel level, we studied the currents
in cell-attached mode in small DRG neurons. A subset
of these patches exhibited currents characteristic of the
TRPMS channel, as evidenced by voltage and mild-cold
sensitivity (the absence of response at 37°C and activation
by mild cold (20°C) of single-channel currents of char-
acteristic conductance), as well as sensitivity to menthol
(100 uM), which was tested at the end of the data acquisi-
tion, following TST application27 (Figure 2D-F). However,
a majority of the patches from TRPMS-expressing DRG
neurons exhibited multiple conductance levels, limiting our
analysis to a characterization of the overall probability of
TRPMS opening (NP,). Figure 2F shows that application of
TST (10 nM) significantly inhibited the activity of native
TRPMS8 channels expressed in DRG neurons. The effect
of TST is fast, within 20-30 sec upon application, which
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FIGURE 2 Testosterone inhibits the TRPMS current in native DRG neurons. A, Representative recordings of the baseline current in DRG
neurons at 32°C and currents after consecutive applications of menthol (100 pM) and menthol plus TST (100 nM); the voltage-clamp protocol is
shown above the recordings. B, Averaged I-V relationships (mean + SEM, statistical significance was determined by Student ¢-test, n = 5) of the
current in the presence of menthol (100 uM, black symbols, control) and menthol plus TST (100 nM, open symbols); inset shows quantification of
the effects of TST on the density of menthol-activated Igpyg at +100 mV. C, Suppression by TST (100 nM) of menthol-evoked action potential
firing in DRG neurons; the recording of the membrane potential of neurons was performed in current-clamp mode; the application of menthol
(100 uM) caused depolarization and AP firing, while the application of TST in addition to menthol caused hyperpolarization and cessation of AP
firing. D, Representative TRPMS activity in cell-attached patches on DRG neurons at indicated membrane potentials shows the characteristic
voltage-dependence of the channe'sl activity. Summary curves of the IV relationship (upper) with the characteristic single-channel conductance of
67 + 5 pS and voltage-dependent open probability NPopen (lower) are shown in (E). F, Representative TRPMS activity in cell-attached patches
on DRG neurons at an applied potential of 100 mV under basal conditions at mild cold temperature (20°C, CTRL) as well as 37°C and following
application of testosterone (TST, 10 nM), and then, menthol (100 uM), to verify the identity of the recorded single ion channel. G, Quantification
of TRPMS8 NP, suppression (relative to basal NP, at 20°C) by TST (10 nM) in DRG neurons Data are expressed as means + SEM, statistical
significance was determined by pairwise Student ¢ test against control, n = 6); ***P < .001
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can be considered acute if we take into account diffusion
of the added agent to the cells. Quantification of the TST
effect showed a TRPM8 NP, suppression of about 80%
(Figure 2G). These results point to a direct nongenomic
action of TST on TRPMS.

3.4 | TRPMS8-mediated cold sensitivity
involves the classic AR

To assess the mechanism of modulation of TRPMS8-mediated
cold sensitivity by TST, we initially tested the possible in-
volvement of the classic AR in signal transduction. Although
TRPMS expression in the DRG is well established, little is
known about AR expression in these neurons.”® We suc-
cessfully amplified the mRNA of the full-length AR using
reverse transcription PCR (Figure 3A). Its cloning in a TA
vector and subsequent sequencing confirmed that it was a
classic non-mutated AR.

AR protein expression was then assessed using immu-
nohistochemistry in DRGs freshly isolated from male rats.
This revealed that AR was not only present in sensory neu-
rons but colocalized with the TRPMS8 channel at the cell
periphery (Figure 3B). Interestingly, the colocalization of
the two proteins was still observed following pretreatment
with 10 nM TST, but not after pretreatment with 100 nM
TST, which causes the translocation of AR to the nucleus
(Figure 3B).

The presence of AR and its colocalization with the
TRPMS8 channel at physiological TST concentrations sug-
gest the possible recruitment of AR in the inhibition of
TRPM8-mediated cold sensitivity by androgens in vivo. To
clarify the role of AR in this process, we used conditional
AR knockout mice in which AR was knocked-out specifi-
cally in neurons positive for Nav1.8 (a marker of small noci-
ceptive sensory neurons), obtained by crossing Nav1.8-Cre
mice with AR-floxed (AR") mice. We then subjected these
animals to the tail immersion test, with temperatures rang-
ing from noxious cold (6°C) to noxious heat (48°C), and
found no difference in basal thermal sensitivity between
AR" Nav1.8-Cre mice and their wild-type littermates
(ARY Nav1.8-Cre). Consistent with our previous observa-
tions, the castration of these animals led to mild-cold hy-
persensitivity in AR™ Nav1.8-Cre mice. Interestingly, AR"
Nav1.8-Cre OX mice, which lack a functional AR, lost
their hypersensitivity to mild cold (18°C, 20°C), similar to
observations in WT OX animals (Figure 3C). We further
tested whether TST affects calcium fluxes in DRG neurons
of both AR™ Nav1.8-Cre mice and AR" Nav1.8-Cre OX
mice. Calcium imaging experiments showed that TST im-
pairs the response to menthol and cold of AR" Navl.8-
Cre mice but not AR Nav1.8-Cre OX mice (Figure S4)
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demonstrating thus that the AR is a necessary component
for TST action on TRPMS8-mediated cold sensitivity.

3.5 | TRPMS activity inhibition via cell
surface AR is specific to TST

To investigate whether the inhibition of TRPMS channel ac-
tivity is characteristic for TST, but no other related steroids,
we used a cellular overexpression system: HEK293 cells co-
expressing TRPMS8 and AR. TRPMS single-channel activity
was recorded in cell-attached configuration at room tempera-
ture (ie, 20°C) in control cells, after a 10 min exposure to
10 nM TST or 17p-estradiol, and following menthol applica-
tion. Our results (Figure 4A,B) clearly demonstrate a sup-
pression of TRPMS activity by TST but not by 17p-estradiol
or progesterone, and the augmentation of channel activity
following menthol application.

To study the TST effect on TRPMS in more detail, we
compared unitary TRPMS activity of TRPMS8-expressing
HEK?293 cells (HEKy5) lacking AR with that in HEK293
cells co-expressing TRPMS8 and AR (HEKyg/ar), at grad-
ually increasing TST concentrations, followed by applica-
tion of 100 uM menthol to induce maximal activation of
TRPMS. Figure 4C shows sample TRPMS activity under
these conditions and Figure 4D compares average activity
levels in HEKy;3 and HEKy;g/ar cells in the presence of
10 pM, 1, 10, or 100 nM TST and 100 pM menthol, nor-
malized to basal TRPMS activity for each cell type. As can
be seen, TST slightly potentiates TRPMS activity in the
absence of AR, in line with previously published results,?
while it induces a dramatic suppression of TRPMS activ-
ity in cells expressing AR at TST concentrations known to
activate AR.

The above electrophysiological data clearly demonstrate
the specific and rapid (and thus, likely nongenomic) effect of
TST on TRPMBS activity. However, though the suppression of
TRPMS channel activity by TST evidently required the pres-
ence of AR, its binding to AR at the cell surface remained to
be proven. To assess the possible surface binding of TST, we
used a fluorescent plasma-membrane-impermeable form of
TST, BSA-FITC-TST. HEKy;3 and HEK}g/ar cells were in-
cubated with BSA-FITC-TST and the fluorescent signal ana-
lyzed using confocal microscopy. Interestingly, only HEK g,
Ar cells showed surface fluorescence due to BSA-FITC-TST
(Figure 5A).

The localization of AR at the cell surface was further
confirmed by biotinylation assays in HEK/4r cells. These
experiments showed that AR was present in the plasma
membrane (PM) fraction independently of the presence of
TRPMS, even though TRPMS expression increased AR con-
centration in the biotin fraction by 32.6% + 3.7% (Figure 5B).
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AR immunopositive labeling in DRGs at the same molecular weight as in HEK cells overexpressing AR (HEK-AR, right panel). B, Representative
confocal images of freshly isolated DRGs treated with 0, 10, and 100 nM of TST, showing colocalization of TRPMS8 with AR (green). Note that
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as means + SEM of the ratio of pre- to post-OX thresholds, statistical significance was determined by two-way ANOVA followed by Bonferroni’s

multiple comparisons test, n = 8-10 (*P < .05 compared to AR" Nav1.8-Cre)

Furthermore, 10 and 100 nM of TST decreased the level of
AR in the PM fraction by 63.4% + 2.5% and 99% respec-
tively, without any significant effect on TRPMS cell-surface
localization (Figure 5B,C). Using fluorescence confocal im-
aging, we also directly visualized TST binding to AR at the
PM of primary cultured DRG neurons from both mice and
rats (Figure 5D).

3.6 | TST inhibits TRPMS through
ligand-dependent AR-channel interaction

The association of AR with TRPMS was first assessed by im-
munoprecipitation experiments in HEK293 cells transfected
with His-tagged TRPM8 with or without CFP-tagged AR.
AR was detected in the precipitated complex'm with TRPMS.
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However, no AR band was detected in precipitated complexes
from cells that were not transfected with TRPMS or cells
immunoblotted for another protein such as actin, indicating
the specificity of the interaction (Figure 6A). Interestingly,
the omission of steroids from the culture media resulted in
increased AR immunoprecipitation, while a 10min pretreat-
ment of the cells with 10 or 100 nM TST led to the dissocia-
tion of the two proteins only for the 100 nM TST condition,
what is in line with the results of biotinylation experiments
showing the internalization of AR (Figure 6A). To further
determine whether TRPMS interacts directly with the AR,
we further performed a GST pull-down assay between GST-
tagged TRPMS8 N- and C- termini and in vitro translated AR
protein. AR protein interacted with both TRPM8 N- and
C-terminal peptides but showed 48% + 7.6% stronger affin-
ity with the N-terminal peptide (Figure 6B).

Finally, we visualized the TRPMS8-AR interaction com-
plex at the cellular level using a proximity ligation assay
(PLA), which can detect protein-protein binding in situ at
single-molecule resolution. PLA for TRPMS8-AR produced
abundant red puncta in both a HEK293 overexpression sys-
tem (Figure 6C) and primary DRG neurons (Figure 6D). In
addition, in both cell types, treatment with TST resulted in
a decrease in the number of puncta by half and altered the
localization of the complexes from peripheral to more uni-
formly distribute in the cytosol.

4 | DISCUSSION

In present study, we have identified the male sex steroid
hormone TST as a new endogenous inhibitor of TRPMS-
mediated cold sensitivity, acting through the activation of AR
at the cell surface (Figure 7).

Our data point to TRPMS as an environmental cold sensor
acutely regulated by steroid sex hormones. Indeed, TST appli-
cation to sensory neurons not only inhibited the TRPMS cur-
rent but also blocked the resulting menthol-evoked AP firing.
This electrophysiological evidence explains the higher cold
sensitivity of castrated animals at 16-20°C, where TRPMS
is expected to be most active, and the reversal to normal cold
sensitivity upon TST reintroduction. It is worth noting that
TRPMS expression in the DRG does not significantly change
in castrated mice, suggesting a nongenomic mode of regula-
tion of TRPMS in these cells, in contrast to that reported for
prostate cancer cells.”!® The regulation of TRPMS8 channel
function by androgens may account for age, gender, and in-
dividual differences in the perception of cold®'** as well as
being important for the adaptation of the organism to the am-
bient temperature depending on plasma levels of TST, which
in turn vary depending on seasonal and dietary conditions as
well as on physiological and psychosocial state.>2® Our data
are consistent with the notion that elevated plasma levels of
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TST, which usually accompany mating behaviors, physical
activity, stress, or aggression, would diminish (by inhibiting
TRPMS) the impact of environmental cold as a factor that
could impede the necessary reaction. The hormonal regula-
tion of TRPMS activity and hence of cold perception may
be of particular significance to males in their adaptation to
changes in environmental conditions. In line with this hy-
pothesis, a previous study has shown that in Norwegian men,
TST shows bimodal seasonal variations, with peak monthly
values in October-November and a nadir in June, and a 19%
variation between them.® In light of our results, the higher
TST levels in the months leading up to winter months could
be responsible for TRPMS inhibition, and therefore, to the
reduced sensitivity of men to cold. On the contrary, the reg-
ulation of cold sensitivity in females must follow a different
mechanism since we did not observe any effect of estrogens
or progesterone on TRPMS activity. It could also be that, in
the absence of high TST levels, TRPMS8 channels are more
active. Nevertheless, recent studies have shown that estrogens
and their receptor have a genomic effect on TRPMS in cancer
and dermal tissue.’” The authors of two of these studies
have suggested that the lack of estrogens induces TRPMS
overexpression in the skin, and therefore, hypersensitivity to
cold in menopausal women.**?

The regulation of ion channels by steroid sex hormones
in a nongenomic fashion is quite a widespread phenomenon.
It involves various mechanisms and signaling pathways and
contributes to gender-related differences in a number of phys-
iological and pathological processes. The molecular media-
tor of the nongenomic action of TST depends on the cellular
and physiological context. Apart from the classic AR, other
possible receptors for androgens have been proposed.l“"m'42
Alternatively, TST may bind to the classic AR at the PM.
The presence of TRPMS8 and AR transcripts co-expression
could be supposed based on the recent sequencing data of
sensory neurons.”** Our results in vivo and in vitro strongly
support the latter hypothesis. Indeed, the inhibition of mild-
cold perception by TST is reversed upon genetic ablation of
either TRPMS8 or AR, demonstrating the recruitment of both
proteins. Furthermore, the two proteins are colocalized and
interact physically, and the sequence of the AR cloned from
DRG samples is the same as that of the canonical receptor.
Moreover, using FITC-BSA-TST, we have demonstrated
that AR is recruited at the PM of both cultured sensory neu-
rons and a heterologous HEK293 expression system. The
presence of AR at the surface of DRGs provides an alterna-
tive explanation for recent reports that the TRPMS8 channel
protein is itself a TST receptor. Indeed, Asuthkar et al have
shown that TRPMS is activated by androgens in the picomo-
lar range.45 In line with these results, we also observed an
increase in TRPMS activity in response to nanomolar TST
concentrations in HEKy5 cells. But when TRPMS8 was coex-
pressed with AR (HEKjg/ar), the stimulatory effect of TST
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FIGURE 6 The Androgen Receptor interacts directly with TRPMS in a ligand-dependent way. Immunoblot of co-immunoprecipitation
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TRPMS in HEK293 cells overexpressing AR and TRPMS8 (HEKg/ar) C, and native DRG neurons D, upon treatment with 100 nM of TST or
vehicle (ethanol). Puncta corresponding to positive PLA results are depicted in red and DAPI-stained nuclei are depicted in blue. The density of
puncta is summarized on the right and data are expressed as means + SEM, statistical significance was determined by Student 7-test, (n = 4 cells
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FIGURE 7 TST decreases mild-cold sensitivity in vivo through
the inhibition of TRPMS activity by cell-surface AR. Schematic
diagram illustrating that circulating TST inhibits mild-cold perception
in male animals through its action on the TRPMS8-AR surface complex
in sensory neurons (DRG: Dorsal Root Ganglia). Low sensitivity to
cold is due to physical interaction of TST-bound AR with the cold
receptor TRPMS8 with the subsequent inhibition of channel activity

was reversed, leading to a dramatic inhibition of TRPMS ac-
tivity at physiological TST concentrations (nanomolar range,
Figure 4C,D). We, therefore, propose that in the physiologi-
cal context and in the presence of endogenous AR, TST acts
through its surface receptor and does not exert its effect di-
rectly on the channel.

We have previously been shown that the voltage-depen-
dence of the steady-state activation of TRPMS8-mediated
whole-cell currents in DRG neurons from male rats main-
tained in the presence of TST demonstrates a roughly 15 mV
positive shift compared to DRG neurons from female rats
cultured in the presence of 17[5—estradiol.“ Since, accord-
ing to our data, 17f-estradiol does not affect the TRPMS
channel (see Figure 4B), one could suggest that the inhib-
itory action of TST via surface AR involves a shift in the
voltage-dependence of TRPMS activation to more positive,
nonphysiological membrane potentials. The fact that at the
single-channel level, TST decreases the TRPMS8 NP, without
affecting single-channel conductance is consistent with this
notion. A TST-induced positive shift in the voltage-depen-
dence of TRPMS activation would result in a higher thresh-
old for a cold or menthol stimulus to induce AP firing in
cold-sensitive DRG neurons (Figure 2C), thus, reducing cold
sensitivity.

TST, furthermore, modulates TRPMS activity through AR
in a dose-dependent manner, as shown by our electrophysi-
ological measurements as well as biotinylation and interac-
tion assays. At 10 nM, a TRPMS8-AR complex is observable
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at the cell surface, in association with TRPMS inhibition.
Increasing TST concentration to 100 nM causes the detach-
ment of AR from TRPMS8 and the expected internalization
and nuclear translocation of AR, allowing it to trigger the
genomic effects of androgens. The cellular localization of AR
is of primary importance for its distinct actions. Nongenomic
signals mediated by AR at the membrane have been proposed
to be favored in cholesterol-rich lipid-rafts.46 Interestingly,
both AR and TRPMS have been reported to be localized in
lipid rafts.***” TRPMS responses to cold are enhanced when
the channel is located outside lipid rafts, while they are in-
hibited when it is confined to these domains.*® Knowing that
androgens facilitate the concentration of AR in lipid rafts,*®
it is likely that TST triggers the aggregation of TRPMS8-AR
complexes in the rafts, resulting in TRPMS inhibition.

To date, the steroid-hormone-mediated regulation of
TRP channels via nongenomic mechanisms has also been
demonstrated for seven other members of the TRP fam-
ily in several physiological contexts: TRPC3, TRPCS,
TRPC6, TRPV1, TRPVS5, TRPM6, and TRPM3. TRPM6
and TRPVS5, which function as gatekeepers of transepithe-
lial Mg2+ and Ca®* transport in the kidney, are regulated by
estrogens in a nongenomic manner.*>* TRPM3 acts as an
ionotropic steroid receptor gated by the neuroactive steroid
pregnenolone sulfate, which rapidly activates the channel
in a heterologous expression system as well as in the na-
tive insulin-producing l3-cells.30 Recent studies have shown
that the presence of progesterone and, to a lesser extent,
progesterone metabolites or 17-estradiol inhibits the chan-
nel’s response to pregnenolone sulfate within 2-5 minutes,
whereas dihydrotestosterone has an inhibitory effect at
high concentrations (>1 uM). Interestingly, overlay assays
indicate that pregnenolone sulfate, progesterone, and di-
hydrotestosterone could bind to either TRPM3 or its part-
ner protein.5 ! Pregnenolone sulfate has also been shown
to inhibit TRPV1,”* while progesterone reduces TRPC3,
TRPC4, TRPC5, and TRPC6 activity.”>** The physiolog-
ical significance of these effects has yet to be revealed, ex-
cept for TRPM3 inhibition by pregnenolone sulfate, which
has been linked to the release of insulin by pancreatic islets.

In conclusion, we have identified TST as a fine regula-
tor of thermosensitivity, making males less sensitive to mild
cold. Physiological concentrations of TST act on cell sur-
face AR, which in turn inhibits the mild-cold sensor TRPMS
through direct protein-protein interactions. Interestingly both
cytosolic C-terminal and N-terminal domains of TRPMS
both interact with the AR. This pattern of interaction is fa-
vored by tetrameric structure of functional TRPMS8, where
the C- and N-terminal domains of TRPMS are in close prox-
imity.55 6 The crystal structure of the NTD has not been de-
termined yet, however, some reports speculated that NTD
domain of the AR does not have stable secondary structure
in the absence of an interaction with the C-terminal domain
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of the AR or another protein.”’® It remains to be clarified
how these steroid-protein complexes are organized into mi-
crodomains and whether they are recruited in other tissues
and signaling cascades known to involve these proteins, such
as central thermoregulation, prostate and testis function, or
cancer pathophysiology.
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