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Transduction for Pheromones in the Main Olfactory
Epithelium Is Mediated by the Ca®" -Activated Channel

TRPM5
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Growing evidence suggests that the main olfactory epithelium contains a subset of olfactory sensory neurons (OSNs) responding to
pheromones. One candidate subpopulation expresses the calcium activated cation channel TRPM5 (transient receptor potential channel
M5). Using GFP driven by the TRPMS5 promoter in mice, we show that this subpopulation responds to putative pheromones, urine, and
major histocompatibility complex peptides, but not to regular odors or a pheromone detected by other species. In addition, this subpop-
ulation of TRPM5-GFP * OSNs uses novel transduction. In regular OSNs, odorants elicit activation of the cyclic nucleotide-gated (CNG)
channel, leading to Ca?™t gating of C1~ channels; in TRPM5-GFP * OSNs, the Ca**-activated Cl ~ ANO2 (anoctamin 2) channel is not
expressed, and pheromones elicit activation of the CNG channel leading to Ca*" gating of TRPMS5. In conclusion, we show that OSNs
expressing TRPM5 respond to pheromones, but not to regular odors through the opening of CNG channels leading to Ca** gating of

TRPMS5.
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Introduction
Most mammals, with the notable exception of higher primates
(Finger et al., 2000; Wysocki and Preti, 2004; Trotier, 2011;
Baum, 2012), possess two separate chemosensory tissues within
their nasal cavity, the main olfactory epithelium (MOE) and the
vomeronasal organ (VNO). The predominant view was that the
MOE is responsible for detecting volatile environmental odor-
ants, while the VNO, which is absent in higher primates (Wysocki
and Preti, 2004; Trotier, 2011), senses pheromones (Dulac and
Torello, 2003; Halpern and Martinez-Marcos, 2003). Yet, recent
data suggest that an uncharacterized subpopulation of special-
ized olfactory sensory neurons (OSNs) in the mouse MOE also
contributes to the detection of volatile pheromones with an un-
known transduction mechanism (Wang et al., 2007; Zufall and
Leinders-Zufall, 2007; Tirindelli et al., 2009; Baum, 2012).
Transduction in OSNGs is fairly well understood. Odorants
bind to receptors present in the cilia, triggering the activation of
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adenylyl cyclase IIT (Bakalyar and Reed, 1990), mediated by the
G-protein termed G (Jones and Reed, 1989). The cyclase gen-
erates CAMP, which directly opens an unselective cationic cyclic
nucleotide-gated (CNG) channel mediating a Ca** influx (Na-
kamura and Gold, 1987; Baker et al., 1999). Ca" in turn gates a
Ca?"-activated Cl ~ channel (Kleene and Gesteland, 1991; Lowe
and Gold, 1993), suggested to be ANO2 (anoctamin 2; Stephan et
al., 2009; Stohr et al., 2009; Rasche et al., 2010; for review, see
Schild and Restrepo, 1998; Munger et al., 2009; Ma, 2012). The
electrochemical gradient for Cl ™ in the cilia favors an efflux of
this anion through the Ca**-activated Cl~ channel, which sig-
nificantly potentiates the depolarizing effect of the CNG channel
(Kurahashi and Yau, 1993; Lowe and Gold, 1993; but see Billig et
al., 2011).

In contrast, transduction for pheromones in the MOE is
poorly understood (Munger et al., 2009; Baum, 2012). Immuno-
histochemical data have shown that a subset of OSNs express
TRPMS5 (transient receptor potential channel M5) in the cilia
(Kaske et al., 2007; Lin et al., 2007), and because CNG channel
subunit A2 (CNGA?2) is likely expressed in these cilia (Lin et al.,
2007), these studies suggested, but did not prove, that TRPM5
could be activated by Ca** influx through CNGA2 and be in-
volved in pheromone transduction in the MOE. In addition,
indirect evidence showing differential inhibition by pharmaco-
logical block of adenylyl cyclase IIT of the electroolfactogram
(EOG) response of two putative pheromones 2-heptanaone and
2,5-dimethylpyrazine (DMP) versus two general odorants in
controls but not in TRPMS5 knockouts suggests that TRPMS5 is
involved in the transduction of pheromonal responses (Lin et al.,
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2007). Finally, recent work indicated that TRPMS5 likely plays a
role in mediating transduction for putative pheromones (Os-
himoto et al., 2013). However, EOGs for pheromones were not
significantly altered in TRPM5 knockouts (Lin et al., 2007), rais-
ing the question of whether TRPM5 is involved in transduction of
responses to pheromones. Here, we hypothesized that phero-
monal responses of OSNs expressing TRPM5 are mediated by
Ca** influx through CNGA?2 activating TRPMS5 to eliciting de-
polarization, and this hypothesis was directly tested thorough
profiling of transduction in this subpopulation of cells using elec-
trophysiological recording and Ca®" imaging.

Materials and Methods

Animals. TRPM5-GFP mice (Clapp et al., 2006) were kept as a homozy-
gous colony bred back regularly to C57BL/6. TRPM5 knock-out (KO)
mice (Damak et al., 2006) were bred with TRPM5-GFP mice to obtain
TRPM5-KO-GFP mice, which express GFP in OSNs that would have
expressed TRPM5. These mice were bred back on the average of every 6
months to C57BL/6. GFP is used to identify cells that express fluores-
cence under the control of the TRPMS5 promoter in either wild-type or
TRPMS5 knock-out mice. Mice were kept in the National Institutes of
Health-approved animal facility of the University of Colorado Anschutz
Medical Center, or at the animal facility of the University of Chile and
were used at 2—8 months old. They were given food and water ad libitum,
and were maintained in a 12 h light/dark cycle. All procedures were in
compliance with the University of Colorado Anschutz Medical Campus
Institutional Animal Care and Use Committee (IACUC). In experi-
ments, we used mostly female mice (~80%). Future studies should char-
acterize the responses of OSNs expressing TRPM5 in female versus male
mice because female mice have been shown to respond differentially to
male volatile pheromones (Kang et al., 2009).

Isolated OSNs. The animals were killed by overdose of CO, inhalation,
a method approved by the University of Colorado Anschutz Medical
Campus IACUC. The olfactory epithelium was removed from the nasal
cavity, and OSNs were isolated by mechanical dissociation (Sanhueza et
al., 2000; Schmachtenberg et al., 2003). TRPM5 GFP * and TRPM5
GFP ™ neurons were separated by differential intensity of fluorescence
emitted in the green channel.

Solutions for loose-patch and Ca®" imaging. The composition of the
solutions used in this study was as follows (in mm): normal Ringer’s
solution: 145 NaCl, 5 KCl, 10 HEPES, 1 MgCl,, 1 CaCl,, 1 Na-pyruvate,
and 5 p-glucose, pH 7.4; high Ca** Ringer’s (used in the Ca*>* imaging
experiments): 145 NaCl, 5 KCI, 10 HEPES, 1 MgCl,, 3 CaCl,, 1 Na-
pyruvate, and 5 p-glucose, pH 7.4; and 0-Ca” " Ringer’s: 145 NaCl, 5 KCl,
10 HEPES, 1 EGTA, 3 MgCl,, 1 Na-pyruvate, and 5 p-glucose, pH 7.4.

Odorants, pheromones, and other chemicals. Odorants and pheromones
were obtained from Aldrich Chemical Company. Odorants and phero-
mones were freshly diluted into normal Ringer’s solution, vortexed vig-
orously, and sonicated. We used three chemicals reported to be male
mouse pheromones (2-heptanone, DMP, and E-B-farnesene; Novotny et
al., 1990; Leinders-Zufall et al., 2000; Wang et al., 2007; Zufall and
Leinders-Zufall, 2007) and a male pig pheromone (androstenone; Dor-
ries et al., 1995), or a blend of odorants (citralva, isoamyl acetate, lilial,
cineol, pine, and black pepper). Urine was obtained from adult (2- to
5-month-old) male or female C57BL/6 mice that had not been exposed
to the other sex. Major histocompatibility complex (MHC) peptides
AAPDNRETF and ANPRAFDTE (Spehr et al., 2006a) were generated
and purified by HPLC by the Peptide and Protein Chemistry Core of the
University of Colorado Anschutz Medical Campus. The TRPM5 inhibi-
tor triphenylphosphine oxide (TPPO) was purchased from Aldrich
Chemical Company, the ANO2 inhibitor niflumic acid was from Sigma,
and the CNG channel inhibitor 1-cis-diltiazem hydrochloride was from
Abcam. The rest of the chemicals were purchased from Sigma-Aldrich.

Immunohistochemistry. The isolated OSNs were allowed to settle on
Shandon CytoSpin coated microscope slides (Thermo Scientific) for 30
min. The slides had been pretreated with 1 mg/ml concanavalin A and 1
mg/ml poly-L-lysine hydrobromide (Aldrich Chemical Company). OSNs
were fixed with 4% paraformaldehyde in PBS (28.75 mm NaH,PO,, 75 mm
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Na,HPO,), pH 7.2, for 20 min. Cells were washed in 0.1 M PBS, blocked in
blocking solution containing 1% BSA, 3% normal donkey serum, and
0.3% Triton X-100 in PBS for 2 h. Isolated OSNs were then immunore-
acted overnight in the cold room with primary antibodies against the
following proteins: rabbit IgG against ANO2 (1:1000; Billig et al., 2011)
and goat IgG against CNGA2 (1:500; Santa Cruz Biotechnology).
Isolated OSNs were then washed and reacted with donkey anti-rabbit
secondary antibody (1:400; Alexa Fluor 568, Invitrogen) or donkey anti-
goat secondary antibody (1:400; Alexa Fluor 568, Invitrogen). In controls
for these experiments, (1) primary antibodies were removed, resulting in
negative labeling, and (2) the antibodies labeled the cilia of olfactory
epithelium slices but did not label the respiratory epithelium (see Fig. 3).

Confocal images of immunolabeled OSNs were captured using an
Olympus Fluoview confocal laser-scanning microscope (LSCM) FV300
(Olympus) using an oil-immersion 60X objective Olympus PlanApo
[1.4 numerical aperture (NA)]. To avoid any problems resulting from
side-band excitation of the fluorochromes, channels in each image were
collected sequentially with single-wavelength excitation and then were
merged to produce the composite image using Fluoview version 5.0 soft-
ware. Brightness and contrast were adjusted in Adobe Photoshop. The
figures for the isolated cells were deconvolved in MATLAB using the
Richardson—Lucy deconvolution method (Gonzalez-Silva et al., 2013).

Loose-patch electrophysiology. Cells were viewed in an Olympus IX70
inverted microscope, with a 40X/0.65 Ph2 DL objective Nikon Plan. We
used an Axopatch 1D patch-clamp amplifier (Molecular Devices) for
recording extracellular currents in the loose-patch modality (Reisert and
Matthews (2001). The pClamp 6 software (Molecular Devices) was used
for data acquisition and analysis. The patch pipettes were made of soft
glass capillaries (Bris, Globe Scientific) for tip diameters of 2—4 M() of
resistance. To deliver odors in the experiments with odorants, we used
Theta glass pipettes (Sutter Instrument) with tip diameters of ~1 um
each; the pipettes were positioned ~10 um from the cilia. A custom-
made computer-operated Picospritzer controlled the solution flow from
the barrels. A dilution factor for stimuli delivered from the pipette to the
cell of 8 £ 0.7 (n = 3) was determined using the procedure of Firestein
and Werblin (1989). Concentrations in Figures 1 and 2 were converted
by dividing by the dilution factor.

Inside-out excised patch recordings. Borosilicate glass pipettes of 40 M)
resistance were sealed on the base of individual cilia of TRPM5-GFP *
OSNs. The currents were acquired at 10 kHz and low pass filtered at 2
kHz (8-pole Bessel filter). The baseline drift of the current records was
digitally corrected and filtered to 500 Hz for analysis using pClamp 10
software (Molecular Devices). The pipette was filled with a solution con-
taining the following (in mm): 110 N-methyl p-glucamine (NMDG)-Cl
(Sigma), 5 NaCl, CaCl,, EGTA, yielding 100 uM free Ca?*, 10 HEPES,
pH 7.6 (extracellular medium). The cytoplasmic side was bathed with a
puffer pipette containing the following (in mm): 110 NaCl, 10 HEPES,
and different concentrations of Ca**/HEDTA vyielding free Ca®" rang-
ing from 1.2 to 50 uMm, pH 7.6. In the experiment using cAMP, the
cytoplasmic solution was as follows (in mm): 10 NMDG-CI, 110 NMDG-
acetate, 5 NaCl, 8 um free-Ca?™, pH 7.6, and 10 HEPES. TPPO, niflumic
acid, and cAMP were supplemented with the corresponding cytoplasmic
solutions before adjusting the pH.

Calcium imaging. Cells were preincubated at room temperature for 30
min in Ringer’s solution supplemented with 1 um X-rhod-1 acetoxym-
ethyl ester probe and 20% pluronic acid F-127 (Invitrogen), and then
washed several times with high Ca®" Ringer’s solution. Isolated OSNs
were imaged using a water-immersion 60X objective Olympus LUMP-
lanFL/IR (0.9 NA) in the red channel of the Olympus Fluoview confocal
LSCM FV300 (Olympus). Cilia segments of ~1 um were chosen for
Ca’"-dependent fluorescence measurements in line-scan mode. Cilia
were scanned every ~2 ms (range, 1.6—2.2 ms) for 1 min, providing a
measurement of Ca®"-dependent fluorescence changes as a function of
time and distance in the ciliary segment. Time resolution was similar, but
not identical, throughout the experiments, because it depended on the
length of the segment examined. To test the possibility that transient
fluorescence events could be artifacts of nonbiological origin, we per-
formed the following controls: (1) we compared line-scan fluorescence
measurements of OSNs performed in high Ca** Ringer’s solution and
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Figure1.  Chemosensory neurons expressing GFP in TRPM5-GFP mice respond to MHC peptides, two pheromones, and urine, but not to general odorants and E-3-farnesene. A, B, Photographs
of the TRPM5-GFP ™ (A, top) or TRPMS5-GFP ~ (B, top) OSNs under phase contrast (left) and fluorescence (right) optics, and results of loose-patch current recordings from TRPM5-GFP * (4) or
TRPMS5-GFP ~ (B) OSNs stimulated with 200 ms puffs of pheromones, MHC peptides, urine, or odorants. C, D, Average peak currents (==SEM) of the responses induced by stimuli at different
concentrations in TRPM5-GFP * (€) or TRPM5-GFP ~ (D) OSNs. The number of OSNs responding to each odor were as follows: TRPMS5-GFP *: AAPDNRETF (5 of 14), ANPRAFDTE (3 of 30), male
(57BL/6 urine (7 of 18), female C57BL/6 urine (7 of 18), 2-heptanone (5 of 18), DMP (5 of 15), E- 3-farnesene (0 of 15), androstenone (0 of 15), and odorant mixture (citralva, isoamy! acetate, lilial,
cineol, pine, and black pepper; 0 of 20); TRPM5-GFP ~: mixture of AAPDNRETF and ANPRAFDTE (6 of 17), mixture of male and female (57BL/6 urine (8 of 20), mixture of 2-heptanone, DMP, and
E-B-famesene (10 of 26), androstenone (5 of 20), and odorant mixture (7 of 17). The asterisk denotes significant differences in responses to the highest concentration of the stimulus determined
using the Wilcoxon rank sum tets, p << 0.0025 with the p value corrected by false discovery rate (p < 0.03). Odor concentrations for D were as follows: 12.5 nm, 125nm, 1.25 pum, and 12.5 pum, except
for the urine, which was diluted 1:80, 1:800, 1:8000, and 1:80,000. Error bars indicate SEM.
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a function of distance for the period preceding ~ Figure 2.  Results of loose-patch experiments where TRPM5-GFP * 0SNs were stimulated with puffs of 200 ms duration with
stimulation. To improve the signal-to-noise  12.5nm 2-heptanone, DMP, and MHC peptides. As shown in A, some OSNs responded to one of these compounds, while others
ratio, the signal in the ciliary segment was  responded toseveral of the stimuli. B, Shows the percentage of neurons responding to each of these stimuli. Of the 20 0SNs, 10 did
averaged in 0.24 um windows and the corre-  not respond to any of the stimuli, 3 responded to one stimulus, 3 responded to two stimuli, and 4 responded to three stimuli. €,
sponding line-scan fluorescence measure-  Loose-patch current recordings from a TRPM5-GFP * OSN stimulated with pheromones (12.5 wum 2-heptanone and DMP) or
ments were averaged in 0.2 s time windows.  odorants (12.5 umisoamyl acetate, cineole, citralve, and limonene) with puffs of different durations (100, 200, and 500 ms).
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Fluorescence as a function of time (F) was normalized to 1 by dividing F
by the “basal” fluorescence measured for a 0.5 s interval immediately
preceding stimulation (Fi).

Statistics. Because measures in electrophysiology and calcium imaging
experiments were not distributed normally (Kolmogorov—Smirnov test),
we used a Wilcoxon rank sum test to determine the statistical significance
between the changes in each of these parameters (Ding and Wilkins,
2004). A x? test was used to determine whether the number of responsive
cells differed between treatments. The level of significance was p < 0.05,
and if necessary the p value was corrected for multiple comparisons using
false discovery rate (FDR; Curran-Everett, 2000). Matlab R2012 (Math-
Works) was used to perform statistical tests.

Results

GFP-expressing olfactory sensory neurons in TRPM5-GFP
mice are specifically responsive to low concentrations of
pheromones, urine, and MHC peptides

To determine whether green fluorescent cells (TRPM5-GFP ™)
responded to pheromones or odors, we conducted loose-patch
current recordings from dissociated OSNs stimulated with
mouse pheromones using puffer pipettes containing 100 nM to
100 uM 2-heptanone, 2,5-dimethylpyrazine, DMP, or E-B-
farnesene (Novotny et al., 1990; Leinders-Zufall et al., 2000;
Wang et al., 2007; Zufall and Leinders-Zufall, 2007), 1:10,000 to
1:10 dilution of male and female C57BL/6 mouse urine, 100 nM to
100 um androstenone (a pheromone for pig, but not for mice;
Dorries et al., 1995), 100 nM to 100 um MHC peptide detected at
low concentration (AAPDNRETF) and another detected at high
concentration (ANPRAFDTE) by mouse OSNs (Spehr et al,
2006a), or a blend of odorants (100 nM to 100 um citralva, iso-
amyl acetate, lilial, cineol, pine, and black pepper). In our exper-
iments, the effective concentration of these compounds at the
cilia were eightfold lower, due to the measured dilution factor
(see Materials and Methods), thus we will refer from here on to
the effective values.

Figure 1, A and B, shows loose-patch responses with these
compounds in two representative OSNs (Fig. 1A, TRPM5-GFP ¥,
B, TRPM5-GFP 7), and Figure 1, C and D, displays the average
loose-patch responses of TRPM5-GFP* and TRPM5-GFP ~
OSNs, respectively. Interestingly, two of the pheromones (2-
heptanone and DMP), the two MHC peptides, and urine elicited
responses at low concentrations (12.5 nm and 1:80,000 dilution)
in TRPM5-GFP " neurons, but none of them responded to odor-
ant mixtures, androstenone, and E-B-farnesene (Fig. 1C). In
sharp contrast, Figure 1D shows that all stimuli activated
TRPMS5-GFP ~ OSNs at concentrations at or above 125 nM, but
none responded at the lowest concentration (12.5 nMm). In sepa-
rate complementary experiments, a subset of TRPM5-GFP *
OSN s stimulated with 12.5 nm 2-heptanone, DMP, or MHC pep-
tides responded to one to three of the compounds (Fig. 2). The
rest of those cells were nonresponsive.

These results show that the TRPM5-expressing cells of the
MOE are specialized to a subset of the pheromones, urine, and
MHC peptides tested here, while the TRPM5-GFP ™ neurons can
respond to environmental odorants as well as all pheromones.
Importantly, the specialized TRPM5-expressing cells were con-
siderably more sensitive to pheromones than the neurons that
did not express this channel.

OSNss expressing GFP in TRPM5-GFP mice express in the
cilia CNGA2, but not ANO2

In a previous study (Lin et al., 2007) of cryosections of the olfac-
tory epithelium of TRPM5-GFP mice, CNGA2 was expressed in
the soma of the subset of OSN's expressing GFP, suggesting coex-
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Figure 3.  OSNs expressing GFP under control of the TRPM5 promoter (TRPM5-GFP ) ex-
press CNGA2 but not AN02. A-F, Immunohistochemistry for CNGA2 an ANO2 in the ventral
portion of the olfactory epithelium showing dorsally the MOE and ventrally the respiratory
epithelium (RE). Double-label immunohistochemistry with the antibodies for (NGA2 (red) and
ANO2 (green) label the cilia layer of the olfactory epithelium, but not the cilia layer of the
respiratory epithelium (more ventral). 4, B, and C are presented at a lower magnification than
D, E, and F. A and D show immunolabeling for ANO2 in green and nuclei in blue (stained with
DAPI). B and E show immunolabeling for C(NGA2 in red and nuclei in blue. Cand F show immu-
nolabeling for ANO2 in green, for (NGA2 in red, and for nuclei in blue. Scales bars: 4,100 .m; D,
10 m. G-L, Single-label immunohistochemistry obtained with the antibody for CNGA2 (red)
or ANO2 (purple) in OSNsisolated from TRPM5-GFP mice; green shows expression of GFP. G, ilia
in TRPMS5-GFP * OSNs (GFP, green) immunoreacted to a C(NGA2 antibody (red). Inset, Higher-
magnification image of the dendritic knob and cilia). H, OSNs lacking GFP (TRPM5-GFP —,
negative; green) alsoimmunoreacted to the C(NGA2 antibody. /, DIC micrograph of the cell in H.
J, TRPM5-GFP * OSNs were not immunolabeled by an ANO2 antibody (inset, purple; higher
magnification image of the dendritic knob and cilia). K, Cilia in TRPM5-GFP — OSNs were im-
munolabeled by the ANO2 antibody. L, DIC micrograph of the OSN in K. Data in G—R are repre-
sentative of 10 TRPMS5-GFP * and 10 TRPM5-GFP ~ OSNs. Scale bars: G-L, 1 wm.

pression of TRPM5 and CNGA?2 in these cells. We re-examined
this finding in individual cilia by performing immunocytochem-
istry in dissociated OSNs (Fig. 3). All the green fluorescent cells
(TRPM5-GFP ") expressed CNGA?2 (Fig. 3G, red; n = 10, and see
Fig. 3A-F), but did not immunoreact against the ANO2 antibody
(Fig. 3], purple; n = 10). In contrast, in the GFP-negative OSNs
(TRPM5-GFP ™) we detected the expression of both CNGA2 and
ANO?2 in every single OSN [Fig. 3H,K; n = 10 (panels I and L
show differential interference contrast (DIC) optics for the cells
in panels H and K)].

These observations are consistent with the notion that all
OSNs express CNGA2, but that there are two distinct subpopu-
lations. One subpopulation expresses TRPM5 and lacks ANO2;
the other subpopulation expresses ANO2 and is devoid (or ex-
presses low levels; see Materials and Methods) of TRPM5. These
findings suggest a fundamental difference in transduction be-
tween these subpopulations, leading us to ask whether phar-
macological block of TRPM5 interfered with responses to
pheromones.

Pharmacology indicates that TRPM5 mediates responses of
TRPMS5 GFP * OSNs to pheromones

If TRPMS is involved in pheromone transduction (Lin et al.,
2007), inhibition of this channel should suppress the pheromone
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loose-patch responses in the TRPM5-
expressing OSNs, but not in those lacking
this channel. We tested the specific

A Control

TPPO

Pheromones Pheromones Pheromones

Lépez et al. @ TRPM5 Involved in Pheromone Transduction

D Control

Odorants

TPPO

Odorants

TPPO

Pheromones Pheromones

Recovery Control

TRPMS5 inhibitor TPPO (150 um; Palmer '
et al., 2010; Liu et al., 2011) on TRPM5-
GFP " OSNs, and found that this drug sig-
nificantly decreased the pheromone
response and that the effect was reversible
(Figs. 4A—C). On average, TPPO reduced
the response by ~80% (Fig. 4C; n = 11).
In sharp contrast, TPPO had no effect on
chemosensory loose-patch responses in
OSNs that did not express GFP (TRPM5-
GFP ~; Fig. 4D-F; n = 12). This differen-
tial effect of TPPO supports the
requirement of TRPMS5 for the response
to pheromones in the specialized MOE
OSNs, and indicates that the responses
to pheromones in the TRPM5-GFP ™
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cells do not involve TRPM5.

In contrast, we found that the Ca®*-
activated Cl~ channel inhibitor niflumic
acid blocks the odor and pheromone
loose-patch responses of TRPM5-GFP
OSNs (Fig. 4]J-L), but did not affect the
pheromone response of TRPM5-GFP ™
OSNss (Fig. 4G-I). This result is consistent
with the fact that TRPM5-GFP~ OSNs
express ANO2, but TRPM5-GFP * OSNs
do not (Fig. 3).

Normalized Amplitude

Activation of TRPM5 in TRPM5-GFP *
OSNs is coupled to the CNG channel
through Ca** influx
TRPMS5 is a Ca’*-gated channel (Hof-
mann et al., 2003; Liu and Liman, 2003)
that coexpresses with CNGA?2 in the cilia
(Fig. 3; Lin et al., 2007), presumably the
only Ca** pathway from the external me-
dium of the olfactory cilium (Schild and
Restrepo, 1998). Therefore, inhibition of
the CNG channel should decrease the phero-
mone response in TRPM5-expressing cells.
Accordingly, the CNG channel inhibitor
L-cis-diltiazem (20 uM) greatly reduced
the loose-patch current response to pher-
omones, as illustrated in the representa-
tive cell of Figure 5A; the cell fully recovered after removing the
drug. On average, L-cis-diltiazem abolished ~80% of the phero-
mone response (Fig. 5B; n = 5), suggesting that the CNG channel
mediates the Ca®" influx necessary for TRPMS5 activation.
Since this result implies a Ca*" increment in the cilium me-
diated by CNG, we surveyed inhibition by L-cis-diltiazem of in-
traciliary Ca®" changes induced by pheromones in TRPMS5-
GFP " OSNs, measured with a confocal microscope in the line-
scan mode as an increase in fluorescence for the Ca**
indicator X-rhod-1 (Fig. 5C-H ). L-cis-diltiazem inhibited sub-
stantially pheromone-induced changes in Ca*" (Fig. 5E, compare
left and center), and the effect of the drug was reversible (Fig. 5E,
right). Similar observations were obtained in five OSNs tested
(Fig. 5H). Altogether, the results in Figure 5A—H are consistent
with CNG being crucial for TRPM5-expressing OSN responses to

Figure 4.
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Blockage of TRPM5 with TPPO inhibits the pheromone responses in TRPM5-GFP ™, but notin TRPM5-GFP ~ OSNs. 4,
Responses to pheromones by a TRPM5-GFP ™ OSN in Ringer’s solution, Ringer’s solution with TPPO (150 wm), and after washout.
B, Phase contrast (top) and fluorescence (GFP, bottom) view of the cellin A. €, Peaks of pheromone responses normalized to control
(Wilcoxon rank sum test, p << 0.0001; n = 11). D, Responses to odorants and pheromones of a TRPM5-GFP ~ OSN in the
absence/presence of TPPO. E, Phase contrast and fluorescence view of the cell in D. F, Peak of the responses to pheromones and
odorants normalized to responses to pheromones in the absence of TPPO (Wilcoxon rank sum test, p > 0.05, pFDR = 0.025;n =
12). G-1, Lack of an effect of niflumic acid (300 M), a blocker of Ca 2+ _activated (1~ channels, on loose-patch responses of
TRPM5-GFP * OSNs stimulated with odorants and pheromones; control, niflumic acid-free Ringer's solution. G, Example of the lack
of an effect of niflumic acid on the pheromone response of a TRPM5-GFP ™ OSN. H, Phase contrast and fluorescence view of the cell
in G. I, Average currents recorded in TRPM5-GFP * OSNs upon odorant and pheromone stimulation normalized to peaks of
responses to pheromones for the experiments as in G (Wilcoxon rank sum test, p << 0.015, pFDR = 0.05; n = 5). J-L, Effect of
niflumic acid (300 wum) on TRPMS5-GFP — OSNs stimulated with odorants and pheromones. J, Example of a response of TRPMS5-
GFP ~ OSNs to odorants and pheromones in the absence/presence of niflumic acid. K, Phase contrast and fluorescence view of the
cellinJ. L, Peak of the responses of TRPM5-GFP ~ OSNs to pheromones and odorants normalized to responses to pheromonesin the
absence of niflumic acid (Wilcoxon rank sum test, *p << 0.0001; n = 5). Error bars indicate SEM.

pheromones. In contrast, both pheromones and odorants elicited
increases in Ca®" in the cilia of TRPM5-GFP ~ OSNs (Fig. 5I-L).
As in previous studies in amphibian OSNs (Leinders-Zufall et
al., 1998; Castillo et al., 2010), the stimulus-induced increases in
Ca’" in the cilia elicited in either the TRPM5-GFP* or the
TRPM5-GFP ~ OSNs took place in microdomains (0.2—0.5 wm;
Fig. 5C-G,I-K). Consistent with the studies in amphibian OSNs
(Castillo et al., 2010), a single microdomain was found randomly
located along the proximal 1 wm along the cilium (Fig. 5C,D).

Pheromones increase intraciliary Ca** through Ca** influx
in TRPM5-expressing OSN's

If the increase in intraciliary Ca** is mediated by extracellular
Ca*" influx through the CNG channel, as opposed to the release
of Ca*™ from internal stores, then removing extracellular Ca*"
should inhibit the response. We examined this in TRPM5-GFP *
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Figure 5. A-L, Stimulus-induced increase in intraciliary Ca2™ in TRPM5-GFP * (A—H) and TRPM5-GFP — (I-L) OSNs. A-H,
Blockage of CNG abolishes the pheromone-induced loose-patch current and the pheromone-induced increase in intraciliary Ca 2+
in TRPM5-GFP ™ OSNs. A, Example of a current response to pheromones in Ringer’s solution, Ringer’s solution supplemented with
20 um CNGinhibitor -cis-diltiazem (LCD), and after washout. B, Bar plot comparing the average peak responses in the absence and
presence of L-cis-diltiazem for all cells studied (Wilcoxon rank sum test, p << 0.015, pFDR = 0.05; n = 4). Error bars indicate SEM.
€, D, Pheromones elicit discrete increases in intraciliary Ca 2. , Two examples of pheromone-induced discrete increases in ciliary
(a”* measured along the first .um along the cilium. Pseudocolor represents normalized Ca > " -dependent X-rhod-1 fluorescence
as a function of distance in the ciliary segment (ordinate) and time (abscissa; fluorescence has been normalized to the
fluorescence during the 0.5 s before the addition of the pheromone). D, Recording of the pheromone-elicited discrete
increases in intraciliary Ca* in 13 different experiments show that the discrete increases in Ca>* were located all along
the length of the proximal cilium (measured in the first 1 wm from the knob). E, Example showing that L-cis-diltiazem
inhibits the pheromone-induced discrete increase in intraciliary Ca®™. Top, Pseudocolor representation of normalized
(Ca?"-dependent X-rhod-1 fluorescence as a function of distance in the ciliary segment (ordinate) and time (abscissa).
Bottom, Time course of the relative fluorescence normalized to fluorescence before stimulation (F/Fi). F, Basal average
fluorescence of the 0.5 s interval immediately preceding stimulation (arrow); black arrow, time of the pheromone stimu-
lation, with and without (-cis-diltiazem. F, GFP fluorescence for the OSN in E. G, X-Rhod 1 fluorescence imaged in the
olfactory knob and cilia in the OSN whose data are shown in E. The red line is drawn in the cilium along which pheromone-
induced changes in Ca2™ were recorded. Fluorescence in the knob is saturated to obtain a detectable fluorescence signal
from the cilium (<<0.2 wwm diameter). H, Bar graph showing that t-cis-diltiazem inhibited the spatially discrete increases
inintracellular Ca2™ elicited by pheromonesin the TRPM5-GFP * OSN. Asterisks denote statistically significant differences
compared with the first pheromone response control (Wilcoxon rank sum test, p << 0.02, pFDR = 0.05; n = 5). I-L,
TRPM5-GFP — OSNs respond to pheromones and odorants. /, Lack of green fluorescence in a TRPM5-GFP — OSN. J, Cell
loaded with X-rhod-1 at higher magnification. K, Fluorescence changes along the first 1 wm along the cilium in B, upon
stimulation with pheromones (left, top, and bottom) and with odorants (right, top, and bottom). Top, Pseudocolor
representation of normalized Ca®"-dependent X-rhod-1 fluorescence as a function of distance in the ciliary segment
(ordinate) and time (abscissa). Bottom, Time course of the relative fluorescence normalized to fluorescence before stimu-
lation (F/Fi). Black arrow, Time of the pheromone stimulation, with and without L-cis-diltiazem. L, Average peak responses
to pheromones and odorants (Wilcoxon rank sum test, p > 0.05, pFDR = 0.05; n = 5). Error bars indicate SEM.
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OSNs (Fig. 6 A, B), which express CNGA2
(Fig. 3). A pheromonal stimulus elicited
an increase in Ca**-reporting fluores-
cence in the cilia bathed by normal extra-
cellular solution (Fig. 6A). In contrast,
odorants did not elicit an increase in
Ca**-reporting fluorescence measured in
a cilium in these TRPM5-GFP* OSNs
(Fig. 6A). This confirms the selectivity of
TRPM5-GFP * OSNs for pheromones as
measured in loose-patch recordings (Figs.
1, 2). The Ca*"-induced fluorescence re-
sponse to pheromones was absent when
bathed in Ringer’s solution with no Ca**
(0-Ca** solution) and was recovered
upon restoring external Ca*" (Fig. 6A).
Similar results were obtained in five cells
tested (Fig. 6D). This result supports the
participation of extracellular Ca** influx
in the pheromone response and the in-
volvement of CNG.

The fact that removal of extracellular
Ca*" causes a lack of an intraciliary Ca>*
increase elicited by pheromones (Fig.
6A-D) raises the question of whether
there are pheromone-induced current re-
sponses in the absence of extracellular
Ca**. In addition, inhibition of TRPM5
by TPPO leaves a relatively small
pheromone-elicited current in TRPM5-
GFP " OSNs (Fig. 4C), which likely is me-
diated by the CNGA2 channel. Indeed,
previous studies in OSNs have shown a
relatively small CNG current left after in-
hibition of Ca®"-activated Cl~ channels
(~15% in mouse, Lowe and Gold, 1993;
and 60% in the tiger salamander, Kura-
hashi and Yau, 1993). These observations
raise the questions about whether the
current left after blocking of TRPM5
in TRPM5-GFP™ OSNs is the CNG-
dependent current, and whether this
current is found in the absence of extra-
cellular Ca**. Ca** normally inhibits the
CNG-dependent cationic current, and re-
moval of extracellular Ca** relieves this
inhibition, substantially increasing the
current carried by Na™ (Frings et al.,
1995). Accordingly, Figure 6, E and F,
shows that removal of extracellular Ca**
elicited a large increase in pheromone-
induced loose-patch current in TRPM5-
GFP " OSNs. Consistent with the mediation
of this current by CNG, the pheromone-
induced current was inhibited by the
CNG blocker L-cis-diltiazem, but not by
the TRPMS5 blocker TPPO.

TRPMS5 knockout abolishes pheromone
responses of TRPM5-GFP * OSNs

Pharmacological experiments inhibiting
responses to pheromones with TPPO
suggest that TRPM5 mediates the phero-
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Figure6. Dependence on extracellular Ca> ™ of influx of Ca* into the cilia of the TRPM5-GFP * OSNs and related loose-patch
response of TRPM5-GFP * OSNs to pheromones. A-D, Intraciliary Ca%" responses of TRPM5-GFP * OSNs to pheromones require
extracellular Ca**. A, Top, Discrete change in fluorescence (pseudocolor) elicited by pheromones along the proximal 1 .um iliary
segment of the cilium (ordinate) induced by the chemical stimulus as a function of time (abscissa). The color code bar is shown to
the right. Bottom, F/F, as a function of time. B, GFP fluorescence from the TRPM5-GFP * 0SN used to generate the data shown in
A. C, Higher-magnification X-Rhod-1 fluorescence image of the dendritic knob and cilia. The red line denotes the segment of the
cilium where the line-scan fluorescence recording in C was obtained. D, Bar plot of the peak AF/F; results from five cells. Asterisks
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mone response in the specialized TRPM5-
GFP ™" olfactory neurons (Fig. 4). To
explore the involvement of TRPM5 in
pheromone responses using an indepen-
dent approach, we generated TRPMS5-
KO-GFP mice by the cross of TRPM5-KO
mice with transgenic TRPM5-GFP mice
expressing GFP under the control of the
TRPMS5 promoter. Consistent with exper-
iments in TRPM5-GFP mice (Fig. 3), the
green neurons isolated from the TRPM5-
KO-GFP mice exhibited CNGA2 but not
ANO?2 labeling in their cilia (Fig. 7A,D;
n = 10). In addition, GFP-negative OSNs
were identified with light microscopy un-
der fluorescence and DIC optics (Fig.
7C,F), which were also consistent with
TRPM5-GFP mice, the cilia of the non-
fluorescent OSN subpopulation isolated
from TRPM5-KO-GFP mice immunore-
acted with both CNGA2 and ANO2 (Fig.
7B,E;n = 10).

If TRPM5 mediates pheromonal re-
sponses, then the green fluorescent olfac-
tory neurons of TRPM5-KO-GFP mice
should not be able to respond to phero-
mones. Similarly, since TRPM5-GFP ™~
OSNs express ANO2 (Fig. 3), we predict
that they would respond to pheromones
and odorants in these knock-out mice.
Figure 7 confirms that TRPM5-GFP ™
OSNs isolated from TRPMS5-KO-GFP
mice responded to both odorants and
pheromones, and that, consistent with
pharmacological experiments (Fig. 4), the
responses of TRPM5-GFP~ OSNs to
odors and pheromones do not depend on
the expression of TRPMS5. Indeed, consis-
tent with the experiments in OSNs iso-
lated from TRPMS5-GFP mice (Fig. 1),
43% of the 35 TRPM5-GFP ~ OSNss tested
with loose-patch modality from TRPM5-
KO-GFP mice responded to odors and/or
pheromones by a change in current larger
than 2X the SEM of the current before
stimulation. In contrast, TRPM5-GFP *
OSNs isolated from TRPM5-KO-GFP
mice responded to pheromones (or
odors) with a significantly smaller peak
current (Fig. 7J). This is in contrast to

<«

denote significant differences in AF/F, (Wilcoxon rank sum
test, p < 0.0001, pFDR = 0.03; n = 5). Error bars indicate
SEM. E, F, Dependence on extracellular @%" of loose-patch
responses to pheromones of TRPM5-GFP * OSNs. £, Responses
to pheromones by a TRPM5-GFP  OSN in Ringer’s solution
with Tand 0 mm Ca®" Ringer’s solution. Under 1mm Ca ™, it
was treated with TPPO, and under 0-Ca " it was treated with
TPPO and then with L-cis-diltiazem. F, Peaks of the responses
to pheromones of TRPMS5-GFP * SN asin E. Asterisks indicate
Wilcoxon rank sum test differences (p << 0.015, pFDR = 0.05;
n=12).
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Figure7.  TRPM5 knockout substantially diminishes loose-patch responses of chemosensory
neurons expressing GFP in TRPM5 GFP mice. A—F, Single-label immunohistochemistry obtained
with the antibodies for CNGA2 (red) and ANO2 (purple) in OSNs isolated from TRPM5-GFP/
knock-out mice. TRPM5-KO-GFP * OSNs express (NGA2 but not ANO2. 4, D, Images of TRPM5-
(GFP)-expressing OSNs (green) isolated from TRPM5-KO-GFP mouse immunoreacted with an
antibody against C(NGA2 (4, red) or ANO2 (D, purple). B, E, Images of OSNs that do not express
TRPMS (negative, green) immunoreacted with an antibody against CNGA2 (B, red) or ANO2 (E,
purple). GFP-negative OSNs in Band E were searched for using light microscopy under DICoptics
(C, F). Data shown for each experiment are representative of images of 10 OSNs. Data are
representative of 10 TRRM5-GFP * and 10 TRPM5-GFP ~ OSNs. Scale bars, 1 m. G-J, Loose-
patch responses of OSNs from TRPM5-KO mice to pheromones and odorants. G, Examples of
loose-patch responses to pheromones in a GFP ~ OSN and a GFP ™ OSN. H, I, Photograph of a
TRPMS5-KO-GFP * OSN under phase contrast (H) and GFP fluorescence optics (/). J, Peaks of
pheromone and odorant loose-patch responses in TRPM5-KO-GFP ~ and TRPM5-K0-GFP *
0SNs (Wilcoxon rank sum test, p << 0.0001;n = 15 for both TRPM5-K0-GFP ™ and TRPM5-KO-
GFP ~ OSNSs). Error bars indicate SEM.

TRPM5-GFP * OSNs isolated from TRPM5-GFP mice (Fig. 1).
These results show that TRPMS5 is necessary for the pheromonal
responses of TRPM5-GFP © OSNs.

TRPMS5 currents recorded in inside-out patches from the cilia

of TRPM5-expressing OSNs

Immunohistochemical studies have shown that TRPMS5 is ex-
pressed in the ciliary layer of the olfactory epithelium, suggesting
expression of this channel in the olfactory cilia (Lin et al., 2007;
Oshimoto et al., 2013). To determine whether TRPM5-GFP *
OSNs express a functional TRPMS5 nonspecific cation channel in
the cilia, we recorded Ca’"-induced currents in inside-out
patches excised from OSN cilia (Fig. 8). To verify that it was a
cation conducting channel and nota Cl ~ channel, we used solu-
tions with a Na™ gradient and free of K. We recorded currents
consistent with a cation-conducting channel with a pronounced
Ca’* dependence, as shown by the dramatic increase in channel
activity between 1.2 and 50 um Ca>" in the cytoplasmic side (Fig.
8A; n = 3 of 3; Hofmann et al., 2003; Liu and Liman, 2003). To
confirm the identity of this channel, we tested the inhibition of
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the TRPMS5 channel by TPPO (150 M) under 8 uM cytoplasmic
Ca’*; as in the loose-patch experiments, the drug strongly and
reversibly inhibited the channel (Fig. 8C; n = 3). In addition, we
explored the possibility that the TRPM5 channel could be also
found in the conventional OSNs, by recording excised cilia
patches from TRPM5-GFP ~ OSNs. In all TRPM5-GFP ™~ OSN
experiments, the patches were silent, but cAMP application in-
duced activity, indicating that CNG channels were present (Fig.
8D; n = 4). Accordingly, subsequent addition of TPPO did not
have an effect. These results support the presence of TRPM5
channels in the cilia of the TRPM5-GFP * neurons.

Discussion

Here we demonstrate the presence of a subpopulation of OSNs in
the MOE that selectively responds to pheromones, urine, and
MHC peptides, but not odorants. This subset of OSN’s expresses
TRPMS5 in the cilia and has a novel transduction pathway. These
TRPM5 " OSNs respond to pheromones and related stimuli
through activation of CNG, leading to ciliary influx of Ca** that
elicits depolarization by opening of the Ca*"-activated TRPM5
nonselective cation channel (Fig. 9). In contrast, in the other
TRPM5 ™~ OSNs of this neuroepithelium that express CNG and
ANO?2, but not TRPM5, which constitutes the majority of the
sensory receptor cells, the influx of Ca*" elicited by odorants
through the CNG channel results in depolarization, presumably
through the opening of the Ca** -activated Cl ~ channels. Finally,
we find that ANO2-expressing OSNs can also respond to phero-
mones at high concentration. It is not at all clear why these OSNs
respond to pheromones, and future work should determine
whether at higher concentrations pheromones are detected as
odorants by these neurons. Interestingly, humans can smell the
pheromone-related molecules used in this study, and they likely
would respond at high concentrations of androstadienone
(Hummer and McClintock, 2009).

The data supporting the model for involvement of TRPM5 in
transduction in TRPM5 " OSNs (Fig. 9) are as follows: (1) im-
munohistochemistry in Figure 3 indicates that CNGA2 is ex-
pressed in both TRPM5-GFP-positive and -negative OSNs, but
ANO?2 is present only in GFP-negative OSNSs; (2) previous im-
munohistochemical studies (Lin et al., 2007; Oshimoto et al.,
2013) and the patch-clamp experiments of olfactory cilia in Fig-
ure 8 support the idea that in TRPM5-GFP © OSNs the cilia ex-
press TRPMS5; (3) there is inhibition of pheromone responses in
TRPM5-GFP* OSNs, but not in TRPM5-GFP ~ OSNS, by the
TRPMS5 inhibitor TPPO (Fig. 4); (4) in sharp contrast, there is
inhibition of pheromone (and odor) responses in TRPM5-GFP ~
OSNs, but not in TRPM5-GFP * OSNs, by the Ca**-activated
Cl™ channel inhibitor niflumic acid (Fig. 4); (5) knockout of
TRPM5 decreases pheromonal responses in TRPMS5-GFP *
OSNs, but not in TRPM5-GFP ~ OSNGs (Fig. 7); (6) inhibition of
the Ca*" influx and loose-patch current in TRPM5-GFP * (and
GFP ) OSNs by the CNG channel inhibitor L-cis-diltiazem (Fig.
5) is consistent with the mediation of the response by CNG; (7)
the pheromone-induced ciliary Ca** increase in TRPM5-GFP *
OSNs is dependent on external Ca**, indicating that it is due to
extracellular influx (Fig. 6); and (8) TRPM5-dependent currents
are exclusively observed in excised cilia patches from TRPM5-
GFP* but not from TRPM5-GFP~ OSNs (Fig. 8). Together,
these data support pheromone and odor transduction by differ-
ent pathways in OSNs (Fig. 9). Importantly, the exclusive use of
pharmacological inhibitors can be problematic; however, in this
study it was key that the inhibitors yielded differential effects
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in TRPM5-GFP" and TRPMS5-GFP ™~ A
OSNs, and that the effect of TRPM5
knockout was complementary.

The VNO was traditionally considered
to be the murine “pheromone detection
system” that sends information to the
vomeronasal medial amygdala, while the
olfactory epithelium was considered to be
the system for detection of nonphero-
monal (general) odorants sending infor-
mation to the piriform (olfactory) cortex
(Dulac and Torello, 2003; Halpern and
Martinez-Marcos, 2003). Nevertheless, in
past experiments it was shown that the
main olfactory system responded to pher-
omones (Teicher et al., 1980; Dorries et
al., 1995), and recently it has become clear
that a subset of mitral cells in the main
olfactory bulb sends axons to the vomer-
onasal amygdala (Pro-Sistiaga et al., 2007;
Kang et al., 2009; Thompson et al., 2012),
raising the question of whether a subset of
main olfactory system OSNs detect pher-
omones to convey information to the
vomeronasal amygdala. In parallel stud-
ies, the knockout of proteins involved in
the cAMP main olfactory transduction
pathway elicited the failure of maternal
behavior (knockouts of G, Belluscio et
al., 1998). In addition, knockout of ACIII
(Wang and Storm, 2011) and CNGA2
(Lin et al., 2004; Spehr et al., 2006b)
strongly abolish the MOE EOG responses
to pheromones. These data suggest that cAMP transduction in
OSNs in the main olfactory system is likely involved in a subset of
pheromonal responses.

The direct study of OSNs that express CNG and TRPM5 was
necessary to examine the role of TRPM5 in pheromonal trans-
duction (Zufall and Leinders-Zufall, 2007; Munger et al., 2009).
In particular, the involvement of TRPMS5 in the transduction
cascade for high-sensitivity responses of pheromones (and re-
lated stimuli) by TRPM5-GFP * OSNs (Fig. 1) and the fact that
these cells target glomeruli innervated by mitral cells that send
their axons to the medial amygdala (Thompson et al., 2012) in-
dicate that a subset of OSNs expressing TRPMS5 are involved in
conveying pheromonal information (Fig. 9). In addition, TRPM5
is expressed in what is likely a subset of vomeronasal sensory
neurons that may also be involved in conveying pheromonal in-
formation (Kaske et al., 2007). In addition, a small fraction
(<10%) of solitary chemoreceptor cells (Lin et al., 2008) ex-
pressing GFP in TRPM5-GFP mice respond to DMP, but only
atrelatively high concentrations (12.5 and 500 uM, respectively).
Future studies should determine whether TRPMS5-expressing
OSNs are involved in pheromonal behavior mediated by the
MOE in mouse (Belluscio et al., 1998; Mandiyan et al., 2005;
Wang et al., 2006; Wang and Storm, 2011).

We find that TRPM5-expressing OSNs are ultrasensitive, re-
sponding to concentrations of pheromones and related com-
pounds as low as 12.5 nM. It is informative to compare the
responsiveness previously reported for MOE OSNs to MHC pep-
tides (Spehr et al., 2006a) and for VSN to pheromones and MHC
peptides (Leinders-Zufall et al., 2000, 2004). Figure 1 shows that
the TRPM5-expressing OSNs respond to DMP at 12.5 nm, a con-

50 uM Ca**

Figure 8.
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Inside-out patch-clamp recordings obtained from cilia of TRPM5-GFP * and TRPMS GFP — OSNs under different ion
concentrations and in the presence or absence of cAMP or TPPO. A, TRPM5-GFP * : decrease in bath (cytoplasmic membrane side)
Ca®* concentration from 50 to 1.2 um reduced channel opening, which was recovered after returning to the initial Ca®*
concentration (n = 3); bath solution: 110 mm NaCl; pipette solution: 110 mm NMDG-Cl and 5 mm Nadl. B, Phase contrast photo-
graph of patch-clamp of a cilium in a TRPM5-GFP ™ cell. Scale bar, 2 um. €, TRPM5-GFP 2 150 wum TPPO reversibly inhibits the
ciliary outward current measured in the presence of 8 um Ca 2™ in the bath (n = 3); bath solution: 110 mm NaCl with 8 wm CaCl,;
pipette solution: 110 mm NMDG-Cl and 5 mm NaCl. D, Application of cAMP (100 pum) to TRPMS5-GFP — OSN cilia elicits opening of a
channel thatisinsensitive to TPPO (150 um; n = 4). Bath solution: 110 mm NaCl with 8 pum CaCl,; pipette solution: 10 mm NMDG-CI,
5 mu Nadl, and 100 mm NMDG-Cl.
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Figure 9. A, Diagrams showing the traditional ciliary olfactory pathway found in OSNs de-
void of GFP fluorescence in TRPMS5-GFP mice (TRPM5-GFP — cells). B, In this work, we show that
(NGA2 and TRPMS5 are involved in pheromonal transduction in the TRPM5- GFP * OSNs. This
diagram shows the pheromonal TRPM5 transduction pathway that we propose based on these
experiments and the work of Wang and Storm, 2011 implicating the involvement of ACIIl in
pheromonal responses. As in odorant transduction, both pathways implicate the (NG and a role
of Ca%* entering through this channel activating ANO2 and TRPMS in odorant and pheromone
transduction, respectively. Whether G,¢is involved in pheromone transduction in these cells as
well, and which proteins are the pheromone receptors, remain to be determined.

centration that does not elicit responses in VSNs (Leinders-Zufall
et al., 2000). Furthermore, the response of TRPM5-expressing
OSNs to DMP, 2-heptanone, and peptides takes place at nano-
molar concentrations (Figs. 1, 2), but the responses of VSNs and
other OSNSs to these compounds take place at lower concentra-
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tions (Leinders-Zufall et al., 2000, 2004; Spehr et al., 2006b).
Interestingly, MOE OSNs have been previously shown to re-
spond to multiple peptides or to peptides and 2-heptanone
(Spehr etal., 2006a). In contrast, VSNs respond to only one pher-
omonal stimulus even at high concentration (100 nm; Leinders-
Zufall et al., 2000). Finally TRPMS5-expressing OSNs did not
respond even at high concentration (12.5 uMm) to E-B-farnesene,
a pheromone that elicits responses in the VSNs at concentrations
down to 0.1 nM (Leinders-Zufall et al., 2000). Thus, the subset of
TRPMS5-expressing OSNs studied here responds to DMP and
other pheromonal stimuli at a low nanomolar concentration.
However, in future experiments it will be key to perform more
characterizations of the responsiveness of TRPM5-expressing
OSNss to different pheromones and odors.

Previous studies indicated that operant conditioning (go—no
go) experiments did not show differences in odor discrimination
between TRPM5 knock-out and control mice (Lin et al., 2007).
One explanation is that, as we show, the TRPM5-GFP ~ OSNs
respond to high concentrations of pheromones. These responses
by cells that do not express TRPM5 may provide sufficient infor-
mation to olfactory bulb/piriform cortex for the previous odor
discrimination experiments, but are likely not providing suffi-
cient information to medial amygdala (Thompson et al., 2012).
Therefore, our data indicate that TRPM5-expressing OSNs are
involved in pheromonal behavior, but likely are not involved in
the detection of odors. Future studies are necessary to resolve this
question.

In summary, the combined immunohistochemical, ciliary
Ca*" imaging, and loose- and excised patch recordings are con-
sistent with a pheromonal second messenger pathway found in a
subset of OSNs where pheromones elicit CNG-mediated in-
creases in ciliary Ca*™ that cause opening of the Ca**-activated
nonspecific cation channel TRPMS5, thereby leading to cell depo-
larization (Fig. 9). Together with immunohistochemical localiza-
tion of TRPMS5 to the cilia layer (Lin et al., 2007), these data show
that a subset of OSNs in the MOE responds to pheromones using
the TRPM5 transduction pathway. Because OSNs expressing
TRPMS5 target a subset of glomeruli innervated by mitral cells
sending axons to the medial vomeronasal amygdala (Thompson
et al., 2012), our findings support the notion that a fraction of
cells in the main olfactory system contribute to pheromonal re-
sponses. This discovery is particularly relevant for future studies
in humans and higher primates, where it is suspected that there
are responses to pheromones, and yet the vomeronasal system
appears to be nonfunctional (Trotier, 2011). Relevant to this
study, putative human male axillary pheromone enhances fe-
males’ rating of male sexual attractiveness as well as their sexual
arousal (Wyart et al., 2007; Saxton et al., 2008). Indeed, our study
raises the question whether pheromonal responses in higher pri-
mates are mediated by a subset of OSNs in the MOE.
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