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Abstract

Testosterone regulates dimorphic sexual behaviors in all vertebrates. However, the
molecular mechanism underlying these behaviors remains unclear. Here, we report
that a newly identified rapid testosterone signaling receptor, Transient Receptor
Potential Melastatin 8 (TRPMS), regulates dimorphic sexual and social behaviors in
mice. We found that, along with higher steroid levels in the circulation, TRPM8 ™/~
male mice exhibit increased mounting frequency indiscriminate of sex, delayed sexual
satiety, and increased aggression compared to wild-type controls, while TRPM8 ™/~
females display an increased olfaction-exploratory behavior. Furthermore, neuronal
responses to acute testosterone application onto the amygdala were attenuated in
TRPMS8~'~ males but remained unchanged in females. Moreover, activation of do-

paminergic neurons in the ventral tegmental area following mating was impaired in

Abbreviations: AR, androgen receptor; BSA-testosterone, bovine-serum albumin-conjugated testosterone; DA, dopaminergic neurons; DDM, dodecyl-

maltoside; DHT, dihydrotestosterone; ERa, estrogen receptor a; MOS, main olfactory system; MPOA, medial preoptic area; NCB, NaCl-based buffer; OB,
olfactory bulb; OE, olfactory epithelium; TH, tyrosine hydroxylase; TRPC2, transient receptor potential canonical ion channel 2; TRPMS, transient receptor
potential melastatin ion channel 8; TRPV1, transient receptor potential vanilloid ion channel 1; VNO, vomeronasal organ; VTA, ventral tegmental area; WT,
wild type.
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1 | INTRODUCTION

Sexual behavior in vertebrates presents a complex pattern of
activities regulated by the central nervous and endocrine sys-
tems. Gonadal steroid hormones and their cognate receptors
expressed in the brain and peripheral organ systems govern
these behaviors via both genomic and non-genomic mecha-
nisms.! Testosterone is a key steroid hormone that affects the
sexual behavior and reproductive function utilizing both mech-
anisms. While the roles of genomic receptors in sexual behav-
iors are well established, molecular targets for non-genomic
(rapid) actions of testosterone have only recently emerged, and
are in line with increasing evidence for rapid cellular effects of
steroids in the brain.® We recently discovered a novel element
in rapid testosterone signaling, where the Transient Receptor
Potential Melastatin 8 (TRPMS) protein acts as a highly po-
tent ionotropic testosterone receptor.7'10 We hypothesized that
the immediate actions on the ionotropic testosterone receptor
might be essential in regulating testosterone-mediated behav-
iors. To assess this concept, here we examined to what extent
TRPMS is involved in testosterone-dependent signaling that
controls the sexual and social behaviors.

Although a connection of TRPMS8 channels with any
type of social or sexual behaviors has not been considered in
the past, the exogenous agonist of this channel—menthol—
has historically been used to increase sexual arousal, and
as such has been regarded as one of “legendary chemical
aphrodisiacs™."!
sponsiveness, desire, and satisfaction.'? Furthermore, men-
thol-containing formulations have been used to treat female
sexual dysfunction, which was found to be more effective
in female patients with significantly reduced serum levels
of testosterone due to, for example, the use of oral contra-
ceptives.12 Revealing the linkage of testosterone actions to
TRPMS8 may shed light on the molecular mechanism of the
menthol-elicited effects on sexual motivation and satiety.

Here, we examined the role of TRPMS in testosterone-de-
pendent sexual and social behaviors using sexually receptive
estrous female and sexually inexperienced male mice of
the wild type (WT) and TRPMS8 ™'~ strains, and other rela-
tive controls. Consistent with our hypothesis, we found that
TRPMS8 ™~ mice exhibit altered sexual behaviors, including

Menthol is known to stimulate sexual re-

TRPMS8™'~ males. Together, these results demonstrate that TRPMS regulates dimor-
phic sexual and social behaviors, and potentially constitutes a signalosome for media-
tion of sex-reward mechanism in males. Thus, deficiency of TRPMS8 might lead to a

delayed sexual satiety phenomenon.

aggression, dopaminergic neurons, reward system, sexual Behavior, testosterone, transient receptor
potential melastatin 8 (TRPMS) channel

an increased mounting frequency, delayed sexual satiety (eg,
prolonged mounting activities), increased aggression, and
tendency of sex-indiscriminate mating. Importantly, testos-
terone-induced signaling in the brain is attenuated in male,
but not female, TRPM8~'~ mice, and postmating activation
of dopaminergic neurons is impaired in TRPMS8 ™~ males.
Together, these results not only support our original discov-
ery that TRPMS serves as a direct ionotropic testosterone
receptor that modulates testosterone levels and steroid-de-
pendent signaling, but also reveal a central role of this chan-
nel in the regulation of dimorphic sexual behaviors.

2 | MATERIALS AND METHODS
2.1 | Behavioral experiments
2.1.1 | Mouse behavioral testing

Adult male and female WT, TRPV1~"~ and TRPM8™'~ mice
were purchased from Jackson Laboratory, Maine, USA, and
bred in the animal house located in the School of Pharmacy
University of Wyoming as per protocols approved by the
IACUC. Mice were housed in a climate-controlled environ-
ment (22.8 + 2.0°C, 45%-50% humidity) with a 12/12-light/
dark cycle and access to designated diet and water ad libitum.
All experiments were conducted at 22.8 + 2.0°C. Mice once
used for the tests were not used again for behavioral experi-
ments. Estrous female mice were used for all experiments.
The estrous state of females was determined as previously
described.'® All knockout strains were backcrossed with ge-
netically unaltered WT and the heterozygotes are crossed to
generate the WT and homozygotes used for the experiments.

2.1.2 | Mating Assay

Two-month-old TRPM8™* (n = 16), TRPM8™~ (n = 8),
TRPM8~'~ (n = 16), TRPV1™~ (n = 8), and TRPV1™~
(n = 14) male mice and equal numbers of female mice, never
exposed to mating after weaning and, therefore, sexually
naive, were observed in mating assays. An estrous female
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was added to the male's home cage and the latency and fre-
quency of mounting, intromission, and ejaculation were re-
corded over 2 hours. All animals exhibited mounting and
intromission during this period. Most of the sexually inexpe-
rienced males in TRPM8 ™ “mated to ejaculation.

Mating assays were performed between 19:00 and 21:00.
Each male was housed individually in a plexi-glass cage
(127 x 127 x 12”; I X w X h) at 17:00 hours. All mice were
given food and water ad libitum. For mating behavior exper-
iments, a sexually receptive female (TRPM8+/+, TRPM8+/_,
TRPMS8™~, TRPV1™", or TRPV1™") was transferred into
the cage where a respective male strain was housed. They
were housed together for 2 hours. All behaviors were vid-
eotaped, and an experienced observer, blinded to the type of
mouse strains used for mating behavior studies, quantified
the following parameters during the 2-hour test period. The
following parameters were analyzed and quantified: 1) the
number of events of mounting a female with or without intro-
mission; 2) the latency between mounting; 3) the frequency
and duration of males mounting a female or male; and 4) the
rates of ejaculation.

2.1.3 | Aggression Assay

We used a resident-intruder paradigm to test for aggressive
behavior of mice (10-12 weeks old, male). Each mouse was
individually housed in a plexi-glass cage that was not cleaned
for 3 days prior to the test. Interactions between the resident
mice with an unfamiliar intruder mouse were video-recorded
for a period of 2 hours. The aggressive behavior between the
two animals (latency to a first attack, the total number of bite
attacks, and the duration of attacks) was then scored.

2.1.4 | Mating assay and time to first mount

Male mice were tested before and after mating experience
for 10 days. Male mice used for mating were tested for ag-
gressive behaviors as well. The testing period lasted 12 hours
The test started when each mouse strain male and an estrous
female were placed in the cage of the test. All parameters of
mating and aggressive behavior were scored. Also, the num-
ber of times the male mouse mounted the male was also re-
corded in separate experiments. We also recorded the time to
first mounting between each pair of male and estrous female
of individual mouse strains.

2.1.5 | Sniffing behavior

Age-matched male and female TRPMS™* + TRPM8+/_, and
TRPM8™~ mice were used for the study. The mice were
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allowed to sniff either a cotton swab soaked with urine
(test) or an unsoaked (unsoiled control) cotton swab during
the assay in a closed cage. The number of times the mouse
sniffed the soaked/unsoaked cotton swab for a total period of
5 minutes was counted and expressed as sniffs per minute.

Condition 1: Male and estrous female TRPMS8™*,
TRPMS"~, and TRPM8™~ mice were allowed to sniff an
unsoiled cotton swab or a cotton swab soaked with urine
(200 pL) that was obtained from estrous female and male
mice, respectively, of the same strain.

Condition 2: Male and estrous female TRPMS8™*,
TRPMS8"~, and TRPM8™~ mice were allowed to sniff an
unsoiled cotton swab or a cotton swab soaked with urine
(200 pL) that was obtained from the compared strain of es-
trous female and male mice, respectively.

2.1.6 | Serum testosterone and estradiol
concentration determination

Testosterone and 17p-estradiol concentrations were deter-
mined using 100 pL of blood obtained by retro-orbital bleed-
ing into heparin solution and processed using ELISA kit for
testosterone (ADI-900-065) and 17p-estradiol (ADI-900-
174), following the procedure described by the manufacturer
(ENZO Life Sciences, USA). The samples were then taken
for the ELISA assay, where concentrations of testosterone
or 17f-estradiol were measured at 405 nm on a plate-reader
(Glomax, Promega, USA).

2.2 | Testing of acute testosterone
applications on brain slices

2.2.1 | Mouse brain slices experiments

For investigations of exogenous testosterone application on
brain slices 3 to 4-month-old mice (n = 13 total) of both sexes
were used, including seven WT (four males, three females)
and six TRPM8 ™/~ (three males, three females) mice. The ex-
perimenter was blinded to the identity of the mouse. All pro-
cedures were approved by the Institutional Animal Care and
Use Committee (IACUC, protocol #16164) at University of
[linois Urbana-Champaign. Animals were housed in animal
care facilities at the Beckman Institute for Advanced Science

and Technology, approved by the American Association for
Accreditation of Laboratory Animal Care (AAALAC).

2.2.2 | Brain slicing

Mice were initially anesthetized with ketamine (100 mg/kg)
and xylazine (3 mg/kg) intraperitoneally and perfused with
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chilled (4°C) sucrose-based slicing solution (234 mM sucrose,
11 mM glucose, 26 mM NaHCO;, 2.5 mM KCl, 1.25 mM
NaH,PO,, 10 mM MgCl,, 0.5 mM CaCl,) containing 1 mM
kynurenic acid to preserve neuronal vialbility.14 Four 300 pm-
thick coronal brain slices containing centromedial amygdala
(corresponding to coronal slices #66-71 of the Allen Mouse
Brain Atlas'®) per animal were obtained and transferred into a
covered incubation chamber with incubation solution (10 mM
glucose, 126 mM NaCl, 3 mM MgCl,, | mM CaCl,, 2.5 mM
KCl, 1.25 mM NaH,PO,, 26 mM NaHCO3). About 5 pL of
1 mM Fluo-4 AM solution (50 pg of Fluo-4 AM dissolved
in 48 pL of DMSO and 2 pL of Pluronic F-127) was pipet-
ted onto each brain slice,16 resulting in a final concentration
of 13.3 uM of Fluo-4 AM in the incubation chamber, wherein
slices were incubated at 37°C for 30 minutes while the solution
was bubbled with 95% oxygen/5% carbon dioxide. Slices were
then transferred to a fresh incubation solution without Fluo-4
AM and Pluronic F-127, where they remained for 20 minutes
at room temperature while the solution was being bubbled with
95% oxygen/5% carbon dioxide. After incubation, slices were
transferred to a perfusion chamber of a Nikon Eclipse E6OOFN
microscope and perfused with artificial cerebrospinal fluid
(aCSF) (10 mM glucose, 126 mM NaCl, 2 mM MgCl,, 2 mM
CaCl,, 2.5 mM KCl, 1.25 mM NaH,PO,, 26 mM NaHCOs)
bubbled with 95% oxygen/5% carbon dioxide. At least 10 min-
utes of equilibration time was given before imaging.

2.2.3 | Fluorescence imaging and image
acquisition

Images of centromedial amygdala were collected with a
QImaging OptiMOS sCMOS camera with 4X4 binning,
100 ms exposure (100.2 ms average acquisition period) and
at 20x magnification (Nikon Fluor 20X/0.50W water immer-
sion objective) using MicroManager software (https://micro
-manager.org/). During image acquisition, 450-495 nm exci-
tation light was delivered to the tissue via a Prior Lumen 200
Fluorescence Illumination System (100W) through the ob-
jective and emitted fluorescence was collected at a range of
515-555 nm through the objective. For each slice, 200 frames
were collected prior to the application of vehicle or testoster-
one solution, which are referred to as baseline frames. Then
2000 frames were collected during the treatment with the ve-
hicle or testosterone solution, which are referred to as vehicle
or testosterone frames, respectively.

2.24 | Vehicle and testosterone solution
application

For testosterone, 1 mL of 0.1 uM testosterone solution bub-
bled with 95% oxygen/5% carbon dioxide was placed into a

syringe and applied to the brain slice in the perfusion cham-
ber via a Kd Scientific single syringe infusion pump. About
1 mL of the testosterone solution was injected over the course
of 2 minutes and 10 seconds, bringing the final concentra-
tion of testosterone in the perfusion chamber to 10 nM. This
concentration was selected after a set of pilot experiments
that enabled most optimal signal-to-noise ratio, and cor-
responds to concentrations used in other in vitro prepara-
tions.'” Vehicle controls consisted of ethanol dissolved in
aCSF at the same concentration as the testosterone solution
(final concentration of ethanol = 0.0001%). At 1 minute and
40 seconds of the testosterone solution application, which is
approximately the time taken for more than a third of the so-
lution to reach the perfusion chamber, imaging was initiated
and continued for 200 seconds, acquiring 2000 frames. For
vehicle application, all of the above steps were repeated, but
with 1 mL of vehicle in aCSF bubbled with 95% oxygen/5%
carbon dioxide.

2.2.5 | Image processing and
statistical analysis

For the sequence of frames collected for each imaged brain
slice, regions of interest (ROIs) were manually drawn around
visible neurons with ImageJ software. For all 2200 frames of
the slice, the average pixel intensity was calculated for each
ROI. For each ROI, the sequence of these average pixel in-
tensities for the 200 baseline frames and the 2000 vehicle/
testosterone application frames were detrended using the
detrend function of MATLAB as well as the Teodorescu
method for nonlinear detrending.21 The standard deviation
was computed in 200 frame blocks over the course of 2200
frames obtained for each cell. The difference of the standard
deviation at 60 seconds post-infusion to baseline was consid-
ered the magnitude of the response for that cell. 60 seconds
was used because this time point was found to display the
maximal response to the drug application. This magnitude
was normalized by subtracting the average response of each
cell in that slice to account for slice-to-slice variability in
calcium indicator uptake. For each animal, a classification
threshold was calculated for the collection of the normal-
ized response differences across all of the animal's cells. This
classification threshold was set to be 2.5 times the standard
deviation of those normalized response magnitudes for the
animal's cells. For each animal, any cells whose normalized
response magnitude was equal to or greater than the animal's
classification threshold were classified as active cells, and all
other cells were classified as non-active cells.

The total number of active cells and total number of
non-active cells were counted for five categories: WT males,
WT females, TRPMS ™/~ males, and TRPMS8 ™'~ females for
the testosterone application, and a WT male for the vehicle
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application. For each category, the percentage of active cells
was calculated. Between WT and TRPMS8 ™~ mice of the
same sex, for the testosterone application, a chi-square test
was performed to determine if the differences in percentage
of active cells were significant.

All calculations were performed using MATLAB R2016
and Excel 2016.

2.3 | Insitu hybridization
The in situ  hybridization (ISH) Buffer and
Controls Kit and double DIG labelled /5DigN/

TGTAGAAGTAAGCGAAGACGAT/3Dig_N/ - custom
LNA TRPMS8 mRNA hybridization probe were purchased
from Exiqon (Woburn, MA). The detailed procedure for ISH
was done following the supplied protocol. In brief, paraffin-
embedded tissue sections were subjected to deparaffinization
and following steps were performed: proteinase-K treatment
at 37°C, pre-hybridization at 55°C for 15 minutes, hybridiza-
tion with DIG-labeled LNA TRPM8 mRNA probe (50 nM),
at 55°C for 60 minutes, stringent washes with SSC buffers at
55°C for over a total of 33 minutes followed by DIG block-
ing reagent (15 min at RT), alkaline phosphatase-conjugated
anti-DIG at 1:1000 dilution (60 min at RT), alkaline phos-
phatase-substrate; enzymatic development (120 min at RT),
and nuclear fast red counterstain (5 min). The slides were
mounted, air-dried, and the images were captured with a light
microscope (Olympus IX71, Minneapolis, MN) at a 10, 20,
or 40X magnification.

2.4 | Immunohistochemistry

Brain slices were processed for immunohistochemical (IHC)
analysis according to the standard protocol.22 The brain tis-
sue sections were deparaffinized in xylene and rehydrated
in graded ethanol solutions. Antigen retrieval was car-
ried out with 10 mM EDTA-Tris buffer (pH 9.0) at boiling
temperature for 20 minutes, followed by 20 minutes cool-
ing incubation in the same buffer, and permeabilization in
0.2% Triton-X-100. Alternatively, frozen brain slices were
processed directly to the blocking step. The sections were
blocked using 10% bovine-serum albumin (BSA) in phos-
phate-buffered saline (PBS) and then, incubated with primary
antibodies overnight at room temperature. We used anti-
TRPMS antibodies (Phoenix Pharmaceuticals, Burlingame,
CA), neuronal marker NeuN or anti-FOX3 antibody (Thermo
Fisher Scientific, Waltham, MA), pyramidal neurons marker
CaMKIla antibody (Invitrogen, obtained from Thermo
Fisher), 3-(O-carboxymethyl)-oxime-BSA-
fluorescein isothiocyanate conjugate (testosterone-BSA-
FITC) (Sigma Aldrich, Burlington, MA), where the OB

testosterone
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slices were treated with 1 nM Testosterone-BSA-FITC for
2 hours. For dopaminergic (DA) neurons detection tyrosine
hydroxylase (TH) was used as a DA marker, readily recog-
nized by anti-TH antibody (Millipore, Kankakee, IL). As a
marker of neuronal activity cFos protein was detected using
anti-cFos antibody (Thermo Fisher Scientific).

To optimize the antibody labeling sensitivity, all pri-
mary antibody treatments were done in Da Vinci Green buf-
fer (Biocare Medical, LLC, Pacheco, CA). The slices were
washed with PBS and incubated with fluorescent-labeled,
species-specific secondary antibodies (Alexa Fluor) at 1:1000
dilution for 2 hours at room temperature. Before mounting,
the slides were washed with PBS and incubated for 5 minutes
with 1:100 dilution of 4'-6-diamidino-2-phenylindole (DAPI)
for nuclear staining and analyzed using Olympus BX61 con-
focal microscope (Minneapolis, MN) (20X, 40X, or 60X
objectives).

2.5 | Planar lipid bilayer experiments
2.5.1 | Preparation of the TRPMS protein
from HEK cells

HEK-293 cells stably expressing TRPMS tagged with myc on
the N-terminus were grown to 70%-80% confluence, washed,
and collected with PBS, as previously described.” Cells were
harvested and resuspended in NaCl-based (NCB) buffer, con-
taining 500 mM NaCl, 50 mM NaH,PO,, 20 mM HEPES,
10% Glycerol, pH 7.5, with addition of 1 mM of protease-
inhibitor PMSF, 5 mM f-Mercaptoethanol. The cells were
lysed by freeze-thawing method and centrifuged at low speed
to remove cell-debris and DNA. The supernatant was further
centrifuged at 40 000 g for 2.5 hours, and the pellet was
resuspended in NCB buffer with addition of a protease in-
hibitor cocktail (Roche, Indianapolis, IN), 0.1% Nonidet P40
(Roche) and 0.5% dodecyl-maltoside (DDM) (CalBiochem,
EMD). The suspension was incubated overnight at 4°C on a
shaker with gentle agitation and then, centrifuged for 1 hour
at 40 000 g. Further, the TRPMS8 protein was purified by
immunoprecipitation with anti-Myc-IgG conjugated to A/G
protein magnetic beads (Pierce, Thermo Fisher Scientific),
following the procedure provided by the manufacturer. All
steps of purification were performed at 4°C. For the planar
lipid bilayers experiments, the protein was eluted with myc-
peptide (150 pg/ml).

2.5.2 | Mass spectrometry analysis

After the immunoprecipitation and purification TRPMS
protein was separated by SDS-PAGE and stained with
Coomassie blue. The resulted bands were excised from the
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gel and digested with trypsin for mass spectrometry analysis
according to Mann et al protocol,24 with some modifications.
Briefly, the gel bands were reduced with 0.5 M dithiothrei-
tol and alkylated with 0.7 M iodoacetamide. Gel bands were
digested with trypsin (Promega, Madison, WI) for 12 hours
at 37°C. Peptides were extracted from the gel bands with
100 pL of a 50% acetonitrile 5% formic acid solution. The
extract was dried by vacuum centrifugation (SPD SpeedVac
Thermo Electron Corp. Waltham, MA); the tryptic peptides
were resuspended in 20 pL of a 3% acetonitrile, 0.5% formic
acid solution.

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) was performed using a nano flow liquid chromatog-
raphy system (Ultimate3000, Thermo Scientific) interfaced
to a hybrid ion trap-orbitrap high-resolution tandem mass
spectrometer (VelosPro, Thermo Scientific) operated in da-
ta-dependent acquisition (DDA) mode. Briefly, one microli-
ter of each sample was injected onto a capillary column (4 pm
Jupiter C18 manually packed on a 30 cm X 75 pm ID PicoFrit
Column, New Objective) at a flow rate of 300 nL/min.
Samples electro-sprayed at 1.2 kV using a dynamic nanospray
ionization source. Chromatographic separation was carried
out using 90-minute linear gradients (Mobile Phase A: 0.1%
formic acid in MS-grade water, mobile phase B: 0.1% for-
mic acid in MS-grade acetonitrile) from 3% B to 35% B over
60 minutes, then increasing to 95% B over 5 minutes. MS/MS
spectra were acquired using both collision-induced dissocia-
tion (CID) and higher-energy collisional dissociation (HCD)
for the top 15 peaks in the survey 30000-resolution MS scan.
The.raw files were acquired (Xcalibur, Thermo Fisher) and
exported to Proteome Discoverer 2.0 (Thermo Fisher) soft-
ware for peptide and protein identification using SequestHT
search algorithm (Full trypsin digestion with two maximum
missed cleavages, 10 ppm precursor mass tolerance and
0.8 Da fragment F tolerance). Database searching was done
using the UniprotKB database.

2.5.3 | Planar lipid bilayer measurements

Planar lipid bilayers measurements were performed as pre-
viously described.***>%¢ Briefly, lipid bilayers were formed
from a solution of synthetic 1-palmitoyl-2-oleoyl-glycero-
3-phosphocoline (POPC) and 1-palmitoyl-2-oleoyl-glyc-
ero-3-phosphoethanolaminein (POPE, Avanti Polar Lipids,
Birmingham, AL) in ratio 3:1 in n-decane (Aldrich). The so-
lution was used to paint a bilayer in an aperture of ~150 pm
diameter in a Delrin cup (Warner Instruments, Hamden, CT)
between symmetric aqueous bathing solutions of 150 mM
KCl, 0.02 mM MgCl,, 1 uM CacCl,, 20 mM Hepes, pH 7.2,
at 22°C. All salts were ultrapure (>99%) (Sigma-Aldrich).
Bilayer capacitances were in the range of 50-75 pF. After
the bilayers were formed, the TRPMS protein from micellar

solution (20 ng/mL) was added by painting. Unitary cur-
rents were recorded with an integrating patch clamp ampli-
fier (Axopatch 200B, Axon Instruments). The frans solution
(voltage command side) was connected to the CV 201 A head
stage input, and the cis solution was held at virtual ground
via a pair of matched Ag-AgCl electrodes. Currents through
the voltage-clamped bilayers (background conductance < 1
pS) were filtered at the amplifier output (low pass, —3 dB
at 10 kHz, 8-pole Bessel response). Data were secondarily
filtered at 100 Hz through an 8-pole Bessel filter (950 TAF,
Frequency Devices) and digitized at 1 kHz using an analog-
to-digital converter (Digidata 1322A, Axon Instruments),
controlled by pClampl0.3 software (Axon Instruments).
Single-channel conductance events, all points’ histo-
grams, open probability, and other parameters were identi-
fied and analyzed using the Clampfitl10.3 software (Axon
Instruments).

2.6 | Statistical analysis

Statistical analyses were performed using Origin 9.0 software
(Microcal Software Inc, Northampton, MA, USA). Statistical
significance was calculated using one-way ANOVA fol-
lowed by Fisher's LSD test and data were expressed as
mean + SEM P < .05 was considered to be significant. In all
figures, statistical significance is labeled the following way:
*P < .05, ¥*P < .01, #**P < .001, and ****P < .0001.

3 | RESULTS

3.1 | TRPMS regulates sexual satiety and
consummatory aspects of testosterone-driven
sexual behaviors

Testosterone is required for systemic activation of sexual be-
havior in the majority of vertebrates.””*® As an ionotropic
testosterone receptor of the orphan rapid signaling mecha-
nism,”® TRPMS may play a role in testosterone-dependent
behaviors. To test this hypothesis, we performed a set of
behavioral experiments using TRPMS8 knockout (KO, or
TRPM8 ") mice, with the WT or TRPM8™*, and TRPM8 "~
strains as controls. Since TRPMS is a critical temperature re-
ceptor,29’30
mice deficient in another thermosensitive TRP channel from
the Vanilloid subfamily 1 (TRPV1), implying heterozygous
(TRPV1*™) and homozygous (TRPV1™") strains as rela-
tive TRPM8™* controls. Initially, our design included as-
sessing the mating behavior of TRPMS8™'~ males toward WT
females. However, in the experimental settings with a WT
female and a TRPM8™'~ male, the low receptive response
of the female to the sexual vigor of TRPMS8 ™" resulted in a

as an alternative control we also used the mutant
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strong aggression of the TRPMS8™'~ male toward the female,
causing a severe injury of the latter. This complication re-
sulted in reassessing the mating within the same genotypes.

Strikingly, we observed that compared to the controls,
TRPM8™~ male mice displayed a markedly increased
frequency in mounting TRPM8™~ females (Figure 1A,
Supporting Figure S1A). The durations of mounting were
slightly reduced in TRPMS8 ™' strain (Figure 1B, Supporting
Figure S1B). A further difference was noticed in the intro-
mission time, which was markedly shorter compared to
controls (Figure 1C, Supporting Figure S1C), while ejacula-
tions did not change significantly across all the tested stains
(Figure 1D, Supporting Figure S1D).

= 10893
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The time latency prior to the initiation of copulation is
a measure of sexual motivation. It is sensitive to the levels
of both testosterone and estrogen and is relevant to dopa-
mine release in the medial preoptic area.’! Assessing the
latency to first mounting, we found TRPM8™~ mice to ex-
hibit stronger sexual motivation than control animals as
indicated by a significantly shortened latency (Figure 1E,
Supporting Figure S1E). The pattern of mountings was also
altered, showing a reduction in the percentage of short-du-
ration (<8 s) mounts and a corresponding increase in that of
long-duration (>8 s) mounts in TRPM8 ™~ mice (Figure 1F,
Supporting Figure S1F). It is also important to note that
ejaculations (Figure 1D, Supporting Figure S1D) were only

TRPM8 knockout mice exhibit altered sexual satiety
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FIGURE 1

TRPMS knockout mice demonstrate altered sexual behaviors. Mounting behavior was analyzed using mice of the same strain to

compare the performances among the TRPMS8**, TRPV1~'~, and TRPM8~'~. A, TRPM8~'~ male mice showed increased number of mountings
(P=4.86 X% 107 for TRPM8*"* vs TRPMS_/_, and P = 7.47 x 107! for TRPV1™~ vs TRPM8™ 7). B, mounting durations were decreased in
TRPM8 ™~ (P = 2.5 x 107! for TRPM8™* vs TRPM8 ™", and P = .016 for TRPV1™~ vs TRPM8 7). C, TRPM8 ™'~ mice exhibited reduced
intromission duration (P = 3.15 X 10~* for TRPM8™* vs TRPM8_/_, and P =3.09 x 107 for TRPV1™" vs TRPMS_/_). D, ejaculation rates
were not significantly (NS) different. E, the time to first mount was reduced in TRPMS8 ™~ mice (P=1.19x 10~* for TRPMS8™* vs TRPMS_/_,
and P = 4.29 x 10~ for TRPV1~~ vs TRPM8 ™). F, TRPM8 ™~ mice exhibited more frequent long-duration mounting (>8 s) than short duration
mounting (<4 s) (for long durations P = .0018 for TRPMS8** vs TRPM8 ™ ~,and P = .0034 for TRPV1™" vs TRPMS_/_, and for short durations
P = .0032 for TRPM8** ys TRPM8™'~, and P = .0023 for TRPV1~"~ vs TRPM8™7). G, mating satiety time was estimated as the duration of
mounting activities before a complete inhibition within the active period of the circadian cycle, which was significantly longer for TRPM8 ™~
(P=173x% 10~ for TRPM8™* vs TRPM8_/_, and P = 4.22 x 107° for TRPV1™" vs TRPMS_/_), Data are the mean of a minimum of eight
experiments, each performed using a sexually inexperienced male and female pair. Error bars represent + s.e.m. Statistical significance was

evaluated using one-way ANOVA test
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Aggressive behavior and steroidogenesis are elevated in TRPM8--
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FIGURE 2 TRPMS8~~ mice show increased aggressive behavior and elevated serum testosterone levels. A, the aggression of male animals
was assessed as number of attacks for TRPMS”*, TRPV1~ ~, and TRPMS8 ™~ mice as mean =+ s.e.m. of at least 12 experiments (one conspecific
pair in each experiment). P = .208 for TRPM8™" vs TRPV1~"; P = 6.195 x 10~ for TRPM8™* vs TRPM8~'~; and P = 5.747 x 10~ for
TRPV1~™~ vs TRPMS ™", B, serum testosterone concentrations determined by ELISA. Data are mean + s.e.m., for males of the TRPMS**
(n=6), TRPV1™" (n = 6) and TRPM8 ™'~ (n = 6) mice. P = .315 for TRPM8** vs TRPV1~""; P = 3.699 x 107> for TRPM8** vs TRPM8~'";
and P = 6.586 x 10~ for TRPV1~"~ vs TRPMS8 ™. C, serum 17f-estradiol concentrations determined by ELISA. Data are mean + s.e.m., for
males of the TRPM8** (n = 6), TRPV1™~ (n = 6), and TRPM8 ™~ (n = 6) mice. P = .262 for TRPM8*"* vs TRPV1~~; P = 1.15 x 107 for
TRPMS8™* vs TRPM8™~; and P = 4.5 x 10> for TRPV1~~ vs TRPM8~~. D, mRNA levels determined by quantitative RT-PCR for aromatase,
androgen receptor, and TRPMS in brains of the TRPM8"*, TRPV1~"", and TRPM8 ™'~ male mice (n = 4 each). All probes were normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). P = 2.96 x 10~/ for TRPM8™* vs TRPM8 ™", and P = 2.25 x 10~% for TRPV1 ™" vs
TRPMS8 ™'~ of aromatase. Statistical significance was evaluated using one-way ANOVA test. E, schematic illustration of behavioral regulation
by testosterone and its metabolic products, dihydrotestosterone (DHT) and estradiol. Testosterone activates rapid signaling through TRPMS8 and
its products induce genomic pathways through nuclear receptors, with DHT acting at androgen receptor (AR) and estradiol at estrogen receptors
(ERs). Testosterone is converted to DHT by Sa-reductase and estradiol by aromatase

observed after the long-duration mounts but not the short  Together, these results further suggest that TRPMS8™'~ ani-
ones. mals exhibit delayed sexual satiety.

To assess the sexual satiation state, we estimated how long
it took for TRPMS8 ™™ mice to stop their mating activities. In
general, sexual satiation is defined as lasting sexual inhibition ~ 3.2 | TRPMS controls male territorial
after repeated copulations.”* We found that during the active ~ behavior and aggression
period of the circadian cycle, the control mice reached their

satiation at around 4-6 hours, while it took TRPMS8 ™~ mice Next, we assessed the role of TRPMS in territorial behaviors
almost 10 hours to stop their mounting behavior (Figure 1G). and aggression, which are typical male behavioral attributes
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of testosterone. Previously, testosterone-induced aggression
had been characterized in male mice with genetic ablation
of genomic steroid receptors, such as androgen and estro-
gen receptors. While male mice lacking androgen receptor
(AR) in the brain exhibited reduced aggression and spent
less time fighting with cage mates without a reduction in the
number of initiated attacks,”’” those lacking estrogen recep-
tor @ (ERa-KO) displayed virtually no aggressive behav-
ior, even with testosterone administration, a treatment that
induces aggression in the WT mice.* In line with these re-
ports, male mice null for aromatase, the enzyme that converts
testosterone to estrogen, also displayed profound deficits
in aggression, further implying a critical role of estrogen in
male-typical aggression.34’36 However, contrary to the above
findings about genomic steroid receptors, TRPMS8™~ males
exhibited more aggression toward their conspecifics, as
shown by the approximately 10-fold increase in the number
of attacks per hr than the control animals (Figure 2A). As
another control, TRPV1™~ males did not show more ag-
gression than WT males. These results suggest that the lack
of TRPMS provokes an enhanced aggressive phenotype in
males. This behavior could arise from a previously unrecog-
nized negative action of TRPM8 downstream signaling on
aggression or, given the established role of genomic recep-
tors in male aggression and the ability of TRPMS to modulate
systemic testosterone levels, from the altered steroid milieu
due to TRPMS deficiency.

To determine whether the increased aggressive behav-
ior of TRPM8~'~ mice was, in fact, due to the altered ste-
roid levels, we measured serum testosterone concentrations
in these animals. Indeed, TRPMS8 ™~ male mice exhibited
markedly elevated concentrations of serum testosterone com-
pared to the age-matched TRPMS8™* and TRPV1™" strains
(Figure 2B). These results further suggest that the absence
of TRPMS function modulates a feedback mechanism that
results in increased testosterone production, through which
TRPMS essentially controls circulating testosterone levels.

Considering the role of ERa in male-aggressive behav-
33 and the fact that testosterone is a direct precursor of
17p-estradiol, a specific type of estrogen, we also measured
the concentration of this metabolite. As anticipated, the
serum concentration of 17p-estradiol was significantly up-
regulated in TRPM8 ™~ males (Figure 2C). While these re-
sults indicate that steroid concentrations are elevated in the
circulation and peripheral tissues, in order to determine the
capacity of TRPM8™~ to produce 17f-estradiol in the brain,
we measured the messenger RNA of aromatase—the enzyme
that converts testosterone to estrogen. Using quantitative re-
al-time PCR, we showed that the mRNA level of aromatase
was markedly upregulated in the brain of TRPMS8™'~ males
(Figure 2D), further supporting the idea that the enhanced
aggressive phenotype of these mice could arise, at least in
part, from an increase in steroidogenesis (Figure 2E).

iors
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Notably, the levels of both testosterone and 17-estradiol
were also upregulated in TRPMS8 ™'~ female mice (Supporting
Figure S2). Together, these results suggest that TRPMS sys-
temically regulates steroidogenesis in both sexes.

3.3 | TRPMS sensitivity to testosterone
exceeds that to estradiol and progesterone

Given that along with testosterone TRPMS also regulates
levels of estrogen (Figure 2B,C, and Supporting Figure S2),
we questioned whether the channel is also functionally im-
plicated in the signaling of the prevalent female hormones.
Therefore, we tested the sensitivity of TRPMS to these ster-
oids, including progesterone and 17p-estradiol.

To unambiguously assess the effects of steroid hor-
mones on TRPMS& channel function, we evaluated TRPMS
activity in a steroid-free reconstituted system. TRPMS
protein was purified and incorporated in the bilayers as
described previously.8’23’25’26’37 The purity of TRPMS pro-
tein in the samples was confirmed by liquid chromatogra-
phy-mass spectrometric (LC-MS/MS) analysis (Supporting
Figure S3). Importantly, purified TRPMS8 protein samples
did not contain any other detectable levels of contaminant
ion channels, or androgen-related proteins. The complete list
of proteins co-precipitated with TRPMS can be found in our
previous work.®

To establish the precise mechanism of TRPMS-steroid
interactions at each side of the leaflet, we first examined
the effect of the membrane-impermeable analog—testos-
terone covalently conjugated to BSA (BSA-testosterone).
BSA-testosterone was shown to elicit rapid Ca®* influx in
the prostate cells.®*® This effect of testosterone suggested
that one of the binding sites to the channel is located at its
extracellular domain.® Herein, we tested BSA-testosterone
effect on TRPMS reconstituted in lipid bilayers and found
that this analog activated TRPMS8 from the external side
only (Supporting Figures S4 and S5). Similar to the per-
meable testosterone, BSA-testosterone-induced TRPMS
activity at picomolar solution concentrations, but induced
openings of a distinct gating mode and small conductance
state (Supporting Figure S4). The mean slope conduc-
tance of BSA-testosterone-induced TRPMS8 was ~7 pS, in
comparison to 37 pS of testosterone-induced conductance
(Supporting Figure S4). Importantly, addition of the mem-
brane-permeable testosterone to the external side of TRPM8
exerted similar openings of ~7 pS magnitude, and a conse-
quent application of the steroid to the internal side further
increased its conductance to ~37 pS (Supporting Figure S5).
These results suggest that the particular steroid binding
pockets on TRPMS exert discrete conformational changes
by affecting both—the permeation path and the gating of
the channel.
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Next, we assessed the selectivity of TRPMS to different
steroids. We found that in contrast to testosterone that acti-
vated TRPMS8 with an ECs; of 22.4 + 0.47 pM, and dihydro-
testosterone (DHT), a derivative with ~1000 fold less potency
(ECsq of 23.5 + 0.98 nM), both progesterone and 17f-estra-
diol induced the channel activity only at high concentrations
(Figure 3A,B), exhibiting ECs, values of 0.49 + 0.05 pM
and 1.2 + 0.12 pM, respectively (Figure 3C). Notably, both
17p-estradiol and progesterone added to both sides of the
bilayers-induced TRPMS opening only into a small conduc-
tance state, similar to that of membrane-impermeable BSA-
testosterone (Figure 3A,B, and Supporting Figures S4 and
S5). Importantly, when activated with a membrane-permeable

testosterone, or BSA-testosterone, progesterone, and 17f-es-
tradiol, the TRPMS channel demonstrated not only a distinct
conductance state but also an altered gating mode, further
suggesting the presence of at least two interacting sites for the
steroids. The inner binding pocket can be accessed by a per-
meable testosterone, but not BSA-testosterone, while the ex-
ternal binding site is accessible to all other steroid hormones
listed above. Together, these results support the premise that
TRPMS is primarily a testosterone receptor. Other steroids
induce channel openings at almost five-order of magnitude
higher concentrations. Therefore, testosterone is not only a
highly potent but also a highly specific agonist of the TRPMS8
channel.

Progesterone and estradiol induce TRPM8 opening in yM concentrations
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FIGURE 3 TRPMS is primarily activated by testosterone. TRPMS channel activity was assessed in planar lipid bilayers in the presence of

varying concentrations of steroid hormones: testosterone (or membrane impermeable BSA-testosterone), dihydrotestosterone (DHT), progesterone,

and estradiol. All stock solutions of the membrane-permeable steroids were prepared in ethanol, which upon application were diluted 1/1000,

reaching a final concentration of ethanol 0.1%. BSA-testosterone stock solution was prepared in the phosphate buffer, pH 7.5. A, representative

single channel currents at 100 mV of TRPMS activated in the presence of indicated steroids and 2.5 pM DiCg PIP,. Note BSA-testosterone-,

progesterone-, and estradiol-induced TRPMS8 openings only into the small conductance state. B, current-voltage (I-V) relationship for TRPM8

currents induced by testosterone (T), 17p-estradiol (E), progesterone (P), and BSA-testosterone (BSA-T). C, concentration response curves of

TRPMS activation by testosterone, DHT, progesterone, and estradiol obtained in the presence of 2.5 pM DiCg PIP, at 60 mV, number of events

(channel gating) analyzed for progesterone = 247,520 and for estradiol = 281,483. Data points represent mean =+ s.e.m. of n = 51 experiments and

were fitted by linear regression (B) or Hill equation (C), which yielded single channel conductance and ECs, values, respectively, as shown
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3.4 | TRPMS8~~ mice exhibit altered sexual
preferences

The tuned balance of steroid hormones regulates mating
choice behaviors.**’ To assess the role of TRPMS in this
behavioral repertoire, we next analyzed the mating behav-
jors of TRPM8™'~ mice in a mating choice assay. Curiously,
TRPMS8™'~ male mice displayed increased mating frequency
indiscriminate of sexes, with markedly increased attempts to
mount both females and males (Figure 4A,B).

Notably, although sexual interactions between same-sex
partners (male mounting over male, or female mounting
over female) can be observed in animals in captivity, such
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behaviors are expressed mostly when the opposite sex is
unavailable.*! However, the TRPMS8~~ male mice made
more attempts to mount each other than the estrous female
present in the same cage (Figure 4C). This atypical mount-
ing behavior of TRPM8™"~ male mice suggests either an al-
tered sexual preference or an impaired ability to distinguish
among sexes, further highlighting the role of TRPMS in the
control of mating choices in rodents. Together, the above
analyses suggest that, perhaps partly due to excessive pro-
duction of testosterone and 17f- estradiol TRPMS8~'~ males
not only exhibit increased aggress10n 3 (as eV1denced in
Figure 2A), but also altered sexual preferences (as evi-
denced in Figure 4C).

TRPM8-- mice exhibit altered sexual preference
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FIGURE 4 TRPMS knockout mice exhibit enhanced mating behavior and altered sexual preferences. A and B, mounting behavior was

assessed for male-female (A) and male-male (B) pairs of the same genotype of mice. Data points represent mean + s.e.m. of hourly mounting

events during the time course of 12 hours following the 1ntr0duct10n of the palr for 8 pairs each of sexually inexperienced TRPMS8*"*, TRPV1
and TRPM8™'~ mice performed in eight independent experiments. "P<.05,
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of the corresponding time periods. C, TRPMS8 ™'~ mice exhibited altered sexual preferences in mating choice test. Two males and one estrous female

of the same genotype were placed in the mating cage and the numbers of male-male and male-female mountings during the first 2-hour period

were counted. Data are mean + s.e.m. of at least 10 experiments for each genotype. P = 3.166 X 107 for male-male mounting of TRPMS8** vs

TRPMS™~; P

=.036 for male-female mountings of TRPMS8*"* vs TRPM8™'~; and P = 3.85 x 107 for TRPM8~'~ male-male vs male-female

mountings. Statistical significance was evaluated using one-way ANOVA test
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TRPM8-- females display altered sniffing of volatile cues
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TRPMS8 ™'~ females display altered sniffing of urine volatile cues. TRPM8"* and TRPM8 ™'~ mice were exposed to the cotton

swabs soaked with urine of the opposite sex of either strain, as illustrated in the scheme above the figures, for 5 minutes and the total number

of sniffs was counted and expressed as sniffs per min. A, TRPM8"* males showed decreased sniffing to urine of TRPM8~'~ females compared
to urine of TRPM8™* females (P = .0443), while TRPM8~~ males exhibited no preference to urine from TRPM8** or TRPM8 ™'~ females

(P = .187). B, compared to the TRPM8™*, TRPM8 '~ females showed a significant increase in sniffing to urine from males of either TRPM8™*
or TRPM8 ™~ mice (P = 3.45 x 107> for TRPM8™* vs TRPM8 ™'~ female sniffing of TRPM8"* male urine, and P = 4.34 x 1077 for TRPM8™'*
vs TRPM8~'~ female sniffing of TRPM8 ™'~ male urine). Data represent means + s.e.m for total number of assays indicated inside the bars pooled

from six mice in each group. Statistical significance was evaluated using one-way ANOVA test

3.5 | TRPMS regulates olfaction-
exploratory behavior in female animals

Chemosensory input from the olfactory system is a criti-
cal stimulus component of mating behavior in rodents. >
The expression of TRPMS along the olfactory epithelium
(OE),* olfactory bulb (OB), and the amygdala“s’46 suggests
that the channel may play a role in either testosterone-driven
olfactory exploration of volatile cues, or transducing testos-
terone signal from the OE and the OB to the amygdala, as
olfactory neurons directly project to this region of the lim-
bic system.‘w‘48 Here, we further investigated TRPMS ex-
pression along the olfactory-amygdala neural axis. In situ
hybridization and immunohistochemistry experiments dem-
onstrated mild expression levels of TRPMS in the amygdala,
particularly in the medial amygdala (MEA) and basolateral
amygdala (BLA), where the channel is present in pyrami-
dal neurons (Supporting Figure S6). Conversely, TRPMS is
highly expressed along several layers of the main OB, in-
cluding mitral, glomerular, and granule layers (Supporting
Figures S7 and S8).

Apart from the main olfactory system (MOS), another es-
sential pathway for sensing chemosensory cues and detecting
nonvolatile and volatile pheromones is accomplished through

the vomeronasal organ (VNO).49 However, we did not detect
any noticeable expression of TRPMS in the VNO (Supporting
Figure S9). Thus, between MOS and VNO, TRPMS is specif-
ically present in the MOS, a system that plays the dominant
role in detecting airborne scents and volatile pheromones.

Testosterone tightly controls the synthesis of pheromones
and social behaviors, such as aggressiveness or territoriality,
are regularly associated with testosterone-dependent vola-
tiles in urine.*>® We reasoned that the elevation of serum
testosterone levels in TRPM8™~ mice might further impact
the concentrations of pheromones, and in turn the mating
behavior, from the chemosensory inputs. Therefore, we
tested behaviors of TRPM8™'~ mice in olfaction exploration
using the volatile sensory cues-dependent sniffing assay, in
which the animal was exposed to swabs soaked with urines
from TRPM8 ™~ or WT mice, and the number of sniffs was
recorded.

Intriguingly, while TRPMS8™~ males were indiscriminate
in olfactory exploration toward urines from TRPM8™'~ and
TRPMS8™* females (Figure 5A), TRPM8"* males demon-
strated increased sniffs exploring urine from the WT females,
but not that from TRPMS8™~ females, as compared to the
unsoiled swabs (Figure 5A). Interestingly, however, while
TRPMS8™* males similarly explored urines from TRPMS™*
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and TRPM8*™ females, the heterozygous males only exhib-
ited interest to urine from WT, but not TRPMS*~ females
(Supporting Figure S10A). Moreover, TRPM8™'~ females
showed markedly increased sniffs toward urine from males
of both TRPM8™~ and TRPM8"* strains (Figure 5B), in
sharp contrast to the general lack of olfactory exploration of
TRPM8** and TRPMS™~ females (Figure 5B, Supporting
Figure S10B). Thus, contrary to the sexual dimorphism in
olfactory exploration displayed by the sexually inexperienced
WT and heterozygous mice, in which only males showed
exploratory behavior toward urine of females, both sexu-
ally inexperienced TRPM8™~ males and females exhibited
high levels of olfactory explorations to urine from opposite
sexes, with the females displaying even somewhat higher ac-
tivities than males (Figure 5A,B). The finding that the WT
males showed interests in urine from WT and TRPM8+/_,
but not TRPM8™'", females may suggest altered levels or
composition of pheromones from TRPM8™~ females, as a
result of their altered steroid milieu (Supporting Figure S2).
However, the TRPM8™'~ males did not display a preference
between volatile cues from the WT and TRPM8 ™~ females,
but clearly showed more interests toward urine samples than
unsoiled swabs (Figure 5A), indicating that the mutant an-
imals were attracted to pheromone-unrelated substances in
the urine. The finding that TRPMS8 ™'~ females had similar, or
even higher, exploratory activities than TRPMS8 ™~ males fur-
ther argues for a pheromone-independent cue(s) that drives
the olfaction exploration behaviors of the TRPMS8™~ mice.

3.6 | Testosterone-induced neural signaling
in the brain is attenuated in TRPMS8 ™'~ males
but not females

The above results suggested that TRPMS8 might regulate the
reward response to chemosensory cues and the altered be-
havioral phenotypes of TRPMS8™~ mice could result from
(a) the increased steroid milieu that enhances activity of
genomic receptor pathways (via AR or ERs), (b) a dimin-
ished testosterone-induced signaling of TRPMS itself, lead-
ing to diminished dopamine release, or (c) both mechanisms.
To address the second possibility, we examined the acute ef-
fect of testosterone on brain neurons of the WT control and
TRPMS8™~ mice. In these experiments, we tested the amyg-
dala, an important region of the limbic system that regulates
sexual and social behaviors.

Remarkably, measurements of acute testosterone-induced
neural activity, assessed by Ca®" imaging of neurons in the
MEA nuclei in mouse brain slices, revealed increases in
Ca®* signaling in response to 10 nM testosterone in slices
prepared from all animals, regardless of the sexes and the
genotypes (Figure 6A,B). The response subsided after about
3 minutes. In these experimental settings, the application of
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vehicle alone (0.0001% ethanol in aCSF) also elicited some
background responses. This might be due to the sensitivity
of neurons to subtle differences in temperature or ionic com-
position, and/or mechanical disturbances of the vehicle ap-
plication. More interestingly, whereas neurons from the WT
males yielded markedly higher responses to exogenously ap-
plied testosterone than to the vehicle, those from TRPM8 ™'~
males did not show differences in the response to testosterone
and the vehicle control, demonstrating a TRPMS8-dependent
response to the steroid hormone in the amygdala neurons
(Figure 6A,C).In contrast, samples from female animals ex-
hibited greater response magnitudes to testosterone than to
the vehicle control, but no significant difference between the
two genotypes (Figure 6B,C). These changes were evident
in both the range of the responses and the proportion of acti-
vated cells (Figure 6C,D). Thus, the responses to the exoge-
nously applied testosterone have at least two components: a
general one that is detectable mainly in females and indepen-
dent of TRPMS, and a male-specific one that is dependent on
TRPMS. Given that the general response to testosterone is
intact in neurons of TRPM8~'~ females, it probably reflects
activities of other receptor pathways that do not directly re-
quire TRPMS function. Nonetheless, the elevation of the cir-
culating testosterone levels in the TRPM8™'~ mice may cause
enhanced neuronal activities in vivo, which could underlie
the increased olfactory exploration of the mutant animals as
shown in Figure 5. More importantly, neurons from WT males
displayed an increased response to testosterone, which was
significantly diminished in the absence of TRPMS in males
and not present in females of either genotype (Figure 6A-D),
demonstrating that apart from the other receptor pathways,
TRPMS8 mediates a male-specific response to testosterone in
amygdala neurons. It is plausible that the loss of such a sex-
and TRPMS8-dependent testosterone-induced neuronal activ-
ity underlies the behavioral phenotype of the TRPM8™'~ male
mice documented in Figures 1, 2 and 4.

3.7 | Postmating activation of dopaminergic
neurons is impaired in TRPMS8 ™~ males

The delayed sexual satiety exhibited by TRPM8™~ mice
(Figure 1) and the diminished responsiveness to testosterone
obtained from the brain slices of TRMP8 ™~ males (Figure 6)
suggest that TRPMS8 may play a critical role in transducing
testosterone signal from the amygdala to the mesolimbic sys-
tem during mating. The altered sexual behaviors found in
TRPMS8 ™~ animals are consistent with impairment in reward
feedback to mating, which typically involves the dopamine
(DA) system of the ventral tegmental area (VTA), a critical
component of the mesolimbic pathway in sex reward mech-
anism.>>' Sexual behavior leads to the activation of dopa-
minergic neurons in the VTA,>* which receive monosynaptic
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FIGURE 6 Testosterone-induced neural signaling in the brain is attenuated in TRPM8 ™~ males but not females. A and B, time courses of
neuronal activities, assessed as standard deviation of calcium signals, in response to testosterone application (10 nM) along the medial amygdala
nuclei in brain slices obtained from the WT and TRPM8 ™'~ male (A) and female (B) mice. C, changes in activity of amygdala cells, expressed

as the difference in the standard deviation of the calcium responses during the analysis period (the 200 frames starting at 60 s after testosterone

or vehicle application) vs baseline period (the 200 frames just prior to testosterone or vehicle application). A total of 1 mL testosterone solution
(diluted from the ethanol stock solution, resulting in the final concentration of 0.0001%), or vehicle (aCSF, containing an equivalent ethanol
concentration, 0.0001%) was injected over the course of 2 minutes 10 seconds, bringing the final concentration of testosterone in the perfusion
chamber to 10 nM. At 1 minute 40 seconds of the application, which is approximately the time needed for more than a third of the solution to reach
the perfusion chamber, imaging was initiated to acquire 2000 frames within 200 seconds. Statistical significance was determined with Student's
ttest. P = 315 for WT vs TRPMS ™/~ females, whereas P = 8.26 X 107! for WT vs TRPMS8 ™~ males. The dashed line represents a mean of
background response obtained during application of vehicle alone, which contained aCSF and 0.0001% ethanol. All groups except TRPMS ™~
males showed significantly greater magnitude responses than vehicle controls (Female WT vs vehicle, P = .001, Female TRPM8 ™~ vs vehicle

P =1.04x 197" Male WT vs vehicle P = 1.22 x 10~", Male TRPM8™'~ vs vehicle P = .0673). D, percentage of amygdala cells activated after
testosterone or vehicle application. Cells were classified as being activated if their activity during the analysis period exceeded 2.5X the standard
deviation of the baseline period. Statistical significance was determined with Chi-Square test. See Methods for details. P = .322 for WT vs
TRPM8™~ females; P = .0002 for WT vs TRPM8 ™'~ males. Error bars correspond to s.e.m for n, number of pooled cells across slices. Four slices
were used per animal, with a total of three animals (12 slices) for each group used for testosterone treatment. One WT male mouse was used for
vehicle (Ctr.) application

projections directly from the amygdala >3 and subsequently the TRPM8™" males, but this was completely abolished in
release dopamine in the nucleus accumbens (NAC).54'55 We TRPMS8 ™~ males (Figure 7). TRPMS ™/~ females, moreover,
hypothesized that activation of TRPMS by testosterone in displayed a significant decrease in DA activity when com-
the amygdala causes excitatory transmissions to the VTA, pared to themselves before and post mating; however, no
which further impacts dopamine release in the NAc. This significant difference was detected between TRPMS8™* and

represents the main pathway of endogenous reward mecha- TRPM8 ™~ females either before or after mating. These data
nism>> or drug-induced reinforcement,”® known to impact clearly show a defect of mating-related reward mechanism
sexual experience.’’ To test this hypothesis, we assessed ac- in TRPMS8™™ males and implicate the VTA DA system as

tivation of DA neurons before and immediately after mating one of the brain loci for sexual dimorphism58 regulated by
events of age-matched TRPM8™* and TRPM8 ' littermates ~ TRPMS.

using cFos as a marker of neuron activation.”’ As anticipated, Along with the VTA, we also screened mating-related
postmating DA neuron activity in the VT A was increased in activation of dopaminergic neurons in several other brain
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FIGURE 7 TRPMS mediates sex reward mechanism. Age-matched WT and TRPMS8 ™'~ male and female mice were sacrificed before and
immediately after mating events and the brains processed for the DA activity by assessing the number of neurons in the VTA co-labeled for DA-
specific marker TH and a marker of neuronal activity cFos. A, representative images of TH (green, by Alexa-488) and cFos (red, by Alexa-594)
labeled neurons at the VTA regions of coronal brain slices, obtained by confocal microscopy at 20X magnification. Scale bars: 100 pm. B,
quantification of the TH/cFos co-labeled cells in VTA before and after mating for the WT and TRPMS8 ™'~ male (left panels) and female (right
panels) mice for individual slices (upper panels) and mean =+ s.e.m (lower panels). Statistical significance was determined using one-way ANOVA

test. P = .537 for WT vs TRPM8~'~ males premating; P

females pre- vs post-mating; P = 7.1 X 107> for TRPM8 ™'~ females pre- vs post-mating;

regions, including the third ventricle of hypothalamus, arcu-
ate nucleus of hypothalamus, and substantia nigra. However,
we found no systemic changes in the activation patterns of DA
neurons in these areas of both the TRPM8™* or TRPM8 ™/~
mice (data not shown), further implying the specificity of this
neural circuitry to dopaminergic neurons of the mesolimbic
system.

=1.875 x 107> for WT males pre- vs post-mating; P
post-mating; P = 5.695 x 10~ for WT vs TRPMS8™'~ males post-mating; P = .134 for WT vs TRPMS ™'~ females premating; P

= 423 for TRPM8~'~ males pre- vs
=.357 for WT

P = 372 for WT vs TRPM8 ™/~ females post-mating

4 | DISCUSSION

Here we present the first evidence linking rapid testosterone
signaling component TRPMS to testosterone-dependent social
and sexual behaviors in mice. Importantly, TRPMS8 appears to

play a different role in sexual behaviors from the canonical AR.
A previous study reported that mice lacking AR in the nervous
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FIGURE 8 TRPMS expression along the olfactory-amygdala pathway and testosterone-dependent TRPMS signaling in the wild type and

TRPMS8™'~ mice. A, schematic representation of TRPMS expression in the olfactory epithelium (OE), olfactory bulb (OB), and the amygdala

(Amy). Abbreviations: medial preoptic area (MPOA); ventral tegmental area (VTA); vomeronasal organ (VNO); accessory olfactory bulb

(AOB); hypothalamus (Hypo). B, a proposed model for the role of TRPMS in testosterone (T)-induced reward mechanism, which is diminished

in TRPM8 ™~ (TRPMS-KO), leading to a delayed sexual satiety. C, molecular models of testosterone-dependent signaling in the WT (left) and
TRPMS8 ™~ (right) mice. In the WT mice, testosterone-induced TRPMS activity results in rapid Ca”" or Na™ influx. PIP, regulates this activity as
the prime TRPM8 gating co-factor with all its known agonists. In addition, testosterone (T) taken up by the cell is converted to dihydrotestosterone
(DHT) by Sa-reductase (5aR) and estradiol (E) by aromatase (Aro). DHT can bind to the transcription factor Androgen Receptor (AR), with
subsequent activation of the target genes at the Androgen Receptor Elements (ARE). E can bind to its cognate receptors, Estrogen Receptors (ER),

and regulate their target genes via interacting with the Estrogen Receptor Elements (ERE). In TRPMS8 knockout mice (right panel), the lack of

functional TRPMS results in diminished rapid testosterone signaling and enhanced levels of testosterone as well as its metabolic products DHT and

E, leading to enhanced activation of AR and ER at least in some cell populations

system displayed profound deficits in the pattern of sexual be-
haviors, including significantly decreased mounting frequency.27
These are in sharp contrast to the behavioral alterations found
in TRPM8™~ mice, such as increased mounting frequency, en-
hanced sexual motivation, and long-duration mounting preva-
lence. While some of these behavioral alterations could sprout
from an enhanced activity of genomic receptors in the absence
of the rapid signaling component of testosterone, others might
result from a deficient sexual reward mechanism>> with possible
impact on sexual satiation.”* Our results suggest that TRPMS

plays a critical role in testosterone-mediated reward mechanism
(Figure 8A). The disruption of TRPMS function eliminates the
nongenomic signaling evoked by testosterone that normally oc-
curs through monosynaptic projections from the amygdala to
the DA system in the VTA to elicit the reward aspects of sexual
behaviors (Figure 8B). As a result, TRPMS8 ™~ mice attempt to
compensate this deficiency by increased mating and aggres-
sion in males, and enhanced system production of testosterone,
which leads to other behavioral changes, such as olfactory ex-
ploration in both males and females.
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The male-like chemosensory exploratory activity dis-
played by TRPMS8™'~ females could also implicate a general
impairment of the reward mechanism, which dampens the
satisfaction of olfactory stimulation and thereby leading to
increased sniffing. Previously, chemosensory cues from con-
specifics have been shown to cause dopamine release in the
medial preoptic area (MPOA) of the brain, which underlies
the reward input from olfactory exploration.3 Moreover, bi-
lateral removal of the olfactory bulbs eliminated sexual activ-
ity and MPOA dopamine release.”

Dissecting whether the altered behaviors observed on
TRPMS8™™ mice are attributed to the increased levels of ste-
roids or lack of testosterone-evoked TRPMS signaling will
require further detailed exploration. However, the present
findings suggest that both mechanisms are intertwined. While
the enhanced aggressive behavior of TRPM8 ™~ is most likely
driven via the implication of ERa, the alteration in DA neu-
ronal activation is unlikely to be attributed to higher levels
of testosterone and, thus, to the action of the genomic recep-
tors. Earlier studies demonstrated that in male rats, gonadal
steroids regulate basal DA release®! and stimulate mating.60
During copulation, the release of DA increases by more than
50%, and this effect requires androge:ns.Sl’(’O This process
reflects neural reward pathways of sexual behaviors, which
involve the mesolimbic DA circuit consisting of VTA and
NAc. In rats, DA is released into NAc during sex, where tes-
tosterone affects the release of DA through its enhancement
of sexual behaviors.>* Furthermore, in castrated males that
do not mate, DA release does not increase.®’ Thus, if higher
levels of testosterone would stimulate mating in TRPM8™'~
mice, then they would also demonstrate higher levels/activity
of DA neurons. However, we observe exactly the contrary.
As shown in Figure 7, the levels of activated dopaminergic
neurons in TRPM8 ™~ males do not change after mating. The
most plausible explanation to this effect is a deficient neural
signal transduction in VTA DA neurons of TRPMS ™/~ males,
and as a result diminished sexual satiety.

Furthermore, this study demonstrates a distinctive role
of TRPMS as an immediate/direct testosterone receptor
on behaviors from the classical genomic receptors that
regulate these behaviors indirectly through activation or
suppression of the downstream target genes.5 It is con-
ceivable that these findings will boost new investigations
on testosterone-TRPMS8 signaling in other animal mod-
els, and particularly, in humans. Despite the fundamental
importance of sexual activities in human life, the neuro-
logical control of this behavior is poorly understood and
limited to human lesion research, reflecting pathological
cases,®! or neuroimaging techniques assessing this system
in healthy individuals.®> Human lesion research examines
the effects of neurological insult on sexual behavior and
sexual changes associated with neurological disease, cere-
bral injury, or neurosurgery.®' It was shown that impaired
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functionality of the brain regions responsible for mediation
of sexual behavior in humans (eg, the limbic system/amyg-
dala/hypothalamus) could lead to significant alterations,
such as disinhibited sexual behavior or various forms of
hyper-sexuality.(" /63,64

Another analogy refers to the Kliiver-Bucy syndrome,
originally described in primates after the bilateral removal of
the anterior temporal lobes. The Kliiver-Bucy syndrome pres-
ents a cluster of intriguing behavioral changes, among which
is hyper-sexuality that is often expressed indiscriminately
with absence of fear or expression of anger.”® In humans, the
syndrome has been diagnosed after bilateral temporal dam-
age.66 Psychopharmacologic studies in primates suggest that
lesions disconnecting excitatory projections to the amygdala
cause reduced dopamine and serotonin levels and increased
norepinephrine levels in the amygdala.67 In light of these
chronicles, our results showing enhanced sexual drive and in-
discriminate mountings of TRPM&8-deficient mice resemble
the hypersexual phenotype observed in primates and humans
with limbic system dysfunction,ﬁl’63’64 which most likely
sprouts from diminished reward feedback.

Notably, in its distinctive role as an immediate, rapid-sig-
naling testosterone recept01r,7’8 and the behavioral pheno-
type displayed by the mutant animals, TRPMS stands apart
from other sexually dimorphic genes and classical steroid
receptors.68 A few genes encoding proteins implicated in di-
morphic sexual behaviors, when deleted, resulted in either
insignificant changes or deficits of mating behaviors,®®
lar to that of the classical AR.?” To this end, the hypersexual
and aggressive phenotypes exhibited by the TRPM8™~ mice
implicate a unique role of this channel in regulating testoster-
one-elicited behaviors.

Moreover, mutant mice deficient in TRPC2 channels ex-

simi-

hibit increased activities in mating other males,” similar to
what we observed in TRPM8 ™'~ However, we believe that
this regulation by TRPC2 is distinct from that by TRPMS.
TRPC?2 is expressed in the VNO, where the channel plays a
critical role in pheromone sensa.tion,69’70 while the TRPMS8
expression is entirely lacking from this organ, but, in contrast,
present in the MOS. Furthermore, the altered sniffing behav-
iors of TRPM8™'~ mice demonstrate that these behaviors are
not affected by pheromones, but rather the likely presence of
an alternative neural circuitry in regulating them.

In summary, our research findings highlight a novel regu-
latory role of TRPMS in dimorphic sexual behaviors that are
part of the reproductive repertoire. Future studies of this rapid
signaling component of testosterone and the role of TRPM8
in regulating downstream axes of testosterone metabolites,
DHT, and estrogen, acting via AR and ERs (Figure 2E), will
be instrumental for our understanding of key hormonal ele-
ments related to development, sex differences, and reproduc-
tive function and shed new lights on therapeutic intervention
of sexual dysfunctions.
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