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Olfactory sensory neurons (OSNs) in the main olfactory epithelium
respond to environmental odorants. Recent studies reveal that these
OSNs also respond to semiochemicals such as pheromones and that
main olfactory input modulates animal reproduction, but the trans-
duction mechanism for these chemosignals is not fully understood.
Previously, we determined that responses to putative pheromones in
the main olfactory system were reduced but not eliminated in mice
defective for the canonical cAMP transduction pathway, and we
suggested, on the basis of pharmacology, an involvement of phos-
pholipase C. In the present study, we find that a downstream
signaling component of the phospholipase C pathway, the transient
receptor potential channel M5 (TRPM5), is coexpressed with the cyclic
nucleotide-gated channel subunit A2 in a subset of mature OSNs.
These neurons project axons primarily to the ventral olfactory bulb,
where information from urine and other socially relevant signals is
processed. We find that these chemosignals activate a subset of
glomeruli targeted by TRPM5-expressing OSNs. Our data indicate that
TRPM5-expressing OSNs that project axons to glomeruli in the ventral
area of the main olfactory bulb are involved in processing of infor-
mation from semiochemicals.

signal transduction � pheromone � stimulated emission depletion (STED)
microscopy

The olfactory system perceives not only odorants that convey
information on the environment but also semiochemicals

(chemicals involved in animal communication, from the Greek
semeion for ‘‘sign’’), including pheromones (1–4). A key step in
transmission of information is activation of the canonical cAMP
signaling pathway by binding of odorants to olfactory receptors,
resulting in influx of Ca2� through a cyclic nucleotide-gated
(CNG) channel and subsequent depolarization (5, 6). Targeted
disruption of elements of the cAMP pathway, including the CNG
channel subunit A2 (CNGA2) (7), the G protein Golf (8), or
adenylyl cyclase (AC) III (9), result in severe deficit of odorant-
evoked responses to many odorants, demonstrating the domi-
nant role of the cAMP pathway.

Semiochemicals, such as pheromones, social attractants, and
major histocompatibility complex (MHC)-related odorants, sig-
nal social and sexual status, genetic makeup, and species identity
important for the survival of the individual and the species (1,
10–13). Recent studies indicate that both the main olfactory
epithelium (MOE) and olfactory bulbs respond to these chemo-
signals (14, 15). Consistent with these findings, sensory infor-
mation from the main olfactory bulb projects to areas in the
hypothalamus housing neurons that produce gonadotropin-
releasing hormone and plays an important role in reproduction
(16, 17). Further, a class of chemosensory receptors that recog-
nize social amines found in urine have been identified recently
in the MOE (18). Thus, it now is clear that the main olfactory
system is involved in detection of semiochemicals and that the
cAMP signaling pathway plays an important role in signal

transduction for certain pheromones and MHC peptides (16,
19–21). However, the potential involvement of other signaling
pathways is not fully understood (21, 22).

Previously, we demonstrated that genetic elimination of sub-
unit A2 of the CNG channel, which disrupts the canonical cAMP
pathway, significantly reduced but did not eliminate physiolog-
ical and behavioral responses to pheromones in the main olfac-
tory system (22). The transduction pathway responsible for these
responses was not identified, but pharmacological experiments
suggested involvement of phospholipase C (PLC). In this study,
we sought to find whether transient receptor potential (TRP)
channels, known effectors of the PLC pathway involved in
sensory signaling (23), are involved in olfactory transduction.
Below, we describe expression of TRP channel M5 (TRPM5), a
member of the melastatin-related TRP channel family in the
MOE, and implicate a role for this channel in pheromone
transduction.

Results
GFP Expression Driven by the TRPM5 Promoter in the MOE. In
transgenic mice, where the TRPM5 promoter drives expres-
sion of GFP (TRPM5-GFP mice), we found GFP expression in
two morphologically distinct populations of cells in the MOE
(Fig. 1A). Cells in one population were short (usually �15 �m),
and their cell bodies were located in the superficial (apical)
layer, where the nuclei of sustentacular cells are found (Fig.
1 A, arrowheads, and Inset a). Features of these cells include
apical microvillus-like processes and absence of apparent basal
axonal processes. These cells belong to a unique population of
microvillar-like cells whose characteristics will be described in
detail elsewhere (data not shown). The microvillar-like cells
were expressed sparsely throughout the olfactory epithelium
[Fig. 1 A and supporting information (SI) Fig. 6] and consti-
tuted a small fraction of the total number of GFP-labeled cells.
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In contrast, most of the GFP-positive cells resembled bipolar
olfactory sensory neurons (OSNs) (Fig. 1 A Inset b). These cells
extended an apical dendritic process to the luminal surface of
the epithelium. OSNs expressing GFP bear axon-like processes
that reached below the basal lamina, where they joined axon
bundles that projected to the olfactory bulb (Fig. 1 A). Inter-
estingly, these presumed OSNs were not distributed homoge-
neously throughout the olfactory epithelium, being more
abundant in the ventrolateral zones of the MOE (SI Fig. 6).

TRPM5 Antibody Labels a Subset of OSNs. TRPM5-like immuno-
fluorescence was seen in both apical processes and soma of OSNs
with dense labeling in the olfactory knobs and the cilia layer,
where signal transduction is thought to occur (Fig. 1 B–D). When
the antibody was used in sections from the TRPM5-GFP mice
(n � 4), we found immunoreactivity in GFP-expressing cells
(Fig. 1D). Occasionally, immunolabeling of the TRPM5 antibody
was found in areas with weak GFP expression (data not shown).
As a control, olfactory epithelium sections from a mouse in
which the TRPM5 coding region was eliminated did not show
any immunoreactivity (Fig. 1C).

To obtain high-resolution images of TRPM5 antibody immu-
nolabeling in the apical layer, we used stimulated emission
depletion (STED) microscopy, a unique type of fluorescence
microscopy that allowed us to obtain a resolution of �35 nm,
significantly below the diffraction-limited resolution of other
light microscopes (24, 25). Fig. 2 A and B shows high-
magnification confocal (A) and STED (B) images of the apical
layer of the olfactory epithelium stained with TRPM5 antibody
(Fig. 2 A Inset). Higher magnification images of the areas
enclosed by the dashed boxes in Fig. 2 A and B, respectively, are
shown in Fig. 2 C and D. We found that the antibody labeled
discrete spots with an average size of 69 nm (Fig. 2E). We found
a similar punctate distribution for CNGA2 (data not shown),
consistent with previous electron microscopy studies (26).

Expression of TRPM5 in Mature OSNs. To determine whether mature
OSNs express TRPM5, we performed double-label experiments
with antibodies against TRPM5 and olfactory marker protein
(OMP), a marker for mature OSNs (Fig. 3 A–C). Many OMP-
positive OSNs also were TRPM5-positive (Fig. 3A). In sections

cut through the olfactory epithelium, there was considerable
overlap of expression of TRPM5 and OMP in the proximal cilia
layer, and the overlap decreased at the distal end. In sections cut
perpendicular to the apical end of the dendrites, OMP labeled
numerous cilia and dendritic knobs. Colocalization of OMP and
TRPM5 is apparent, especially in the dendritic knobs and the
base of the cilia (Fig. 3B). In TRPM5-GFP mice, axons from the
TRPM5-expressing cells also were GFP-positive, allowing us to
identify glomeruli targeted by TRPM5-expressing OSNs. We
found coexpression of OMP and GFP in GFP-positive glomeruli
in the olfactory bulb of TRPM5-GFP mice. Together, these data
demonstrate the expression of TRPM5 in a subset of mature
OSNs in the MOE.

Coexpression of TRPM5 and CNGA2. The large number of TRPM5-
expressing OSNs in the MOE suggested that TRPM5 may be
present in the cells expressing elements of the canonical cAMP
pathway. Using immunofluorescence with an antibody against
CNGA2 in sections of TRPM5-GFP mice, we examined the
potential coexpression of the two ion channels. As shown in Fig.
3D, CNGA2 antibody labeled a majority of OSNs. The reactivity
was intense in the cilia layer as reported in ref. 27. Weaker, but
evident, immunoreactivity for the CNGA2 antibody was found
in the soma. GFP was present in many of the CNGA2-expressing
cells, suggesting that TRPM5 and CNGA2 were coexpressed in
many OSNs (Fig. 3D). A few OSNs appeared to express GFP in
the absence of CNGA2. Consistent with these findings, the
majority of GFP-positive glomeruli in TRPM5-GFP mice also
stained for CNGA2, which is known to be expressed in OSN
axons (Fig. 3E).

Coexpression of TRPM5 and Components of the PLC Pathway. In taste
receptor cells, G protein � and �13 subunits activate PLC �2
(28), resulting in activation of TRPM5 (29). To investi-
gate whether the PLC pathway is present in OSNs, we immu-
noreacted sections from TRPM5-GFP mice with antisera against
PLC �2 and �13. The anti-PLC �2 antibody labeled the majority
of OSNs. Strong reaction was observed in the axon bundles

Fig. 1. TRPM5 promoter-driven GFP and TRPM5-like antigenicity in the MOE.
(A) TRPM5 promoter drove GFP expression in two populations of cells with
distinct morphology: sparsely distributed short cells �15 �m in length (arrow-
heads and Inset a) and densely packed OSNs (representative OSNs are shown
in Inset b). (B) A representative confocal image showing immunolabel for
TRPM5 at a higher magnification. (C) Negative control, image taken from an
olfactory epithelium section from a TRPM5 knockout mouse labeled with the
anti-TRPM5 antibody. (D) OSNs expressing GFP in TRPM5-GFP mice (green)
also displayed immunoreactivity for TRPM5 (red). (Scale bars: A, B, and C, 20
�m; Inset a, 5 �m; Inset b, 10 �m; D, 50 �m.)

Fig. 2. Analysis of spot size for STED images of TRPM5 immunoreactivity in
the cilia layer. (A and B) Confocal (A) and STED (B) images of TRPM5 immu-
nofluorescence in the cilia layer of the olfactory epithelium. (A Inset) Confocal
image at a lower magnification taken with a confocal microscope. (B Inset)
Smallest spot gained from the faintest antibody cluster observed in the sample
is indicative of the maximum size of the effective point-spread function in the
confocal (189-nm) and STED (35-nm) imaging modes. (C and D) Higher-
magnification images of the areas enclosed by the dashed boxes in A and B,
respectively. The image in D is the STED image after a linear deconvolution
(LD). (E) Histogram showing the distribution of full width at half maxima
(FWHM) for the clusters in three separate images (130 individual clusters from
three separate images). To estimate the FWHM, background was subtracted
from the STED images, and each cluster was fit with Lorentz-shaped profiles.
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(SI Fig. 7A). As shown in a higher magnification fluorescence
micrograph (SI Fig. 7B) GFP was present in PLC �2-positive
OSNs, suggesting colocalization of TRPM5 and PLC �2. Simi-
larly, immunoreactivity for the �13 was present in GFP-positive
OSNs (SI Fig. 7 C and D).

Axonal Projections of the TRPM5-Expressing OSNs. Given that we
detected expression of GFP predominantly in the ventrolateral
areas of the olfactory epithelium, we expected differential
location of GFP-positive glomeruli in the olfactory bulb because
axonal connection between the MOE and the olfactory bulb
follows a basic principle of ‘‘zone-to-zone projection’’ (30). Fig.
4 A and B shows discrete expression of GFP in spatially
segregated glomeruli in the medial and lateral surfaces of
whole-mount olfactory bulb in TRPM5-GFP mice. Glomeruli in
the ventral surface cannot be seen clearly in whole mount
because of fluorescence in the nerve layer. To chart expression
throughout the glomerular layer, we stained with an antibody
against GFP in transverse serial sections (Fig. 4 C–E). A
representative section is shown in Fig. 4C, a representative 2D
map is shown in Fig. 4D, and the average glomerular density map
for six mice is shown in Fig. 4E. Large numbers of GFP-positive
glomeruli were located at the ventral regions along the rostral–
caudal axis. In addition, many GFP-positive glomeruli were seen
in anterior-medial and posterior-lateral areas of the bulb. There
were 520 � 149 GFP-positive glomeruli (mean � SD, n � 6,
range 353–750, corrected for oversampling) with an average
diameter of 94 � 5 �m. We found that TRPM5-expressing OSNs
targeted both regular and microglomeruli (31). These results
demonstrate that TRPM5-expressing OSNs preferentially
project discreet areas of the bulb, consistent with the zonal
expression of TRPM5 in the MOE.

Activation of the GFP-Positive Glomeruli. The localization of the
TRPM5-GFP-positive glomeruli in the ventral area of the ol-
factory bulb was intriguing because this area overlaps with
domains responsive to mouse urine and putative pheromones
(22, 32–34) (see SI Movie 1). To determine whether the TRPM5-
GFP-positive glomeruli respond to these semiochemicals, we
surveyed odor responsiveness of glomeruli by detecting neuronal
activity-dependent Fos protein expression in the periglomerular
cells surrounding glomeruli. Exposure to the putative phero-
mone 2,5-dimethylpyrazine (DMP) (35), the social attractant
(methylthio)methanethiol (MTMT) (34), mouse urine, and
soiled bedding from a mating pair all resulted in activation of
many GFP-positive glomeruli as measured by Fos expression in
periglomerular cells (Fig. 4 F–H, mouse urine not shown).
Exposure to fresh air or lilial did not produce similar activation
patterns in the GFP-positive glomeruli. The data indicated that
the glomeruli targeted by TRPM5-expressing OSNs respond to
semiochemicals in the ventral area, where we previously dem-
onstrated activation by putative pheromones and urine.

Electroolfactogram (EOG) Responses in TRPM5 Knockout Mice.
TRPM5 knockouts did not show obvious deficits in body weight,
reproduction, and performance on a go/no go olfactory detec-

Fig. 3. Colocalization of TRPM5 or GFP immunostaining with OMP or CNGA2
immunoreactivity. (A) OMP immunoreactivity (green) was seen in mature
OSNs. A subset also labeled with TRPM5 antibody (red). (B) A confocal image
from a section cut perpendicular to the dendrites at the level of the dendritic
knobs and cilia displays immunolabel for OMP and TRPM5. (C) Sagittal image
of the ventral portion of the olfactory bulb of a TRPM5-GFP mouse. Axons
from TRPM5-expressing OSNs (green) project to a subset of glomeruli that
were immunopositive for OMP (red, overlap appears as yellow). (D) An anti-
body against CNGA2 (red) labeled the apical layer and soma of the majority of
OSNs in a TRPM5-GFP mouse. GFP (green) was present in many such OSNs, an
indication of coexpression of these ion channels. (E) Immunoreactivity for
CNGA2 (red) and GFP (green) in the ventral olfactory bulb (saggital section) in
a TRPM5-GFP mouse. Most of the GFP-positive glomeruli also were immuno-
reactive for CNGA2. A relatively small number of glomeruli displayed GFP
expression but stained weakly for CNGA2. (Scale bars: A and D, 20 �m; B, 5 �m;
C and E, 50 �m.)

Fig. 4. Glomeruli targeted by TRPM5-expressing OSNs were detected as
GFP-positive glomeruli in TRPM5-GFP mice. (A and B) Whole-mount images
showing GFP-positive axons and targeted glomeruli in medial (A) and lateral
(B) surfaces of the olfactory bulb. (C) A transverse section showing GFP-
positive glomeruli. A line drawn through the subventricular zone is the axis
used to map glomeruli in D and E. m, medial; l, lateral. (D) A representative 2D
map showing location of GFP-positive glomeruli along the rostrocaudal dis-
tance and angle around the transverse section. (E) A pseudocolor rendering of
the average number of glomeruli in bins of 10° and 72 �m (average from six
bulbs), showing that the highest density of GFP-positive glomeruli was located
in the ventral region of the bulb. (F–H) Representative glomeruli that were
activated by the pheromone DMP (F), the sex-specific odorant MTMT (G), and
soiled bedding from a mating pair (H). Activated glomeruli were identified by
numerous Fos-expressing periglomerular neurons (red). GFP antibody immu-
nohistochemistry was used in C and F–H. (Scale bars: A and B, 1 mm; C, 100 �m;
F–H, 20 �m.)
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tion task (data not shown). In EOG recordings monitoring
odor-evoked field potentials in the MOE, TRPM5 knockout
mice responded to all of the odorants tested (Fig. 5 A and B).
There was no statistical difference in EOG responses between
wild-type and TRPM5 knockout mice (Fig. 5B). This finding was
not unexpected given that the dominant cAMP pathway is
functional and is expressed in the TRPM5-positive OSNs.

Previously, we have shown that in wild-type mice the degree
of suppression of EOG responses by the AC inhibitor 9-(tetra-
hydro-2-furyl)-adenine (SQ22536) is larger for forskolin and
environmental odorants (lilial and geraniol) as compared with
suppression of EOG responses elicited by the putative phero-

mones 2-heptanone and DMP (22). In contrast, the same degree
of suppression of EOG responses was obtained for forskolin,
environmental odorants, and pheromones when SQ22536 was
presented in the presence of the PLC inhibitor U73122. The
effect of U73122 suggested that the PLC pathway is involved. We
reasoned that if TRPM5 participates in PLC signal transduction
to putative pheromones, the genetic excision of TRPM5 should
eliminate the differential inhibition of pheromone-induced
EOG by SQ22536. Fig. 5C shows that the differential inhibition
of odorant-induced versus pheromone-induced EOG by
SQ22536 is absent in the TRPM5 knockout. Thus, in control
mice, the post hoc P value for forskolin versus DMP is 0.001 and
for forskolin versus heptanone it is 0.03. This contrasts with P
values in TRPM5 knockouts of 0.67 for forskolin versus DMP
and 0.66 for forskolin versus heptanone. This result indicates
that TRPM5 participates in signal transduction for putative
pheromones consistent with olfactory bulb activation of
TRPM5-positive glomeruli by DMP (Fig. 5H) and responsive-
ness of CNGA2 knockout mice to pheromones (22).

Discussion
We find that TRPM5 is expressed in a subset of OSNs. Axons of
these OSNs predominantly project to glomeruli in the ventral
olfactory bulbs, regions known to process semiochemicals. In-
deed, we observed that the targeted glomeruli were activated by
pheromones, social attractants, and soiled bedding from mating
pairs. Thus, TRPM5 participates in chemosensory transduction,
not only in the taste system, as previously reported (29, 36), but
also in the olfactory system.

Our finding strengthens the increasingly important role for
TRP channels in chemical sensing. A TRP-like channel has been
identified in physiological experiments in lobster OSNs (37),
TRPC2 has been postulated to mediate chemical detection in the
vomeronasal organ (12, 14), and TRPC6 is found in a subset of
odor-responsive cells in the olfactory epithelium (38). The
TRPC6-expressing cells do not express OMP and are morpho-
logically distinct from the OMP-expressing TRPM5 OSNs de-
scribed here. In addition, TRPA1 responds to pungent chemical
stimuli, TRPV1 responds to the hot chili pepper irritant capsa-
icin, and TRPM8 responds to menthol and the cooling agent
icilin (23). Finally, the role of TRP channels in chemosensory
transduction is conserved phylogenetically because a TRPV
channel plays a role in olfaction in Caenorhabditis elegans (39).

An intriguing finding is the coexpression of TRPM5 and
CNGA2 in the majority of TRPM5-expressing OSNs, suggesting
interplay between the canonical cAMP and the PLC pathway.
Could these two channels interact directly? TRPM5 is a Ca2�-
activated channel (40, 41), whereas, under physiological condi-
tions, the current flowing through CNGA2 is made up mostly of
Ca2� (42). Intriguingly, the finding that immunoreactivity for
TRPM5 is found in small spots with an average diameter of 69
nm suggests that these channels may be clustered in small
microdomains. If CNGA2 and TRPM5 were colocalized, there
would be efficient activation of the TRPM5 channel by Ca2�

f lowing through the CNGA2 channel. This is a possibility that
must be explored in future high-resolution microscopy experi-
ments. Alternately, TRPM5 may be regulated through activation
of PLC by G protein � and � subunits, resulting in an increase
of the second messenger inositol 1,4,5-trisphosphate (InsP3) that
would release Ca2� from internal stores, a mechanism that has
been proposed for the taste system (29, 36). Indeed, there are
reports of expression of InsP3 receptor in subsets of cells in the
olfactory epithelium (43), and we observe immunoreactivity for
PLC �2 and �13 in the MOE (SI Fig. 7).

We found that TRPM5 was expressed preferentially by OSNs
located in the ventrolateral zones of the olfactory epithelium. As
expected from the basic principle of zone-to-zone projection (30)
between the olfactory epithelium and bulb, the majority of the

Fig. 5. EOG recordings from wild-type (TRPM5 �/�) and TRPM5 knockout
(TRPM5 �/�) mice. (A) Representative EOG traces. (B) Average peak EOG
responses to different odors (n � 4–12). There was no significant difference
between knockout and control (P � 0.7 for ANOVA). All odorants were
presented at 100 �M in Ringer’s, and forskolin was presented at a concentra-
tion significantly below saturation (20 �M). A 1 mM concentration of 3-isobu-
tyl-1-methylxanthine (IBMX) elicited a saturating response (�4 mV; data not
shown). (C) In wild-type mice, the ACIII inhibitor SQ33256 (300 �m) suppressed
EOG responses induced by forskolin (an ACIII activator) and lilial to a larger
extent than responses induced by the pheromones 2-heptanone and DMP (n �
4). This differential inhibition disappeared in the knockout animals. A mixed
ANOVA with mouse strain and odor as fixed factors and mouse as a random
effect yielded a P value of 0.036 for a strain–odor interaction. Post hoc
Tukey–Kramer tests showed that the difference in inhibition between fors-
kolin or lilial and the pheromones DMP and 2-heptanone is not significant in
the knockouts (post hoc P values �0.05 in the knockout and �0.05 in the
controls). Error bars are SEM.
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glomeruli innervated by TRPM5-expressing OSNs were found in
ventral regions of the olfactory bulb. The same area of the bulb
is known to be activated by urine and putative pheromones (22,
32–34). Consistent with these observations, we find that the
ventral glomeruli formed by axons from TRPM5-expressing
OSNs respond to semiochemicals. Together, the published stud-
ies on the chemosensory responsiveness of this area of the bulb
and our observations suggest that, as postulated on a cryoarchi-
tectonic basis,� this ventromedial/ventrolateral area of the olfac-
tory bulb may constitute an ‘‘olfactory fovea’’ critical in pro-
cessing information on semiochemicals, including urine. A
question raised by these observations is whether the ventral areas
of the olfactory bulb process sensory signals differently from the
dorsal areas.

Previously, we found that genetic deletion of CNGA2 dra-
matically reduced but did not eliminate pheromone-induced
EOG responses and the number of pheromone-activated glo-
meruli in the main olfactory bulb (22). Interestingly, the majority
of the glomeruli that were no longer activated by pheromones in
the CNGA2 knockout mice were located in the dorsal region,
and responsiveness in the ventral area, where TRPM5 glomeruli
are found, was relatively spared (22). Both CNGA2 knockout
male and female mice housing continually with opposite gen-
ders, respectively, produce smaller number of pups per litter
(data not shown). It is likely that TRPM5 participates in pher-
omone transduction in the CNGA2-defective mouse and that, in
wild-type mice, TRPM5 has a role in transduction and interacts
with the canonical cAMP pathway in sensing semiochemicals,
particularly in OSNs that send axons to the ventral regions of
olfactory bulbs.

Materials and Methods
Animals. TRPM5-GFP and TRPM5 knockout mice (44, 45) were
bred in-house in University of Colorado at Denver and Health
Sciences Center. The PCR was used to genotype the mice based
on absence of the deleted coding region of TRPM5 and presence
of the neomycin resistance gene. C57BL/6 mice were used in
other experiments. Animals were 3–8 months old. All proce-
dures were in compliance with the University of Colorado at
Denver and Health Sciences Center Animal Care and Use
Committee.

Odorants and Other Chemicals. Odorants were obtained from
Aldrich Chemical Co. (Milwaukee, WI), Fluka (Ronkon Koma,
NY), or Takasago Corporation (Shinagawa, Japan). Odorants
were either made freshly by dilution with vigorous vortexing and
sonication into water (for odor exposure in Fos experiments) or
made in Ringer’s saline containing 145 mM NaCl, 5 mM KCl, 20
mM N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid buff-
er-Hepes, 1 mM MgCl2, 1 mM CaCl2, 1 mM Na pyruvate, and
5 mM D-glucose (pH 7.2) (for EOG recordings). The AC
activator forskolin and the AC inhibitor SQ22536 were pur-
chased from Calbiochem (San Diego, CA).

EOG Recordings. The EOG recordings were performed as de-
scribed in ref. 46 with slight modifications. Briefly, mice were
killed by CO2 inhalation followed by cervical dislocation. The
head was split along the midline, and the nasal septum was
removed to expose the endoturbinates. Turbinates III and IV
were removed to expose the olfactory epithelium lining the
exoturbinates. The half-head was mounted on a recording cham-
ber by using the dental adhesive Impregum F (ESPE, Neuss,
Germany). For experiments probing inhibition of EOG re-
sponses by the AC blocker SQ22536, the turbinates were incu-
bated with the inhibitor for 10–15 min to ensure equilibration

across the apical membrane. A concentration of 300 �M
SQ22536 was chosen because it yields near maximal suppression
of forskolin responses while inhibiting only a small fraction of the
responses to 2-heptantone and DMP (22). These conditions are
optimal for detecting differences between TRPM5 knockouts
and controls. A mixed-model ANOVA run by using PROC
MIXED in SAS (47) was used to determine whether there were
differences between TRPM5 knockouts and controls in Fig. 5C.
Strain and odor were entered as fixed effects, and mouse was
entered as a random effect.

Detection of Odor-Induced Fos Expression in Periglomerular Cells.
DMP (0.01%) was made up freshly in 25 ml of water. TRPM5-
GFP mice were placed in a plastic chamber with fresh air
continuously flowing at 1,950 ml/min. A MATLAB (Math-
Works, Natick, MA) program controlled the delivery of odor-
equilibrated air stream at 50 ml/min to the chamber, producing
odor stimulus with 40 times dilution of the original concentra-
tion. Mice were exposed to fresh air in the chamber for 90 min
before being exposed to odorants. Odorant exposure occurred
intermittently to minimize adaptation effects. Odors were pre-
sented six times for 2 min with 3-min intervening fresh air
intervals over a 30-min period. The mouse remained in the same
chamber under constant perfusion with fresh air for 1 h and 15
min before euthanasia. For exposure to MTMT or soiled bed-
ding of a mating pair, individual mice were transferred to a clean
cage and adapted for 2 h. A total of 25 �l of MTMT (50 ppm)
or a scoop of soiled bedding was added to the cage. Mice were
allowed to sample the stimuli freely for 1.5 h before they were
euthanized.

Tissue Preparation for Immunolabeling. For euthanasia, mice were
anesthetized with ketamine/xylazine (20–100 �g/g of body
weight), perfused transcardially with 0.1 M phosphate buffer
(PB) followed by a PB-buffered fixative containing 3% parafor-
maldehyde, 0.019 M L-lysine monohydrochloride, and 0.23%
sodium m-periodate (22). The olfactory bulbs and nose were
harvested and postfixed for 2 h before being transferred for
cryoprotection into PBS with 25% sucrose overnight. Olfactory
bulbs were either cryosectioned sagittally into free-floating
30-�m-thick sections or cut into 18-�m-thick transverse sections
mounted on Superfrost Plus slides (VWR, West Chester, PA)
(for olfactory bulb mapping experiments). Sections used for
STED were 4-�m-thick to minimize light scattering and back-
ground fluorescence. Sagittal cuts maximized the number of
glomeruli visualized in medial and lateral sections.

For immunolabeling, sections were rinsed and incubated in
blocking solution containing 2% normal donkey serum, 0.3%
Triton X-100, and 1% BSA in PBS for 1.5 h. Sections then were
incubated with primary antibodies for periods from overnight to
72 h. Antibodies against the following proteins were used: rabbit
anti-Fos (1:10,000; Oncogen, Boston, MA), rabbit anti-TRPM5
(1:250 or 1:500) (48), rabbit anti-CNGA2 (1:200; Alomone Labs
Ltd., Jerusalem, Israel), goat anti-OMP [1:6,000; kindly provided
by Frank Margolis, University of Maryland, School of Medicine,
Baltimore, MD (49)], chick anti-GFP (1:2,000, Chemicon, Te-
mecula, CA), and PLC�2 (1:200; Santa Cruz, CA). After incu-
bation with the primary antibodies, sections were washed and
reacted with conjugated secondary antibodies (Molecular
Probes, Eugene, OR) for 1 h at room temperature. Secondary
antibodies included donkey anti-rabbit or goat conjugated Alexa
555 (Molecular Probes) and donkey anti-chicken conjugated
with FITC. Sections then were rinsed and mounted on slides with
Fluoromount-G (Fisher Biotech, Birmingham, AL). For STED,
we used ATTO 532 anti-rabbit as the secondary antibody
(Atto-Tech, Siegen, Germany). Removal of primary antibody
resulted in no labeling in control sections. Confocal images were�Meisami, E., Emaiman, S. (1985) Chem. Senses Vol. 10, p. 375 (abstr.).
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obtained by using an Olympus (Center Valley, PA) Fluoview 300
microscope.

STED Microscopy. STED microscopy was performed as detailed in
ref. 50. Briefly, the fluorophore (anti-rabbit IgG labeled with
ATTO 532) was stimulated in a diffraction-limited spot by a laser
diode (Picoquant, Berlin, Germany) emitting �80-ps pulses at
470 nm at a rate of 0.25 Mhz. The excitation pulse was followed
by a doughnut-shaped 200-ps pulse of light tuned to a specific
wavelength used for STED generated by a Ti-Sapphire laser and
modulated by an optic parametric amplifier (Coherent, Santa
Clara, CA). Under the applied conditions of operation, use of
STED resulted in a resolution �35 nm (50) in the sample.
Detection was accomplished by a counting avalanche photo-
diode (Perkin–Elmer Optoelectronics, Fremont, CA). The im-
age was generated by scanning the sample with a 5-nm resolving
piezo stage operating in the closed loop (Melles Griot, Cam-

bridge, U.K.). A single-step linear deconvolution (Wiener filter)
was carried out with the point-spread function of the STED
microscope.

Mapping of GFP-Positive Glomeruli in Olfactory Bulbs of TRPM5-GFP
Mice. We used a mapping method and software developed in our
laboratory (51, 52) as described in detail in the SI Text.
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