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ABSTRACT: Testes of most male mammals present the particularity of being externalized from the body and are
consequently slightly cooler than core body temperature (4-8°C below). Although, hypothermia of the testis is
known to increase germ cells apoptosis, little is known about the underlying molecular mechanisms, including cold
sensors, transduction pathways, and apoptosis triggers. In this study, using a functional knockout mouse model of
the cold and menthol receptors, dubbed transient receptor potential melastatine 8 (TRPMS) channels, we found that
TRPMS initiated the cold-shock response by differentially modulating cold- and heat-shock proteins. Besides,
apoptosis of germ cells increased in proportion to the cooling level in control mice but was independent of tem-
perature in knockout mice. We also observed that the rate of germ cell death correlated positively with the reactive
oxygen species level and negatively with the expression of the detoxifying enzymes. This result suggests that the
TRPMS sensor is a key determinant of germ cell fate under hypothermic stimulation—Borowiec, A.-S., Sion, B.,
Chalmel, F,, Rolland, A. D., Lemonnier, L., De Clerck, T., Bokhobza, A., Derouiche, S., Dewailly, E., Slomianny, C.,
Mauduit, C., Benahmed, M., Roudbaraki, M., Jégou, B., Prevarskaya, N., Bidaux, G. Cold/menthol TRPMS receptors
initiate the cold-shock response and protect germ cells from cold-shock—induced oxidation. FASEB J. 30, 3155-3170 (2016).
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In male mammals the mean testis temperature is ~4-8°C
below the core body temperature. Internalization of testes
in cryptorchidism and mild heating of testes, as well, have
been reported to damage DNA and trigger apoptosis of
germ cells leading to infertility (1). Testis cooling triggers
similar effects. Indeed, testis hypothermia has been re-
ported to increase germ cell apoptosis in both adult rats
(2-4) and red-bellied newts (5). Concomitant to cell death,
authors have described an increase in abnormal sperma-
tozoa, a slight decrease in fertility, and a strong decrease in
viable embryos. Among all germ cells, pachytene sper-
matocytes at stages XII-I were the most sensitive to cool-
ing. These studies emphasize the thermosensitivity of
gametogenesis and suggest that specific molecular pro-
tective pathways could intervene to control cell viability
under mild temperature variations. Because hyperthermia
is related to human disease, it has been extensively stud-
ied, whereas testes hypothermia has been described only
on a macroscopic scale. Studying cold transduction
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mechanisms and molecular pathways leading to germ cell
death may therefore give new insight into infertility but
also into cold-protective strategy for other organs.

The cold- and menthol-activated transient receptor po-
tential melastatine 8 (TRPMS) channel has been reported
to be a thermodynamic sensor that detects cool tempera-
tures in the range of 15-33°C (6, 7). In addition to its ex-
pression in dorsal root ganglia neurons and inner tissues,
such as prostate (8), the TRPMS8 channel is expressed in
keratinocytes (9), where it regulates cold-dependent epi-
dermal homeostasis (10, 11). Recent advances in the mo-
lecular mechanisms induced by TRPMS activation have
revealed that its cold transducer activity is tightly coupled
to the level of reactive oxygen species (ROS) (10, 12, 13). In
spermatozoa, low ROS levels facilitate capacitation, whereas
at higher concentrations, they trigger tissue injury through
cell death (14, 15). Based on the knowledge that TRPMS is
expressed in spermatozoa (16-18) and that ROS are well-
known inducers of cell death, our goal in the current study
was to understand whether the cold transducer, TRPMS,
could trigger hypothermia-mediated apoptosis of male
germ cells.

In this study, we demonstrate that the Trpm§ gene is
mostly expressed in pachytene spermatocytes and sper-
matids in which cold stimulation of rodent germ cells
triggers calcium mobilization from internal stores. By
means of a functional knockout (KO) of TRPMS8 channels
in mice, we showed that, loss of TRPMS8 correlates with
a temperature-independent increased level of germ cell
death and with variation in the type of spermatozoa ab-
normality. We also report that suppression of TRPM8
decreased the viability of control (CTL; 29°C) and cooled
(17°C) germ cells, but did not protect them from cold-
induced apoptosis at 4°C. This inferred protective effect of
TRPMS expression in wild-type mice is related to a con-
comitant overexpression of antioxidant enzymes—narmely,
superoxide dismutase (SOD)-1; glutathione peroxidase-
(GPX)-2, -4, and -5; and uncoupling protein 3 (UCP3). This
TRPM8-dependent induction of protective factors corre-
lates with a tight control of ROS concentration absent in
TRPMS-KO (KOMS) germ cells.

In summary, we showed that TRPMS8 channels are es-
sential for the protection of germ cells against testis hy-
pothermia, via a tight control of cell ROS concentration and
induction of chaperons.

MATERIALS AND METHODS
Cell culture

The HEK cell line was purchased from the American Type
Culture Collection (ATCC; Manassas, VA, USA). Cells were
amplified in DMEM (Thermo Fisher Scientific Life Sciences,
Courtaboeuf, France) supplemented with 10% fetal calf se-
rum (FCS) and kanamycin (100 p.g/ml). Cells were tested for
contamination every 2 mo.

Establishment of Trpom8~'~ mice
A complete description of the establishment of the Trpm8 ™/~

mouse has been published (10). To suppress ion channel activity
of every channel-like TRPMS isoforms, introns 17 and 20 were
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deleted. Scale-up of Trpm8~/~ colonies was achieved by back-
crossing the Trpm8 ™/~ line with the CTL Trpm8*/* line. According
to the recommendations of The Jackson Laboratory (Bar Harbor,
ME, USA; https//-www.jax.org) for breeding strategies, in-
terbreeding was performed for 8 generations to prevent substrain
apparition and genetic divergence. At the time of the experi-
ments, CTL mice were aged 78 wk and KOMS8 mice 68 wk, on
average. The mice were distributed randomly in each tem-
perature groups by rolling dice.

Cold shock of mouse testes

Heat-treated mice were anesthetized with an injection of
10 mg/kg xylazine and 100 mg/kg i.p. ketamine. After an-
esthesia, the scrotum of each male was passed through a hole
that was then placed in a circulating water bath at 0 or 14°C for
45 min. To calibrate cooling speed and efficiency, we measured
evolution of the core and scrotum temperatures. To measure the
former temperature, an incision was made in the abdomen, and
the probe of a digital thermometer Digitron (Digitron, Devon,
UK) was inserted into the abdominal cavity. The probe was
pushed down into the scrotum to measure its temperature. We
measured core and scrotum temperature of mice partially
immerged in cool (14°C) and cold (0°C) water for 45 min,
whereas CTL animals received anesthesia only. A CTL ex-
periment was performed at 29°C, which was found to be the
temperature in the scrotum of anesthetized animals. This
temperature is lower because of the combination of 2 factors:
the effect of the anesthetic on body temperature and the tes-
ticular descent into the scrotum during anesthesia. As pre-
sented in Supplemental Fig. S1D, the scrotum temperature
dropped and stabilized at 4-5°C within 10 min (rate of de-
crease, 6.2°C/min). By comparison, the rate of body temper-
ature cooling was ~0.38°C/min (Supplemental Fig. S1E).
After 45 min of immersion, mice were in severe hypothermia,
preventing us from prolonging the experiment. (Under those
experimental conditions, mice viability was 100% 3 days after
immersion.) After waking up, all animals were returned to
their cages. Mice from each group were killed by cervical
dislocation, and their testes and epididymis were removed
and weighed. Spermatozoa were prepared from minced epi-
didymis after incubation in 3 ml of BWW with stirring during
15 min. An aliquot was diluted with a sodium acid carbonate-
formaldehyde solution and placed into the chamber of a he-
mocytometer (Thomas Scientific, Inc., Swedesboro, NJ, USA).
Spermatozoa were counted according to the techniques de-
scribed by the World Health Organization (19). Sperm prep-
aration smears were made and allowed to dry in air; 200
spermatozoa were examined at X400 magnification.

Isolation and culture of germ cells

After the mice were killed, testes of C57BL/6] mice were
collected. The tunica albuginea of the testes was removed.
Tubules were then digested in F12/DMEM (1:1) containing
0.5 mg/ml collagenase at 32°C for 15 min under gentle agi-
tation. Seminiferous tubules were harvested by low-speed
centrifugation and washed twice with F12/DMEM without
enzyme. The pellet was resuspended in F12/DMEM supple-
mented with antibiotics and containing 0.5 mg/ml collage-
nase and 10 pg/ml DNAse. Seminiferous tubules were then
cut in fragments with 2 lancets and digested as described
above. The dispersed seminiferous cords and cells were col-
lected by centrifugation (1000 rpm, 8 min), washed, and gently
resuspended in culture medium F12/DMEM supplemented with
5% FCS, MEM vitamin (1X), ITS liquid medium supplement
(1X), sodium pyruvate (1 mM), and antibiotic/antimycotic. The
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whole process was performed in conditions that limited thermal
shocks.

Transfection

HEK cells were transfected with plasmids by using Nucleo-
fector technology (Lonza Group Ltd., Basel, Switzerland)
according to manufacturer. Cells (10°) were transfected with
2 pg of total vectors and plated on dishes precoated with
polylysine.

Microarray and RNA-seq datasets

To study Trpm8 expression in mammalian testes, we made
use of 3 published datasets, including transcriptomes of dif-
ferent types of male germ cells and of testicular somatic cells
(20-22). We first used a transcriptomic dataset based on
Affymetrix 3’ IVT microarrays including 4 testicular cell types
in 3 mammalian species (human, mouse, and rat) (ArrayEx-
press ID: ETABM-130; Thermo Fisher Scientific ) (20): Sertoli
cells (only for mouse and rat), spermatogonia (only mouse
and rat), spermatocytes, round spermatids, and total testis.
Log,-transformed normalized expression patterns of Trpm8
transcript were then plotted in all 3 species, using the corre-
sponding probe sets: 1369348_at, 1421617_at, and 1369348_at
in rat, mouse, and human, respectively (Fig. 1A). Finally,
expression patterns of Trpm8 based on RNA sequencing data,
as published by Ganet al. (21), Soumillon et al. (22), and Darde
et al. (23) were examined in the ReproGenomics Viewer
(21-23) (Fig. 1B).

Invariant gene selection for gPCR normalization

Invariant genes were selected from high-throughput micro-
array experiments on mouse postnatal testis development
and mouse isolated testicular cells (20, 24-26). Corresponding
datasets were downloaded from the Gene Expression Omni-
bus (GEO) repository (National Center for Biotechnology In-
formation, Bethesda, MD, USA; http://www.ncbi.nlm.nih.gov/
geo/) and normalized by using the RMA algorithm (27) in
AMEN software (28). Probesets that were significantly de-
tected (i.e., signal intensity > median value of all probesets)
and showed a low signal variation across all samples (i.e., SD of
log2-transformed intensity < 0.2) were selected. Expression
profiles for candidate genes were finally individually checked
at the GermOnline website [http://www.germonline.org/
index.html (29)]. Final selection included GDP dissociation
inhibitor 2 (Gdi2; probeset 1435898_x_at), CTD nuclear en-
velope phosphatase 1 (Ctdnepl; probeset 1452100_at), and
glyceraldheyde-3-phosphate dehydrogenase (Gapdh; probeset
1418626_s_at) (Supplemental Fig. S3).

PCR

A classic RT-PCR protocol was used, as described elsewhere (30).
Oligonucleotides are presented in Table 1.

Quantitative real-time PCR analysis

Real-time quantitative PCR was performed as has been described
(10). Primer sequences are given in Table 1. In the case of tissue
analysis and multiple biological variables, proper selection of
reference genes cannot be achieved randomly. Therefore, after
microarray analysis, we selected 3 genes (Gapdh, Gdi2, and
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Ctdnepl) expressed in different subtypes of germ cells and in
different cell types constituting testis tissue, as well, which
showed the most stable expression (Supplemental Fig. S3A). We
checked the stability of expression of the reference genes in CTL
and KOMS testis that had been subjected or not to mild and
strong hypothermia (Supplemental Fig. S3B, C). Because we de-
tected minor asymmetric variations, we concluded that the 3
reference genes should be used for normalization instead of ar-
bitrarily selecting 1 or 2 of them. C;,ref was replaced with a
normalization factor, C,, calculated by geometric averaging of
the C; of the 3 reference genes (31). Scatterplots of Gapdh, Gdi2,
and Ctdnep1 C, values in function of C, revealed a better correc-
tion of gene expression (Supplemental Fig. S3D).

Immunoblot analysis

Tissues were collected and stored in liquid nitrogen until protein
extraction. Pieces of testes were transferred in beads-containing
tubes and extracted with a high-throughput Precellys-24 tissue
homogenizer (Precellys, Saint-Quentin-en-Yvelines, France)
cooled down with Cryolis (Activair, Opava, Czech Republic) at
4°C. Cultured cells were collected in a PBS solution and then
pelleted before extraction in the ice-cold buffer. Proteins were
extracted, and immunoblot analysis was performed (10). Total
protein (25 pg) was loaded onto a polyacrylamide gel (100 p.g for
TRPMS detection). The membrane was blocked in TNT [15 mM
Tris buffer, pH 8, 140 mM NaCl, and 0.05% Tween 20+5% (w/v)
nonfat dry milk] for 30 min at room temperature and then soaked
in primary antibody diluted in TNT+1% milk for 2 h at room
temperature. After 3 washes, the membrane was soaked in sec-
ondary antibody diluted in TNT+1% milk for 1 h at room tem-
perature. It was processed for chemiluminescence detection with
Luminata Forte Western HRP Substrate (Millipore, Guyancourt,
France). After a 10 min bath in Reblot Plus Mild Solution (Milli-
pore), the immunoblot analysis was performed again. The pri-
mary antibodies were as follows: TRPMS, 1:1000 (ab109308;
Abcam); heat shock protein A1l (HSPA1), 1:500 (sc-1060; Santa
Cruz Biotechnology, Dallas, TX, USA); HSPAZ2, 1:2000 (ab83204;
Abcam, Cambridge, United Kingdom); heat shock factor 1-C5
(HSF1-C5), 1:500 (sc-17756; Santa Cruz Biotechnology); HSF2,
1:500 (sc-13056; Santa-Cruz); CIRP, 1:200 (sc-161012; Santa Cruz
Biotechnology); monoclonal antibody Ki 67 (MKI67), 1:500
(Ab15580; Abcam); SOD1, 1:500 (sc-11407; Santa Cruz Bio-
technology); SOD2, 1:500 (sc-133254; Santa Cruz Biotechnology);
GPx4, 1:200 (sc-50497; Santa-Cruz); GPx5, 1:200 (sc-54826;
Santa-Cruz Biotechnology); B-actin, 1:1000 (A-2228; Sigma-
Aldrich); protamine 2 (Prm2) 1:200 (sc-23102; Santa-Cruz Bio-
technology); phospho-mammalian target of rapamycin (p-MTOR)
(Ser**®), 1:200 (sc-101738; Santa-Cruz Biotechnology); and mTOR,
1:200 (sc-8319; Santa-Cruz Biotechnology).

Histology

Deparaffinized slides of testis from 8 Trpm8** and 8 Trpm8 7~
mice were subjected to hemalum-erythrosin-safran trichrome
staining. The slides were analyzed on an upright Axio Imager.A1
microscope (Zeiss, Oberkochen, Germany). Images were ac-
quired with an AxioCam MRc5 digital camera, and the Axiovi-
sion software (Zeiss) was used for analysis.

Immunohistofluorescence

After paraffin removal, antigen retrieval was achieved in a
citrate buffer boiled 4 times for 5 min in a microwave oven.
After 3 washes in PBS, the tissue sections were blocked
with PBS supplemented with 1.2% gelatin (PBS/gelatin) for
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Figure 1. TRPMS8 channels are expressed and functional in mouse germ cells. A) Normalized signal intensities (y axis, log2-
transformed) of Trpm8 are shown in the different testicular cell types (x axis) in Sertoli cells (SC), spermatogonia (Spg),
spermatocytes (Spc), round spermatids (rSpt), and total testis (TT) of 3 mammalian species: rat, mouse, and human. B) Gene
structure is shown for Trpm& and histograms of the numbers of RNA-seq reads that aligned the corresponding genomic locations
across the different samples from Gan et al. (21) and Soumillon et al. (22) (yaxis ranges from 0 to 40) (adapted from The
ReproGenomics Viewer; http://rgv.genouest.org/publication.html). C) PCR detection of different regions of Trpm8 in cultured germ
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TABLE 1. Primers

Gene Forward (5-3") Reverse (5'-3")

PCR
Trpm8(ex13—14) TGAAGCTTCTGCTGGAGTGG GAGTTCCACATCCAAGTCCTC
Trpm8 (ex16—19) ATATGAGACCCGAGCAGTGG CTGCCTCACTTCATCACAGAAG
Trpm8 (ex18-21) CGAGACACGAAGAACTGGAAG ATCCGTTGCAGAATTATAATCTGGG
Trpm8 (ex16-21) ATATGAGACCCGAGCAGTGG ATCCGTTGCAGAATTATAATCTGGG
B-Actin CAGAGCAAGAGAGGTATCCT GTTGAAGGTCTCAAACATGATC

Real-time PCR
Gapdh CTGCGACTTCAACAGCAACTC TCCACCACCCTGTTGCTGTA
Gdi2 GGAATACGACGTGATCGTGC CAGCGGTGTTATAGACGCACT
Ctdnepl ACAAACACCCAGTCCGGTTT TGCCACAGCAGAGCCATAAA
Trpm8 CACATATGACTTCTCCCACTGT AGAGCATGTAGATGCACACCA
Magea4 GGGAGTTAGACAATGTTCAGGCT GGAGAGGAGGCTCTTTGAGG
Hspa2 (variant 1)  CGCTTTCGTCCTAACGTTGC CGATGATCTCCACCTTGCCA
Tnpl CTCACAAGGGCGTCAAGAGA CATTGCCGCATCACAAGTGG
Prm2 CATAGGATCCACAAGAGGCG TGCCTCCTACATTTCCTGCAC
Mki67 TCTTGGCACTCACAGCCCAGC TGTCCTCGGTGGCGTTATCCC
Pcna TCTGCAAGTGGAGAGCTTGGCA AGAGCAAACGTTAGGTGAACAGGCT
Cdknla CGGTGTCAGAGTCTAGGGGA AGGATTGGACATGGTGCCTG
Cdknlb GCTGGGTTAGCGGAGCAGTGT AGCGTTCGGGGAACCGTCTG
Mtor GCATTCCGACCGTCCGCCTT CTGGAACGCCGCAGTCCGTT
Spl GTGCCGCCTTTTCTCAGACT CAATTCTGCTGCAGGTTGCT
Ddit3 TGCAGGAGGTCCTGTCCTCAGAT  AGCCAAGCTAGGGACGCAGG
Atf4 CATGGGTTCTCCAGCGACAA TCCAACATCCAATCTGTCCCG
Eif2ak3 CAAGCCAGAGGTGTTTGGGA AGATTCGAGCAGGGACTCCA
SigmaR1 AGGGCACCACGAAAAGTGAGGT GGTCCCCACTCCAGAGCCGT
Hsf1 GCCTCCCCAGGCAGGAGCATA AGGGCTCGCCTCCAGTACCC
Hsf2 CATCACCTGGAGTCAGAATGGA GCACTACTTTTCGGAAGCCA
Cirbp GGAGCTCGGGAGGGTCCTACA GACGATCTGGACGCGGAGGG
Hspala TGGCCTTGAGGACTGTCATT AGCCCACGTGCAATACACAA
Rbm3 CGTGGTCGCAGTTACTCTAG TGAGTAGCGGTCATAGCCAC
Ucepl AGGAGTCCGAAGTCGCGGGT TGGAGGGCAGAGAGGCGTGA
Ucep2 TCTGCACCACCGTCATCGCC GACCTGCGCTGTGGTACTGGC
Ucp3 CCGAAGTGCCTCCCACAACGG ACGGACCTTGGCGGTGTCCA
Sod1 GCGGTGAACCAGTTGTGTTG GCACTGGTACAGCCTTGTGT
Sod2 ACAACTCAGGTCGCTCTTCAG TCCAGCAACTCTCCTTTGGG
Sod3 CTGACAGGTGCAGAGAACCTC GGTCAAGCCTGTCTGCTAGG
Cat GCCAATGGCAATTACCCGTC GAGGCCAAACCTTGGTCAGA
Gpxl TCTCTCTGAGGCACCACGAT CATTCTCCTGGTGTCCGAACT
Gpx2 CTGCAATGTCGCTTTCCCAG CCCCAGGTCGGACATACTTG
Gpx3 GCATCCTGCCTTCTGTCCC CGATGGTGAGGGCTCCATAC
Gpx4 GTACTGCAACAGCTCCGAGT ATGCACACGAAACCCCTGTA
Gpx5 TGTGAAAGGCACCATCTACG GACCGCAATAGGTAGCCACA

30 min at 37°C and then coincubated with primary anti-
bodies diluted in PBS/gelatin for 2 h at 37°C. After thorough
rinsing in PBS/gelatin, the slides/dishes were treated with
the corresponding secondary antibody: either Dye light 488-
labeled anti-rabbit IgG (1:2000) or Texas Red-labeled anti-
goat IgG (1:800; both from Jackson ImmunoResearch, West
Grove, PA, USA) diluted in PBS/gelatin for 1 h at RT. After
rinsing twice in PBS/gelatin and once in PBS with 1:200
DAPI for 10 min at room temperature, the slides were
mounted with Mowiol (Sigma-Aldrich) and examined under
an LSM 780 confocal microscope (Zeiss).

TUNEL was performed on deparaffinized slides of mouse
testis, by means of TUNEL-TMR red (Roche, Meylan,
France), incubated at room temperature for 30 min. After the
slides were rinsed twice in PBS/gelatin and once in PBS with
1:200 DAPI for 10 min at ambient temperature, they were
mounted with Mowiol. Images were acquired with an AxioCam
MRG5 digital camera, and the Axiovision software was used for
analysis (Zeiss). Because numerous meiotic cells are visible in
testis slices and because they usually display an increased
TUNEL signal related to DNA breaks occurring in meiosis, the
slices were illuminated to discriminate the highest fluorescence

cells (top) and in whole extracts of mouse testis (bottom). PCR fragments were amplified from exon X to Y and reported as
Trpm8(exX-Y). Melanoma antigen family A-4 (Magea 4) and transition protein 1 (Tnpl) were used as reporters of spermatogonia
and spermatids respectively. D) Immunoblot analysis reveals detection of full-length TRPMS8 (130 kDa) and a 105 kDa TRPMS8
isoform, as well, in total protein extract of CTL mouse testis, but not in TRPM8-KO (KOMS8) mouse testis. £) Calcium imagin

experiments realized with Fura2-AM fluorescent probe show an increased cytosolic Ca®* concentration in 2 d isolated Trpm8"

+

mouse germ cells (CTL; n = 20) after addition of 500 uM menthol. No Ca*" variation was detected in germ cells of Trpm8 /™

mouse line (KOMS; n = 83).
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emission of apoptotic cells from the smallest fluorescence emis-
sion of meiotic cells.

Flow cytometry

ROS contents in freshly isolated mouse germ cells were measured
by the mean of fluorescent reporters analyzed by a CyAn ADP
flow cytometer (Beckman-Coulter, Brea, CA, USA). After the
dissociation of mouse testis, germ cells were incubated concomi-
tantly with 2.5 pM CellRox Deep Red reagent and 2.5 u.M CellRox
Green reagent for 45 min (CellRox; Thermo Fisher Scientific). Af-
ter two 5 min washes, the cells were incubated for 1 h at 32, 20, or
8°C before flow cytometer analysis. Fluorescent reagents were
excited specifically by means of 488 and 633 nm lines, and emis-
sion was filtered with a series of specific filters to avoid bleed
through. The flow cytometer was calibrated with rainbow beads
before each experiment. 405, 488, and 642 wavelength lasers were
used according to fluorescent reporters. Data were analyzed with
FlowJo software (ver. 8.7; TreeStar, Ashland, OR, USA).

Wide-field Ca** imaging

Calcium imaging experiments were performed (32). [Ca®*]. was
measured by using the ratiometric dye Fura-2 and was quantified
according to the Grynkiewicz equation (33). The bath solution
contained (in mM) 140 NaCl, 5 KCl, 2 CaCl,, 2 MgCl,, 0.3
Na,HPOy,, 0.4 KH,PO4, 4 NaHCO;, 5 glucose, and 10 HEPES; pH
adjusted to 7.3 with NaOH; and osmolarity: 330 mOsm/L.

Electrophysiology

Membrane currents were recorded in the whole-cell configu-
ration by using the patch-clamp technique and a computer-
controlled EPC-9 amplifier (HEKA Elektronic, Lambrecht,
Germany). Patch pipettes were made with a P-97 puller (Sutter
Instrument, Novato, CA, USA) from borosilicate glass capillaries
(WP, Sarasota, FL, USA). Patch-pipettes (resistance, 3-5 M(2)
were filled with the following solution (in mM): 140 CsCl, 10
HEPES, 8 EGTA, 1 MgCl,, and 4 CaCl, (100 nM free Ca2+), pH7.2
(adjusted with CsOH); osmolarity: 290 mOsm/L. The extracel-
lular solution contained (in mM) 150 NaCl, 5 KCl, 10 HEPES, 10
glucose, 1 MgCl,, and 2 CaCl, (pH 7.3; adjusted with NaOH);
osmolarity: 310 mOsm/L.

Data analysis

Each experiment was repeated at least 3 times, and the results are
expressed as means = sD. The data were analyzed and graphs
plotted using Origin 5.0 software (Microcal, Northampton, MA,
USA). Prism (GraphPad Software Inc., San Diego, CA, USA) was
used for statistical analysis. Statistical significance was set at P <
0.05, calculated by unpaired ¢ test with Welch’s correction and 1-
way ANOVA with Tukey’s multiple comparison posttest (=3
groups). Alternatively, 1-way ANOVA with Tukey’s multiple-
comparison posttest (=3 groups), statistical significance was as-
sumed at P < 0.05; the number of the “CTL"” column (shown at
the bottom of each CTL histogram) is indicated on the top of the
“tested” column in the histogram figures. For financial con-
straints and given that we sought to detect gene and protein
variations greater than almost 2-fold, the size of the group was
limited to 4, to obtain a size effect of 1 (low sensitivity), a statistical
power of 0.8 (high specificity), and a < 0.05 with 1-way ANOVA,
assuming that o of all groups was 1.
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RESULTS

TRPMS8 isoforms are expressed in meiotic
germ cells in rodent testis

The profiling of TRPMS8 expression in different germ cell
subtypes and in somatic cells was achieved by Affymetrix
3" IVT microarrays and Illumina RNA sequencing (Illu-
mina; San Diego, CA, USA) in 3 mammalian species (hu-
man, mouse, and rat) (20-22) (Fig. 14, B). We found a
higher expression of Trpm8 in both meiotic and post-
meiotic germ cells than in the other cell types in all 3 species
(Fig. 1A). Analysis of 2 RNA-sequencing datasets in the
mouse unambiguously revealed an enrichment of the
TrpmS§ region from exon 12 to 26 in postmeiotic germ cells
(21, 22) (Fig. 1B). PCR amplifications confirmed the ex-
pression of Trpm8 (Fig. 1C), including transmembrane and
P-loop encoding exons (Supplemental Fig. S14), in both
mouse testis and 3-d primary culture of mouse germ cells.
To inactivate all TRPMS8 channel isoforms, we developed a
functional KO mouse line, KOMS, by deleting exons 18, 19,
and 20, which encode the active pore domain. Immuno-
blot analysis of TRPMS8 protein performed on total testis
extract showed the detection of the full-length TRPMS8 and
an ~105 kDa isoform (Fig. 1D). Video fluorimetry revealed
that menthol application induced a calcium mobilization
in primary cultures of germ cells isolated from Trpm8**
CTL mice (Fig. 1E). Conversely, germ cells from Trpm8 "/~
KOMS8 mice were characterized by an absence of [Ca**];
variation. Electrophysiological recordings failed to de-
tect any TRPMS currents in mouse germ cell plasma
membranes (Supplemental Fig. S1C), whereas the
positive controls in HEK cells transfected with full-
length TRPMS8 were characterized by the typical cold-
activated current (8). These data suggest that functional
TRPMS channels located within the endoplasmic re-
ticulum (ER) membrane participate in ER Ca** signal-
ing in germ cells. Because TRPMS8 proteins incorporate a
cold sensor in their C terminus (34), we wondered
whether TRPMS8 channels could participate in testis
response to hypothermia.

TRPMS8 suppression sensitizes mouse germ cells to
apoptosis

Hypothermia of mouse scrotum was obtained by immersion
of the scrotum. This protocol offers the advantage of rapid
cooling of testis tissue while limiting core hypothermia, thus
increasing overall survival. As expected, when the cold
sensor, with an activation range spanning from 15 to 32°C,
was inactivated, the KOMS8 mice showed a defect of adap-
tive thermogenesis resulting in rapidly developing hypo-
thermia in the mild cold condition. Indeed, cooling the testes
at 17°C for 45 min reduced the core body temperature of the
KOMS8 mice to 22.1 * 0.8°C, a value significantly lower than
the 25.6 = 1.5°C recorded in wild-type animals (Fig. 2A).
This differential amplitude of hypothermia was attenuated
when the temperature was held at 4°C. This result suggests
that TRPMS8-stimulated thermogenesis cannot attenuate
strong cold-induced hypothermia. After a 3 d recovery
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Figure 2. TRPMS channel expression protects germ cells from apoptosis at rest and during mild, but not noxious, cold exposure.
A) Trpm8”* (CTL) and Trpm8 ’~ (KOMS) mice were subjected to a 45 min cold shock, and both body and scrotum
temperatures were measured concomitantly. Mild cold (17°C) revealed an impaired thermogenesis of KOMS testis, whereas no
alteration appeared under noxious cold conditions (4°C). B-D) Testicular weight (B), spermatozoa concentration (C), and
percentage of abnormal spermatozoa (D) in CTL and KOM8 mouse testes subjected to cold shocks of different magnitudes did
not show any significant difference 3 d after treatment. Statistical significance was assumed when P < 0.05 and is shown above the
tested column as the number of the column it is paired to. £) Anatomopathological analysis revealed the presence of near-empty

(continued on next page)
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period, the mice were euthanized and the testes collected.
No difference in testis weight (Fig. 2B), spermatozoa count
(Fig. 2C), or percentage of abnormal spermatozoa (Fig. 2D)
were detected between KOMS8 and CTL mice after the
3 d recovery period. Nevertheless, differences in the distri-
bution of the type of abnormal morphology were deter-
mined (Supplemental Fig. S2). Histologic analysis revealed a
significantly higher number of empty seminiferous tubules
in KOMS testis of mice housed at an ambient temperature
(Fig. 2E). In line with these studies of rat and newt (2, 3, 5),
apoptosis of CTL germ cells was doubled by cold exposure
(Fig. 2F, G). KOMS germ cells exhibited a cold-independent
apoptotic population with a basal apoptosis level similar to
the one recorded in CTL cells at 4°C. These results suggest
that, in wild-type mice, TRPMS8 channels protected germ
cells exposed to mild cold (17-29°C) against apoptosis. This
latter range of temperature correlates with the window of
TRPMS activation by cold (35, 36). To decipher how TRPMS8
protects germ cells against cold-induced cell death, we
looked for potential deregulation of gene families in germ
cells of CTL mice subjected to hypothermia.

Hypothermia exerts a TRPMS8-dependent regulation
of gene expression in testis

Using qPCR, we specifically screened the expression of
genes involved in the cell cycle, mitochondrial uncoupling,
oxidation, and genes activated by cold. To avoid false-
positive variations in gene expression, we first carefully
defined a normalizing factor as described in Materials and
Methods. This factor was selected among the most in-
variant genes detected in CTL and KOMS testes subjected
or not to hypothermia (Supplemental Fig. S3). We first
checked whether cold could have modified the rate of
gametogenesis and unbalanced the proportion between
germ cell subtypes, but significant variation of marker
expression was detected in KOMS8 and CTL testes after a
3 drecovery period (Supplemental Fig. S4). Based on these
observations, we then assumed that any variation in gene
expression detected in the following experiments would
solely result from a true shift in the transcription rate and
not from major changes in cell population heterogeneity.
We then controlled to ensure that the level of TRPMS8
transcripts was stable in both KOMS8 and CTL testis, in-
dependent of the incubation temperature, by quantifying
the expression of exons 21 to 22 downstream of the deleted
region in KOMS (Fig. 3A). In addition to dedicated pro-
teins, HSPs are also regulated by cold shock (37, 38). We
found a weak induction of Hsfl, cold-induced RNA-
binding protein (Cirbp), and RNA-binding motif protein 3
(Rbm3) in CTL testis subjected to strong hypothermia
(4°C). This cold-mediated gene induction was suppressed
in KOMS testis (Fig. 3B). This result suggests a TRPMS-
and cold-dependent up-regulation of these genes.

Conversely, the expression of the HSP-70 gene Hspala was
decreased during cold induction in CTL mouse testis
but remained unchanged in KOMS8 mouse testis (Fig. 4).
The cell cycle markers Ki67 (MKi67), proliferating cell
nuclear antigen (PCNA), and p27°*" [cyclin-dependent
kinase inhibitor 1B (Cdkn1B)] were not affected by cold,
whereas p21°"" (Cdkn1A), involved in cell cycle arrest, was
preferentially induced by the cold in KOMS testis (Fig. 3C).
Because TRPMS8 has been implicated in modifications of
ROS homeostasis (13) and because elevated ROS concen-
tration could induce an increased apoptosis of germ cells
paired with modifications in spermatozoa phenotype and
survival (39), we measured the expression level of genes
coding for the detoxifying enzymes SOD1 and -2 (Sod1 and
Sod2), GPX1-5 (Gpx1-5), and catalase. Because uncoupling
protein (UCP) 3 (Ucp3) has been reported to participate in
ROS homeostasis (40), we also measured the expression of
Ucp3. As shown in Figs. 3D and 4, Sod1, Gpx2, Gpx5, and
Ucp3 were induced by cold in CTL testis, but not in that
of the KOMSs. Surprisingly, mild cold (17°C) induction of
the testis-specific peroxidase Gpx4 was restricted to CTL
mice, although intense cold (4°C) induced the Gpx4
gene in both CTL and KOMS8 mouse testes (Fig. 3D).
We finally tested for genes involved in the ER stress
response and cell signaling, but no significant varia-
tions were detected (Fig. 4). These results, altogether,
indicate that cold (4°C) induction of Hsfl, Cirbp,
Rbm3, Sod1, Gpx2, Gpx5, and Ucp3 genes and cold
repression of the Hspala gene requires TRPMS8 chan-
nels (Table 2). It should be noted that the highest
Gpx4 induction is reached with mild cold (17°C)
stimulation.

Immunoblot analysis partially confirmed the above
results for HSPA1, SOD1, GPX4, and GPX5 proteins in
extracts of mouse testis 3 d after hypothermia. Note that,
although its expression was unchanged at the mRNA
level, we observed a down-regulation of HSPA2 protein in
CTL testis subjected to hypothermia and in KOMS8 mice at
29°C (Fig. 5A, B), suggesting a cold-dependent post-
transcriptional regulation of HSPA2 protein. Immuno-
labeling of CTL mouse testis slices confirmed this decrease
in HSPA?2 expression after hypothermia, whereas CIRBP
appeared stable (Fig. 5C). In the same line of evidence,
KOMS mice showed a decreased level of CIRBP expres-
sion (Fig. 5D), confirming that variations in immunoblot
results were mostly related to decrease in expression per
cell, instead of a decreased proportion of cell pop-
ulation in testis. It has recently been shown that cold
shock inhibits mTOR (41). Although mTor expression
was unchanged at the mRNA level (Fig. 4; Table 2), the
level of phosphorylation of mTOR showed a tendency
to decrease with cold shock (Fig. 5A). This finding may
suggest that TRPMS participates in the upstream reg-
ulation of mTOR inhibition.

seminiferous tubules (arrows) in trichromatic-stained paraffin-embedded sections of KOMS testis of nonstimulated mice. Scale
bars, 200 pm. F) TUNEL with nucleotides coupled to tetramethyl rhodamine (red) revealed apoptotic germ cells. Nuclei were
counterstained with DAPI (blue). Apoptotic cells were counted and normalized by 100 seminiferous tubules. Scale bar, 200 pm.
G) Histogram shows statistical analysis of the counting of apoptotic germ cells. Values are means * sp for CTL (n =6) and KOMS8
(n = 6) mice. Statistical analysis was performed by 1-way ANOVA.
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Figure 3. Screening of specific gene networks reveals the TRPM8-dependence of genes encoding cold-shock proteins and
antioxidant enzymes. A) Real-time PCR showed no significant variation in Trpm8 gene expression (exons 21-22) in CTL and
KOMS8 mice subjected to cold shocks of different amplitudes (scrotum temperatures were 29, 17, and 4°C). B-D) mRNA
quantification was also performed for the following heat- and cold-shock factors (B): heatshock factor 1 (HsfI), cold-inducible
RNA binding protein (Cirbp) and RNA binding motif (RNP1, RRM) protein 3 (Rbm3); for proliferation markers (C): antigen
identified by monoclonal antibody Ki 67 (Mki67) and proliferating cell nuclear antigen (Pcna); inhibitors of cell cycle: cyclin-
dependent kinase inhibitor 1A and 1B (Cdknla and Cdknlb, respectively) also known as p21<PY/™*™ and p27P; and for
antioxidant enzymes (D): SOD1, Cu®*/Zn*" (Sodl, Gpx4, and Gpx5, respectively) and UCP3 (Ucp3). Values are presented as
means * sb for CTL (n =5) and KOMS8 (n =5) mice. Statistical significance confirmed with 1-way ANOVA when P < 0.05 and is
indicated above the tested column as the number of the CTL column it is paired to.

Although testis responses to hypothermia were mea-
sured 3 d after cold shock, the observed gene deregulation
represented long-term responses after kinetic apoptosis.

because cold-induced apoptosis was restricted to germ
cells. Because of the dense vasculature of testis and the
thermogenesis activated by the cold shock, it is unlikely

Induction of detoxifying enzymes suggests that cold shock
is concomitant with a boost in [ROS], which would explain
the induction of apoptosis found in the present study.
However, since we analyzed whole testis tissue, we could
not clearly state that the observed gene regulations oc-
curred in germ cells instead of in spermatozoa or any
testicular somatic cells. This result is of primordial interest
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that the core testis temperature dropped along with the
scrotal temperature. To compare the results of hypother-
mia performed on testis of live animals with hypothermia
performed on isolated germ cells, we assumed that cold
shocks on the latter would be better performed several
degrees above the temperatures applied on animals. We
thus studied the response of isolated germ cells to mild and
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Figure 4. Real-time PCR screening of several genes families in mouse testis 3 d after cold shocks. As in Fig. 3, graphs show
real-time PCR quantification of gene expression of ER stress marker: DNA-damage-inducible transcript 3 (Ddit3), activating
transcription factor 4 (Atf4), eukaryotic translation initiation factor 2-a kinase 3 (Eif2ak3), o nonopioid intracellular
receptor 1 (Sigmarl); cell signaling markers: mechanistic target of rapamycin (serine/threonine kinase) (Mtor) and Spl
transcription factor (Spl); oxidation/anti-oxidation enzymes: Sod2 and -3, respectively, catalase, GpxI, -2, and -3 re-
spectively; cold/heat-shock induced genes: heat-shock protein -1A and 2A (Hspala and -2, respectively) and heat shock
factor 2 (Hsf2). Statistical significance at P < 0.05 was confirmed with 1-way ANOVA and is shown above the tested column
as the number of the CTL column it is paired to.
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TABLE 2. The TRPMS8-dependence of gene expression in mouse germ
cells subjected to cold shock with a 3 d recovery period

Markers Gene 4°C 17°C 29°C
Germ cell types Magea4  1.09 149 095
Hspa2 088 1.05 0.64
Tnpl 153 181 081
Prm2 173 191  0.76
Cell cycle Mki67 089 095 0.72
Pcna 1.38  1.04 092
Cdknla 065 1.14  0.81
Cdknlb 132 1.04  0.82
Cell signaling Mtor 0.9 1.06 0.8
Spi 1.37  1.61 1.61
ER stress Ddit3 157 128 0.83
Atf4 162 126 0.67
Eif2ak3 114 113 098
Sigmarl 147  1.17  0.67
Cold/heat shock proteins  HsfI 2.18“ 134  0.89
Hsf2 075 075  1.05
Cirbp 2.16“ 1.51 1.68
Hspal 047" 068  1.08
Hspa2 088 1.05 0.64
Rbm3 211 15 0.87
Mitochondrial uncoupling  Ucpl — — —
Ucp2 1.07 1.01  0.78
Ucep3 2.98“ 156  1.20
Oxidation Sod1 2.08" 204 120
Sod2 112 128 0.72
Sod3 075 095  0.65
Cat .10 1.37  1.04
Gpxl 162 125  0.87
Gpx2 2.01 1.87 094
Gpx3 122 1.06  0.68
Gpx4 1.71¢  3.47° 3.38“
Gpx5 3.58“ 1.14  0.52

TRPM8-mediated fold induction of gene expression. Values
represent the ratio of averaged gene expression obtained by
dividing CTL value by KOMS value. Statistical analysis was achieved
with 1-way ANOVA. “TRPM8-dependent induction. “TRPM8-dependent

repression.

acute cold shocks (8°C and 20°C, respectively, vs. 32°C), to
characterize the immediate cold-stimulated TRPMS8-
dependent responsive genes.

Cold transduction via TRPMS8 induced immediate
up-regulation of Gpx4 and Gpx5 concomitantly
to an increase in [ROS] in mouse germ cells

By means of qPCR, to demonstrate the germ cell en-
richment of the extracts, we normalized the expression
of several germ cell markers in isolated germ cells ex-
tract by their expression level in whole testis extracts. A
100-fold increase in the expression of melanoma antigen
family A4 (Magea4) (marker of spermatogonium) and
transition protein 1 (Tnp1) and Prm2 (markers of sper-
matids) demonstrated the successful enrichment
in germ cells in both CTL and KOMS samples (Fig. 6A).
Trpm8, Hspala, Hsf2, and Sodl were significantly en-
riched in the germ cell preparation, whereas Rbm3
was decreased by almost 100 times. Because Rbm3 is
mainly expressed in Sertoli cells (37), this observation
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confirms the enrichment of our preparations in germ
cells.

After exposing isolated germ cells to a cold shock, we
performed qPCR fingerprinting of gene expression. A cold-
mediated down-regulation of Hspa2 and Hsfl was detected
only in KOMBS germ cells, suggesting that TRPMS8 expression
prevents this cold dependency (Fig. 6B; Table 3). Neverthe-
less, one could also associate this decrease in Hspa2 expression
with a decrease in the proportion of spermatocytes at 20 and
32°C, or to a down-regulation of gene expression. Because
CTL and KOMS germ cells were prepared in similar condi-
tions and because incubations were performed for 1 h, we
assumed that the former explanation was unlikely. Besides,
the absence of variation of spermatogonium (Magea4) and
spermatid proportions (Tnpl and Prm2) confirmed the
identical distribution of germ cell subtypes in the different
samples. In line with our whole testis analysis (Table 2), we
found that both Gpx4 and Gpx5 were differentially upregu-
lated by TRPMS8 channels in germ cells subjected to a large
range of cold temperatures (Fig. 6B; Table 3). In contrast to
whole-testis analysis, Sod1 and Gpx2 expression were un-
changed in germ cells subjected to acute cold, which suggests
that, although Gpx4 and Gpxb genes could be directly regu-
lated by acute cold, Sod1 and Gpx2 upregulation could result
either from their increased expression in other testis cell types,
or from a later process taking place during the recovery period.
Our results, altogether, suggest that ER TRPMS channels are
cold transducers triggering the expression of detoxifying en-
zymes in germ cells. Finally, we measured ROS levels to un-
derstand why GPX4 and -5 were so quickly and efficiently
induced after an acute cold shock in mouse germ cells. Isolated
germ cells were loaded with the cytosolic CellRox Deep Red
reagent and the nuclear CellRox Green reagent and exposed
for 1 h at 8, 20, or 32°C. Fluorescence of ROS reporters was
measured by flow cytometry and revealed that the proportion
of CTL germ cells showing high [ROS] increased gradually
with cooling (Fig. 6C). Although the population of KOMS8
germ cells with high ROS content did not vary with cold
shock, its abundance was about 3 times greater than in CTL
cells at 32°C. The cold- and TRPM8mediated increase in
[ROS] correlated with the cold- and TRPM8-dependency of
apoptosis induction. This finding emphasizes the relationship
between high ROS content and apoptosis, as reported in
spermatozoa (14, 15). Furthermore, our results validate the
hypothesis that functional TRPMS8 channels are necessary in
germ cells to modulate [ROS] via the upregulation of de-
toxifying enzymes during mild hypothermia.

DISCUSSION

In this study, mouse germ cells expressed alternate tran-
scripts of the cold and menthol receptor, TRPMS, in ad-
dition to the full-length one. TRPMS activation by menthol
triggered Ca®* mobilization from ER stores of germ cells.
The increase in [ROS] correlated with the increased rate of
apoptosis of meiotic cells after hypothermia. Finally, we
showed that TRPMS8 channels are required for cold-
mediated induction of heat- and cold-shock proteins and
of the detoxifying enzymes GPX4 and -5 that in turn pro-
tect germ cells from the deleterious effects of ROS.

3165


http://www.fasebj.org/

A CTL [KOM8 B HSPA HSPA2
0. 4°C | 17°C | 29°C 4°C 17°C | 29°C ag- 25 0¥ o ag- 4.0
70- -ﬂ-—--—e-——' e —— e e - HSPA1 g 1 ()] g (1)
55. s 20 8N 3.0 -
= I c
100- : SE 15 . BE
Th- S——— | —e-HSPA2 £ § 8 20
55- a 10 a o
100- G % 05y %% 10 !m‘ @) (3)
70- i —— = i— w © 3 56 ©
: O'DnTL_K M8 £ 00 TL KM
100- : ___{ AR e Y A TS C om8 c (o] 8
55- HSF1 HSF2
Tl e b -t ' ; -CIRBP £ 39 E 30
) s s (1.2.3)
350- -{_-- R & I, <i67 Efz'g i ‘ Eggz.g
g5 24 £ £ 4
25 - it ———— ——— ——-S0D1 %E 15 %E 15
Fer S ! 9]
e -S0D2 o 1.0 ok 10
o £~ 0s RERE
———— T — - _——— - -G x4 o : ﬂ ‘ o ) g
5- ‘ & ookMZI3 6] & oM L
A | <= CTL KOMS8 CTL KOMS8
q0- S s Y -Gpx5
28 ‘ CIRBP Kie7
55- m : = & 4 O]
i - - o o - =~  -p-actin 5 18 5 2 [
g - 8 @
40- ) % < 1.5 E = 1.0 ‘ :
%I - ——d el e - PTOtAMIN 2 = E 1.2 = E 0.8 [
CTL KOM8 2509 2508 e
4°C  17°C  29°C 4°C  17°C  29°C od 06 od 04 @
. [P = ————— — . (prmTor ﬁ @ F7 02 @
& 3/ M5 @ o MR2(3] 56
CTL KOMS8 CTL KOMS8
0. e Emem e - -mTor
SOD1 SOD2
| E £ s
C ’ | CIRBP / DAPI e B i
T ™ @ o T
c =
£t L0
5 &% 20
oo [
=z = 2=
g 510 J
& £ 00
CTL KOM8 TL KOM8
GPx4 GPx5
g 5.0 § 3.0
x40 ‘ 5a gg
(el = c £ Z
%E B e 15
D 5520w @ [ . &8,
o , M o 10
23 @ 2= )( )
E 1.0 @ ® 0 (1) (1) (1,
' CTL KOMS8 CTL KOM8
€ mTor
=]
g P2
o N
i | .
g_% _ | B 17°C
Ly L
5 oMzl Bs 6
v CTL KOM8

Figure 5. TRPM8 channels participate in the regulation of specific proteins expression in a cold-dependent and cold-
independent way. A) Immunoblot analysis showing the variation of key protein expression in testis of 4 CTL and 4 KOMS8 mice
3 d after cold shock (scrotum temperatures were 29, 17, or 4°C). B-Actin and Prm2 were used as invariant reporters. FKBP-
rapamycin—associated protein was detected in its nonphosphorylated and phosphorylated (Ser***®) forms. B) Quantification of
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Figure 6. Cold-induced TRPMS8 channel activity triggers cold shock response and ROS productlon A) Expression level of genes
of interest in freshly isolated germ cells from either Trpmg* (CTL; black bars) or Trpmé’ ~ mouse line (KOMS; white bars).

Values are expressed as the ratio of gene expression on total mouse testis expression. Rbm3 was the sole gene with drastically
decreased expression in isolated germ cells. Conversely, Hspala, Hsf2, Sodl, and Gpx2 exhibited a preferential expression in germ
cells. B) Real-time based quantification of mRNA levels of Hsfl, Hspa2, Ucp3, Sodl, Gpx4, and Gpx5 in freshly isolated CTL or
KOMS8 mouse germ cells subjected to a 1-h incubation at 8, 20, or 32°C. Statistical significance (1-way ANOVA) was assumed when
P < 0.05 and is shown above the tested column as the number of the CTL column it is paired to. C) Freshly isolated mouse germ
cells were loaded with the nuclear CellROX Green Reagent and the cytosolic/mitochondrial CellROX deep Red Reagent before
being subjected to a 1 h cold shock (8°C and 20°C) or kept at CTL temperature (32°C). Cytometer analysis reveals a significant
cold-dependent accumulation of ROS in CTL germ cells, whereas stable ROS concentration was observed in KOMS8 germ cells.
Values are expressed as means = sp for CTL (n =4) and KOMS8 (n = 4) mice. Statistical analysis was achieved with a ¢ test.

Thermosensitivity of spermatogenesis the inner organs. Although the control of scrotum

temperature can be partially achieved through body
In mammals, testes display the unique characteristicof responses, such as adaptation of blood circulation and
maintaining a lower temperature (32°C) than that of nutriment availability, thermoshielding mechanisms

the protein levels and statistical significance are reported in (B). Protein amount was normalized with Prm2, which appeared
much more stable than actin or GAPDH (not shown). Values are presented as means * sp for CTL (n =4) and KOMS8 (n = 4)
mice. Statistical significance was assumed when P < 0.05 and is shown above the tested column as the number of the CTL column
it is paired to. C, D) Immunohistofluorescence confirmed the decreased expression of HSPA2 (C, green) in CTL germ cells
subjected to hypothermia (C, right) compared to CTL (left). CIRBP (red) expression appears stable in both conditions.
However, CIRBP was down-regulated in KOMS testis (D, right) when compared to CTL (D, left). Nuclei were counterstained with
DAPI. Scale bars, 20 wm. Statistical analysis was achieved with 1-way ANOVA.
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TABLE 3. The TRPMS8-dependence of gene expression in mouse germ
cells subjected to mild or strong cold shocks

Markers Gene 8°C 20°C 32°C
Germ cell markers mMagead 123 147  1.52
mTnpl 1.21 1.31 1.53
mPrm?2 1.08 0.82 1.12
Cold/heat shock proteins ~ mHSFI 1.05 0.79  0.64"
mHSF2 0.94 0.97 1.00
mCIRBP 096 120 0.89
mHSPAI 1.14 1.23 1.28
mHSPA2  0.89 0.72¢  0.66“
Mitochondrial uncoupling mUCP3 2.40“ 1.78* 0.88
Oxidation mSOD1 1.04 1.19 1.22
mGPX2 1.72 223 0.83
mGPX4 1.08 1.53* 1.60¢
mGPX5 690" 535" 0.73

Data are TRPMS8-mediated fold-induction of gene expression.
Values represent the ratio of averaged gene expression obtained by
dividing CTL value by KOMS value. Statistical analysis was achieved
with 1-way ANOVA. “TRPM8-dependent repression. “TRPM8-dependent
induction.

must be incorporated in germ cells, to guarantee the
quickest and the most efficient response to oxidation.
Cold shock (<32°C) has been reported to stimulate
expression of cold-induced proteins such as CIRBP
and RBM3 in numerous tissues (37, 38). It was re-
cently shown that RBM3 protects neurons from ER
stress by inhibiting PERK phosphorylation (42). These
observations probably explain why both CIRBP and
RBM3 are constitutively required in testis. In contrast
to cold-shock proteins, HSPs are down-regulated dur-
ing hypothermia. The HSF family, HSF1, -2, and -4 in
mammals, are furthermore sensitive to oxidation, and
transduce stress signals to Hsp genes. However, varia-
tion in ambient temperature is transduced to HSFs. We
have shown that steady-state TRPMS8 channel activity
represses Hsfl and Hspa2 genes at thermoneutrality
what probably modify their threshold of activation by
heat stress. In the recovery phase after a cold shock,
TRPMS is involved in the repression of Hspal and the
induction of Hsfl, Hspa2, Cirbp, and Rbm3, which most
likely participates in the modulation of ER stress (42).
This emphasizes the bimodal regulation of Hsfl and
Hspa?2 genes after hypothermia.

Amplitude of cold exposure differentially
induces ROS-scavenging enzymes in
germ cells

The ROS and their derived reactive nitrogen species have
been characterized as the main contributors to cell death in
hyperthermia (43). In this study, we correlated the cold re-
sponse to an increase in both [ROS] and apoptosis of sper-
matocytes. Cooling and heating induce common pathways,
including synthesis of chaperones (heat- vs. cold-shock
proteins), PERK-mediated ER stress (44), and increased ac-
tivity of GPXs and catalase [in endotherms (45, 46) and ec-
totherms (47)]. Others have suggested that this increased
GPX activity would enhance detoxification of ROS and
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consequently increase cell survival (14, 15, 48). In our study,
we demonstrated the cold-mediated induction of ROS-
scavenging enzymes in mammal testis: Gpx2, -4, and -5, and
Sod1. Although GPX4 and -5 are mainly expressed in the
male genital tract, SOD1 and GPX2 are found in all tissues.
GPX4 is a selenium-dependent scavenger that metabolizes
reactive H,O, and complexes organic peroxidized mole-
cules in H,O (for review, see ref. 49). Suppression of the
mitochondrial GPX4 increases ROS content and triggers
infertility (50), demonstrating its critical role in ROS de-
toxification. GPX5 is a selenium-dependent scavenger that is
mainly expressed in epididymis spermatozoa. GPX5 de-
letion increases ROS content in spermatozoa and decreases
viability of resulting embryos (51). Our results demonstrate
that TRPMS8 sustains GPX4 expression between 17 and
32°C, whereas it upregulates GPX5 at a colder range of
temperatures (>20°C). Taking into account that TRPMS8
range of activity is between 15 and 32°C, it is noteworthy
that GPX4 and -5 are differentially regulated by the same
cold-activated TRPMS response, suggesting that GPX4 and
-5 are likely regulated by different pathways or require dif-
ferent levels of TRPMS activation.

Another regulator of ROS content, which is not an ROS
scavenger, per se, has recently emerged in the literature. Ex-
cept in thermogenic tissues, uncoupling has been postulated
to participate in ROS homeostasis. Superoxide activates
UCP3, which triggers a proton leak, and consequently,
uncoupling (52). This, in turn, decreases the rate of pro-
duction of new superoxide anions, and may help to
decrease [ROS] in cells (40, 53). Likewise, hyperthermia
stimulates UCP2 expression, which, in turn, increases
uncoupling and prevents production of high levels of
ROS (54). In our hands, UCP3 regulation by cold is
similar to GPX5 and requires functional TRPMS8 channels.
In contract with GPX4, UCP3 and GPX5 expression levels
fit well with the proportion of CTL germ cells character-
ized by a high ROS content. This result suggests that at
basal temperature, GPX4 is the main ROS scavenger
active in germ cells, whereas, during mild hypother-
mia, both GPX5 and UCP3 are activated via TRPMS8
sensors, to enhance ROS scavenging.

Altogether, these mechanisms confer on rodent germ
cells graduated responses to cold-mediated ROS induction
that efficiently protect them from cell death during hypo-
thermia ranging from 17 to 30°C. However, acute cold
(<15°C) probably triggers more effects that cannot be
completely prevented by the triad TRPM8/GPX4/GPX5.

TRPMS8/Ca**/ROS, the triad regulating
cold-induced apoptosis in germ cells

Increasing evidence characterized ROS as crucial second
messengers inducing cell death (55). This function implies
that ROS homeostasis must be finely tuned to control the
[ROS] and thus prevent cell death in the absence of cata-
strophic stimulation (56). At scrotum physiologic temper-
atures, TRPMS expression exerts a protective effect by
indirectly up-regulating GPX4 levels. This finding likely
explains why ROS content is lower in CTL germ cells
than in KOMS cells. Although the steady-state thermo-
dependent TRPMS activity is probably negligible at
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32°C, the channel can still be activated by lipids (57, 58).
TRPMS activation by cold clearly induces GPX5/UCP3
expression, likely to prevent an adverse increase in ROS
content. We recently showed that a similar isoform of
TRPMS induces Ca®* shuttling from ER microdomains to
mitochondria in keratinocytes. This phenomenon is fol-
lowed by boosts in trichloroacetic activity and the associ-
ated superoxide production (10). Therefore, it is likely that
cold stimulation of germ cells stimulates ROS production
through a Ca**-dependent TRPM8-mediated mechanism.
Along this line, a Ca**-dependent Src and Ras/cAMP
pathway induces Gpx1 expression in yeast (59), and a
Ca®*-dependent calcineurin/crz-1 pathway induces
Gpx2 expression (60). Therefore, we cannot exclude that
Ca*" leaking from TRPMS channels could stimulate both
Gpx4 and -5 genes. In summary, the TRPMS8 channel
most likely participates in the modulation of antioxidant
factors and thus in the redox homeostasis via both cal-
cium and ROS signals.
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