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ATP and Odor Mixture Activate
TRPM5-Expressing Microvillous Cells
and Potentially Induce Acetylcholine
Release to Enhance Supporting Cell
Endocytosis in Mouse Main Olfactory
Epithelium

Ziying Fu, Tatsuya Ogura, Wangmei Luo and Weihong Lin *

Department of Biological Sciences, University of Maryland, Baltimore County, Baltimore, MD, United States

The main olfactory epithelium (MOE) functions to detect odor molecules, provide
an epithelial surface barrier, and remove xenobiotics from inhaled air. Mechanisms
coordinating the activities of different cell types within the MOE to maintain these
functions are poorly understood. Previously, we showed that superficially located
microvillous cells (MCs) in the MOE expressing transient receptor potential channel M5
(TRPM5) are cholinergic and chemoresponsive and that they play an important role in
maintaining odor responses and olfactory-guided behavior under challenging chemical
environment. Here we investigated TRPM5-MC activation and subsequent paracrine
regulation. Ca* imaging showed that TRPM5-MCs dose-dependently increase their
intracellular Ca®* levels in response to ATP, an important signaling molecule for airway
mucociliary movement, and to an odor mixture. Pharmacological examination showed
that the ATP responses are primarily mediated by P2X purinergic receptors. Interestingly,
using the endocytosis dye pHrodo Red dextran, we found that chemical-activated
TRPM5-MCs significantly increase the number of pHrodo-labeled puncta compared to
controls without stimulation and compared to cells that do not respond to ATP or to
the odor mixture. These results indicate potential vesicle recycling after release of the
signaling molecule acetylcholine (ACh). Interestingly, TRPM5 knockout (KO) results in
a decrease in ATP-induced pHrodo internalization. We further investigated cholinergic
regulation of neighboring supporting cells (SCs). We found that ACh strongly elevates
intracellular Ca®* and potentiates pHrodo endocytosis in SCs. The ACh effects are
diminished in the presence of atropine or M3 muscarinic receptor antagonist and in SCs
lacking M3 receptors. Collectively, these data suggest that TRPM5-MCs may regulate
the MOE’s multicellular network activity via cholinergic paracrine signaling for functional
maintenance and adaptive plasticity.
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INTRODUCTION

Chemosensory cells expressing transient receptor potential
channel M5 (TRPM5) are found in epithelia of various tissue
and organs, including the respiratory, gastrointestinal, and
urinary tracts. These cells detect chemical stimuli including
irritants and toxicants, and play important roles in regulating
respiration, protecting vital organs and epithelial defense
against bacteria and parasites (Finger et al., 2003; Gulbransen
et al, 2008; Lin et al., 2008b; Ogura et al, 2010; Tizzano
et al, 2010; Krasteva et al, 2011; Deckmann et al, 2014;
Lee et al.,, 2014; Gerbe et al., 2016; Howitt et al., 2016). While
solitary chemosensory cells (SCCs) in the respiratory epithelium
and at the entrance of the vomeronasal organ, as well as tuft
cells in the gut and brush cells in the urethra, are able to
relay their chemosensory activity to innervating nerves and
regulate physiological activity via neural circuits (Bezengon
et al, 2008; Lin et al, 2008b; Ogura et al, 2010; Krasteva
et al., 2011; Deckmann et al.,, 2014; Saunders et al., 2014),
TRPM5-expressing microvillous cells (TRPM5-MCs) in the main
olfactory epithelium (MOE) are generally not innervated (Lin
et al, 2008a). Actions of TRPM5-MCs following chemical
stimulation, as well as mechanisms underlying their potential
paracrine effects on the local multicellular epithelial network
against chemical insults, are poorly understood.

The TRPM5-MCs identified in the nasal cavity reside
superficially throughout the entire MOE, but not in the
respiratory epithelium. Their elaborate apical microvilli extend
into the mucus layer, enabling detection of xenobiotic chemicals
(Hansen and Finger, 2008; Lin et al., 2008a). Using single-cell
Ca** imaging, we also found that TRPM5-MCs respond to
odor molecules at relatively high levels, to bacterial lysates,
and to ATP with increases in intercellular Ca** levels (Ogura
et al, 2011). Interestingly, TRPM5-MCs express cholinergic
markers choline acetyltransferase and vesicular acetylcholine
(ACh) transporter, indicating that TRPM5-MCs are capable of
releasing ACh (Ogura et al.,, 2011). Similar findings have been
found in studies of TRPM5-expressing SCCs and brush cells in
the trachea and urogenital tract (Ogura et al., 2010; Krasteva et al.,
2011; Deckmann et al., 2014; Saunders et al., 2014). ACh is a
potent signaling molecule that can be released by neurons and
non-neuronal cells to regulate a wide variety of cellular activities
(Kawashima and Fujii, 2008; Wessler and Kirkpatrick, 2008). The
release of ACh from urethral brush cells is further shown by
Deckmann et al. (2014). There is also pharmacological evidence
that SCCs release ACh as a neurotransmitter to induce nasal
inflammation (Saunders et al., 2014). We further demonstrated
that, in the MOE, ACh potently increases intracellular Ca’*
levels in supporting cells (SCs) and suppresses evoked Ca**
increases in approximately half of olfactory sensory neurons
(OSNs) tested (Ogura et al., 2011). Thus, it is very likely that
TRPM5-MCs exert paracrine regulation to coordinate MOE
multicellular activity by releasing ACh. However, the relationship
between chemical-induced activation of TRPM5-MCs and ACh
release has not been studied.

The MOE is made up of multiple cell types including OSNs,
SCs, MCs, basal cells, and cells of Bowman’s glands and ducts

(Farbman, 2000). These cells function distinctly in detecting
airborne odorants with exquisite sensitivity, providing nasal
epithelial lining (Gross et al., 1982) and metabolizing xenobiotics,
which protects the lower airway and lungs from chemical insults
(Ding and Dahl, 2003; Thiebaud et al., 2010). Because the
MOE is vulnerable to random insults by airborne chemical
irritants, toxicants and harmful microorganisms, mechanisms
coordinating MOE to maintain its structural and functional
integrity are important not only for olfaction but also for
respiratory health and homeostasis because of airway continuity.
Such mechanisms, which currently are poorly understood, are
expected to align with activities that remove harmful chemicals
in the airway.

We recently showed that TRPM5-MCs are important for
maintaining olfactory function and subsequent olfactory-
guided behavior in a chemically challenging environment
(Lemons et al., 2017) using transcription factor Pou2f3- or Skn-
la—knockout (KO; Skn-la—/~) mice lacking  TRPM5-MCs
(Yamaguchi et al, 2014). Under conventional housing
conditions, Skn-la~/~ mice exhibit normal odor-evoked
electro-olfactogram responses to a panel of odorants tested,
as well as normal olfactory-guided behaviors, including
finding buried food and preference reactions to socially and
sexually relevant odors, that are similar to those of control
wild-type mice. However, when housed in a chemically
challenging environment for 2 weeks, Skn-1a~/~ mice, but not
control mice, exhibited significant reductions in odor-evoked
electro-olfactograms, and their olfactory ability in guiding
these behaviors is also impaired. These findings allow us
to hypothesize that activated TRPM5-MCs release ACh to
modulate OSNs and also to coordinate SC activity in MOE
functional maintenance.

The close anatomical proximity between TRPM5-MCs and
SCs enables paracrine modulation. SCs are the second most
abundant cell type in the MOE (Farbman, 2000), providing
a physical and chemical barrier (Rafols and Getchell, 1983),
as well as structural and metabolic support for the OSNs
(Getchell and Mellert, 1991; Vogalis et al., 2005). The SCs
express many xenobiotic-metabolizing enzymes, which can act
either intracellularly or extracellularly after being released into
the mucus layer (Thornton-Manning and Dahl, 1997; Ding and
Dahl, 2003; Hu et al., 2014; Asakawa et al., 2017). SCs possess
numerous vesicles and vacuoles in the supranuclear regions
of their cell bodies (Getchell and Mellert, 1991), presumably
resulting from xenobiotic internalization for enzymatic reactions
(Getchell and Getchell, 1992). However, endocytosis in SCs or
vesicle recycling following secretion and mechanisms regulating
the events are understudied.

In this study, we sought to further understand TRPM5-MC
function and cholinergic regulation within the MOE network.
Using Ca®" imaging and the endocytotic dye pHrodo, we
first investigated possible vesicle release by monitoring
membrane or vesicle recycling in TRPM5-MCs following
ATP or odor mixture-induced activation of these cells. ATP
released apically from nasal epithelial cells regulates mucociliary
movement for xenobiotic removal (Workman et al, 2017).
ATP can also be constitutively released from the MOE
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(Hayoz et al., 2012) to modulate olfactory sensitivity (Hegg
et al., 2003), intracellular Ca®* levels in SCs (Hassenklover
et al, 2008), and MOE proliferation (Kanekar et al., 2009).
Second, we investigated whether ACh increases endocytosis
or vesicle recycling in SCs. Finally, we probed intracellular
mechanisms mediating ACh effects using pharmacological
agents and muscarinic ACh receptor subtype 3 (M3-AChR)-
KO mice. Our results suggest that activated TRPMS5-MCs
may release ACh to potentiate SC-mediated xenobiotic
clearance.

MATERIALS AND METHODS

Animals

Two- to six-month-old adult male and female C57BL/6-
background transgenic and KO mice were used in this study.
Both TRPM5-green fluorescent protein (GFP) and TRPM5-KO
lines were originally obtained from Robert Margolskee’s
laboratory. Detailed information on the generation and initial
characterization of these mice is published in Clapp et al. (2006)
and Damak et al. (2006). In TRPM5-GFP transgenic mice,
the TRPM5-promotor drives the expression of GFP, allowing
visualization of TRPM5-MCs. The endogenous gene coding
for TRPM5 remains unchanged in these mice. In our initial
identification of TRPM5-MCs, we had used an anti-TRPM5
antibody to immunolabel MOE sections from TRPMS5-GFP
mice and showed positive TRPM5 immunoreactivity in
GFP-expressing MCs (Lin et al., 2008b). We generated
TRPM5-KO GFP mice by cross-mating TRPM5-GFP and
TRPM5-KO mice. The M3-AChR KO line was originally
obtained from Jiirgen Wess (Yamada et al., 2001). All animal
care and use procedures were conducted in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (2006) and approved by the Animal Care
and Use Committee of the University of Maryland, Baltimore
County, Baltimore, MD, USA.

Solutions and Chemicals

For single-cell Ca** imaging and endocytotic dye imaging,
Tyrode’s saline was used for the extracellular solution
bathing the cells, which contained (in mM) 140 NaCl,
5 KCl, 10 HEPES, 1 MgCl,, 3 CaCl,, 10 Na-pyruvate, and
10 D-glucose (pH 7.4). Ca**/Mg*t-free Tyrode’s saline for
cell isolation was prepared by omitting MgCl, and CaCl,
and adding 1 mM BAPTA; Ca?"-free Tyrode’s saline was
prepared by omitting CaCl,. The odor mixture was prepared as
stock solution containing (in mM) 19 ammonium hydroxide,
75 ethyl acetate, 83 propionic acid, and 13 triethylamine in
Tyrode’s and diluted to 1:100, 1:50, 1:10 and 1:5 to determine
dose-dependent responses in TRPM5-MCs. We used this
mixture because our recent study indicated that TRPM5-MCs
play an important role in maintaining olfactory function in
mice challenged by 2-week exposure to this odor mixture
(Lemons et al, 2017). Detailed justification of using these
chemicals can also be found in this article. The following
pharmacological agents were dissolved in DMSO and diluted
into the bath solution to a final concentration, which include

darifenacin (0.1 wM), pirenzepine (0.1 pwM), 4-(4-Butyl-1-
piperidinyl)-1-(2-methylphenyl)-1-butanone hydrochloride
(AC-42, 5 M), 1,1-Dimethyl-4-diphenylacetoxypiperidinium
iodide (4-DAMP, 0.1 uM), and 2,4,6-Trimethyl-N-[3-
(trifluoromethyl)phenyl]benzenesulfonamide (m-3M3FBS
25 wM). The final concentration of DMSO, which ranged from
0.01% to 0.1%, did not affect responses when applied alone.
ATP, ACh, adenosine, ADP, AMP, UTP, atropine (0.5 wM),
and  pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic  acid
(PPADS, 5 pM) were dissolved in Tyrode’s saline or Ca®t-free
Tyrode’s saline. All chemicals used in this study were purchased
from either Sigma-Aldrich (St. Louis, MO, USA) or Tocris
(Minneapolis, MN, USA).

Cell Isolation

The method of isolating MCs and SCs in the mouse MOE
was adapted from our previous study (Ogura et al, 2011).
Briefly, mice were euthanized by CO, asphyxiation followed by
cervical dislocation and exsanguination through an open heart.
The head skin was removed, and the nose was split from the
midline. Then olfactory turbinates were dissected and placed
in Ca*"/Mg?*-free Tyrode’s saline containing ~2.5-4 U/ml
activated papain (Worthington, Lakewood, NJ, USA) with 2 mM
cysteine for 2.5-3.5 min at room temperature. Gentle pipetting
at the end of enzyme incubation facilitated cell dissociation. The
supernatant was transferred to an O-ring chamber on a cover slip
precoated with concanavalin A (Sigma).

Ca?* Imaging

Ca** levels in isolated TRPM5-MCs and SCs were monitored
as described in our previous studies (Ogura et al., 2011). Our
Ca?* imaging was performed in a well-ventilated room. Stimulus
solutions were capped before application and were bath applied.
After stimulation, the solutions were removed from the recording
chamber by a vacuum pump into a sealed glass waste container. A
plastic tube channeled the odorized air from the waste container
to the building central exhaust system to keep the room in a
low odor environment. For Ca?" imaging, cells were loaded
with the Ca’-sensitive dye Fura-2 AM (2 puM; Molecular
Probes) for 20 min. A pair of 340- and 380-nm excitation
light images was captured every 3 s using an epifluorescence
microscope equipped with a 40x oil objective lens (Olympus
IX71), a light source/filter changer (Sutter Lambda LS), and a
cooled CCD camera (Hamamatsu C9300-221). We measured
Ca** levels as the ratio of fluorescence values from 340-nm
and 380-nm excitation light images. We considered changes
in Ca’™ levels as stimulus-induced responses if Ca’* levels
increased >2% from stable resting levels within 30 s after
stimulation.

To ensure only healthy isolated cells were imaged, we checked
the cell viability in three different ways. First, we examined the
cell morphology; only those with a smooth appearance of the
cell body (less granulated) with multiple apical microvilli were
recorded. Second, we checked their resting Ca®* level, since we
have observed that unhealthy or damaged cells usually show a
higher resting Ca?" level in numerous previous Ca?* imaging
experiments. For the current experiment, we only recorded cells
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that had a resting level below 0.9 (Fura-2 340 nm/380 nm ratio).
Third, we occasionally stimulated some nonresponding cells with
cold saline solution (4°C), which we previously found to elicit
Ca®* response in TRPM5-MCs (Ogura et al., 2011).

Endocytosis Dye Internalization

Measurement

We used a dextran-conjugated water soluble dye, pHrodo
Red dextran 10K (Invitrogen), to monitor endocytosis after
the cells were stimulated. The dye is pH sensitive: under
natural pH conditions, such as in extracellular solution, its
fluorescence intensity is very weak, but when internalized into
intracellular organelles with lower luminal pH, the fluorescence
intensity becomes stronger. For the experiment, TRPM5-MCs
isolated from TRPMS5-GFP and TRPM5-KO GFP mice were
first identified by their morphological features, such as apical
microvilli (Lin et al, 2008a; Ogura et al, 2011) and GFP
fluorescence. The cells were then loaded with the Ca?*-sensitive
dye Fura-2 AM (see “Ca’" Imaging” section) and washed.
For an initial control set of images, GFP fluorescence and
transluminescence light images of the cells were captured, as well
as a prestimulation fluorescence image using the same optical
filter setting as for later images with pHrodo dye (530-560 nm
excitation, 573-647 nm emission light). Next, individual cells
were stimulated with 100 WM ATP or the odor mixture for
10 s followed by a brief wash. During the stimulation, changes
in Ca?t levels were monitored to determine whether the cell
was responsive to the stimulation. Cells were then loaded with
pHrodo Red dextran 10K (25 pg/ml) for 20 min. After a brief
wash, images of internalized dye were captured at 530-560 nm
excitation and 573-647 nm emission light. All images were taken
using an Olympus IX71 epifluorescence microscope equipped
with a 40x oil UV objective lens (N.A. 1.3), a 1.6 x intermediate
lens, a cooled CCD camera (Hamamatsu C9300-221), and a
xenon lamp with filter changer (Sutter Lambda LS) controlled by
Axon imaging workbench software. The resolution of image was
7.7 pixels/pm. The number of pHrodo containing puncta in the
image of TRPM5-MCs was quantified.

Similarly, we wused pHrodo dye for monitoring
ACh-stimulated endocytosis or vesicle recycling in SCs.
Due to the intense dye labeling within the SCs, we could not
distinguish individual puncta. Therefore we measured the
average fluorescence intensity level of individual cell body region
in the images using Image] software (NIH). Endocytic activity
was estimated as AF/Fy = [(fluorescence level after stimulation)
— (prestimulation level)]/prestimulation level.

Immunohistochemistry

Tissue Preparation

Our immunolabeling procedure has been described previously
(Ogura et al, 2011; Krosnowski et al., 2012; Lemons et al,
2017). Briefly, TRPM5-GFP mice were deeply anesthetized with
tribromoethanol (Avertin 250 pg/g body weight), perfusion-
fixed with a phosphate buffered fixative containing 3%
paraformaldehyde, 19 mM L-lysine monohydrochloride and
0.23% sodium m-periodate. The nose was harvested, post-fixed

for 1.5 h and then cryoprotected with phosphate buffered
25% sucrose solution overnight. The surrounding bones were
manually removed following our published method (Dunston
et al., 2013) and the whole MOE tissue was embedded and cut
using a cryostat (Microm International, Walldorf, Germany) into
14 pm-thick sections and mounted onto charged microscope
slides (Globe Scientific, Paramus, NJ, USA).

Immunohistochemistry

The MOE sections were rinsed and treated with Dako Target
Retrieval Solution pH 9 (DAKO Cat# S2368) for 20 min at
80°C for antigen retrieval. The sections were then incubated
in a blocking solution containing 2% normal donkey serum,
0.3% Triton X-100 and 1% bovine serum albumin in 0.1 M
phosphate buffered saline for 1.5 h, before immunoreacted for
48 h at 4°C with the primary antibody against early endosome
antigenl (EEA1, 1:250, Sigma Cat# E4156, RRID:AB_609870).
The sections were washed and reacted with a secondary antibody
conjugated with Alexa Fluor 555 (1:400; Thermo Fisher Scientific
Cat# A-31572, RRID:AB_162543) for 1 h at room temperature.
Sections were then counterstained with DAPI and cover-
slipped with Fluoromount-G (Southern Biotech). In control
experiments, primary antibodies were omitted, which resulted
in negative labeling. Fluorescence images were taken using an
Olympus BX 61 epifluorescence microscope equipped with a
spinning disc confocal unit and Slidebook 5.0 software (3i,
Denver, CO, USA).

Statistical Analysis

Data are presented as mean + SEM. If the F test was
not significant and homogeneity of variance was assumed,
Student’s t-test was performed to compare results between
two experimental groups. If the F test was significant and
homogeneity of variance was not assumed, Welch’s t-test was
used instead. The paired t-test was used to compare results from
two experimental groups of the same cells. For comparison of
data from three or more groups, we performed one-way analysis
of variance (ANOVA) and Tukey’s post hoc multiple comparison
test. To determine significant differences between percentages
of cells responsive to two different stimulus conditions, Fisher’s
exact test was performed using original numbers of cells
observed. Prism 6.07 (GraphPad Software, San Diego, CA, USA)
was used for statistical analyses. In all tests, p < 0.05 was
considered statistically significant.

RESULTS

Increase in pHrodo Internalization in
TRPM5-MCs Following Activation by ATP

and a Odor Mixture

Dose-dependent activation by ATP and its potential
consequences in TRPM5-MCs have not been previously
determined. Therefore, we stimulated freshly isolated
TRPM5-MCs with various concentrations of ATP and monitored
changes in intracellular Ca?* using Ca’" imaging. Individual
TRPM5-MCs were identified by their GFP expression and by the
presence of typical apical microvilli (Lin et al., 2008a) and the
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FIGURE 1 | Increases in Ca* levels and endocytic dye internalization in transient receptor potential channel M5 (TRPM5)-microvillous cells (MCs) after response to
ATP and odor mixture. (A-D) Dose responses to ATP (A,B) and odor mixture (C,D). Traces show Ca®* changes in response to different concentrations (A,C);
graphs show dose-peak Cat response relations (B,D). Numbers next to the plots are number of responding cells/number of cells tested. Curve fitting was
calculated by the Hill equation with ECsp = 9 wM and Hill coefficient = 1.0 for ATP and ECsp = 3:100 dilution and Hill coefficient = 0.93 for odor mixture. Scale bars in
(A,C): 20% change from resting level and 100 ms. (E-H) Images of TRPM5-MCs. Representative pairs of images of green fluorescent protein (GFP; green, left
panels) and internalized pH-sensitive endocytotic pHrodo dye (red, right panels) are shown for each cell. The pHrodo fluorescence images are overlaid onto a weak
light image to view the cell shape. (E) Control cell without stimulation. (F) Cell that did not increase Ca?* in response to 100 uM ATP. (G) Cell that increased Ca®* in
response to ATP. (H) Cell that responded to odor mixture (OM, 1:10 dilution). Scale bars: 10 wm. (I) Average number of fluorescent puncta, showing significantly
increased numbers of internalized dyed puncta in ATP-responsive and odor mixture (OM)-responsive TRPM5-MCs **p < 0.01, ***p < 0.001, one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison for ATP data, and t-test for odor mixture data (n = 16-35).

cell viability was examined (see “Materials and Methods” section ~ shows representative traces of ATP-induced Ca®" increases in
for detail). Because the response amplitude to subsequent ATP  TRPM5-MCs cells, which were collected from different cells.
applications was usually reduced, we applied ATP of a particular At low concentrations, ATP-induced responses were small, and
concentration only once per cell, except for low concentrations  only a few cells responded (3/19 at 0.1 wM). With increasing
of 0.1 and 1 wM. To ensure the ATP-nonresponsive cells ~ATP concentrations, the response amplitude generally increased
were viable, we randomly checked and found they could with the exception of the response to 50 uM ATP. Also, the
respond to cold saline solution (4°C) known to elicit Ca**  percentage of responding cells increased from 35% at 1 uM
response in TRPM5-MCs (Ogura et al, 2011). Figure 1A (20 cells tested) to 66% at 100 WM (71 cells tested; Figure 1B,
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4-14 mice were used for each ATP concentration). These data
demonstrate that both the number of responding TRPM5-MCs
and their levels of intracellular Ca?" increase are positively
correlated to external ATP concentrations.

In our experiments, cells obtained from both males and
females were used. In order to evaluate whether sex is a variable
affecting our data, we alternated our daily use of animals to
isolate TRPM5-MCs from either males or females and performed
a set of experiments under the same experimental conditions
and compared the changes in Ca?* level in responses to ATP
(100 wM) between males and females. We did not find a
statistically significant difference in the response amplitude
between males and females (t-test ¢(17) = 0.200, p = 0.843). We
also found a similar percentage of ATP-responding cells, which
were 66% (8 out of 12 cells tested) for males and 69% (11 out of
16 cells tested) for females, respectively. Because these results did
not show sex as a variable, we pooled our results obtained from
both sexes.

We recently reported that 2-week exposure to a relatively
strong odor mixture significantly impaired olfactory function
in Skn-la—/~ mice but not in control mice (Lemons et al.,
2017). Those results imply that TRPM5-MCs respond to the
odor mixture and subsequently modulate MOE activity for
functional maintenance. We next stimulated TRPM5-GFP with
the odor mixture diluted from 1:100 to 1:5 to determine
dose-dependent responses using Ca2* imaging. The 1:100 odor
mixture elicited nearly no response (4/18 cells responded).
With increasing concentrations, more TRPM5-MCs responded
(12/18, 31/35 and 15/16 cells responded at 1:50, 1:10 and
1:5, respectively), and the peak amplitude of Ca®* responses
also increased, indicating dose-dependent activation. Unlike
the response to ATP, odor mixture-induced responses were
repeatable (Figure 1C: representative Ca>* response traces from
the same cells. Figure 1D: plot of average dose responses from
responding cells. Sixteen to thirty-five cells tested from 14 mice).

TRPMS5-MCs express cholinergic markers of ACh synthesis
and packaging (Ogura et al., 2011). However, vesicle release of
ACh and other signaling molecules from these cells has not
been determined. Because the event is commonly followed by
endocytotic events to recycle the membrane, we monitored the
internalization of an endocytosis dye, pHrodo Red dextran.
TRPMS5-MCs were first loaded with Fura-2 AM to image evoked
responses to either ATP or the odor mixture before pHrodo
incubation. Under the control condition without stimulation,
we found no dye-labeled puncta inside TRPM5-MCs imaged
(Figure 1E, n = 7 cells). Similarly, no or very low levels of dye
internalization were found in cells that did not respond to ATP
(100 wM; Figure 1F, n = 11 cells). In contrast, ATP-responsive
cells showed more pHrodo-labeled fluorescent puncta in the
cytoplasm (Figure 1G, n = 5 cells). A similar result was obtained
when TRPM5-MCs were stimulated with diluted odor mixture
(1:10; Figure 1H, n = 10 cells). We manually counted the number
of fluorescent puncta (Figure 11, 3-6 mice for each data point).
Statistical analysis indicates that significantly more fluorescence
puncta were present in cells responsive to ATP than in control or
nonresponsive cells (one-way ANOVA: F(5,50) =38.49, p < 0.001;
Tukey’s post hoc comparison: p < 0.001). Similarly, compared

to controls, significantly more fluorescent puncta were found
in cells that responded to the odor mixture (t-test: t(9) = 3.36,
p = 0.008). The increased internalization of the endocytotic
dye pHrodo after activation suggests that TRPM5-MCs may
release signaling molecules after responding to ATP or the odor
mixture.

TRPM5-MCs Respond to ATP Mainly Via
Activating P2X Receptors

We next examined whether purinergic receptors P2X and/or
P2Y were responsible for the ATP-mediated Ca®>* increases in
TRPM5-MCs. To date, seven P2X and eight P2Y subunits are
identified in other cells and the P2X subunits can form functional
receptors homomerically or triheteromerically (von Kiigelgen,
2006; Coddou et al.,, 2011). We incubated TRPM5-MCs with
the nonselective P2 purinergic receptor antagonist PPADS
(5 wM) for 300 s and then stimulated them with 100 pM
ATP. In the presence of PPADS, approximately 22% of the
recorded cells responded with very small increases in Ca®"
levels (Figure 2). Because P2X are ionotropic and mediate Ca®t
increases via Ca?* influx from the external bath solution, we
next monitored ATP-induced responses in Ca?"-free Tyrode’s
solution. Approximately 11% of recorded TRPM5-MCs showed
Ca’* increases in response to ATP (100 wM, 2/18 cells
tested), significantly lower than the 66% responding cells in
normal Tyrode’s. These results suggest primary involvement of
P2X subtypes (Figure 2; Fisher’s exact test: ATP vs. PPADS
+ ATP, p = 0.024; ATP vs. Ca’t-free ATP, p < 0.001,
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FIGURE 2 | Pharmacological examination of purinergic receptors expressed in
TRPM5-MCs. Plot of percentage of cells responding to each stimulus:

100 M ATP, 100 uM ATP in the presence of 5 uM
pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic acid (PPADS), 100 uM ATP
in Ca®*-free saline, 100 M UTP, 100 uM ADP, 100 M AMP and 100 M
adenosine. Numbers in the bars are number of responded cells/number of
cells tested. *p < 0.05, **p < 0.01, **p < 0.001, Fisher’s exact test. Inset:
representative responses to each stimulus shown as changes in Ca?* levels.
Note: although fewer cells were responsive to Ca?+-free ATP and adenosine
than to ATP, their response amplitudes are close to the response to ATP.
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FIGURE 3 | Endocytotic dye internalization in TRPM5-MCs with spontaneous Ca®* oscillation. (A=C) Traces of changes in Ca®* levels recorded from two
TRPM5-MCs. One MC showed a flat baseline Ca®* level throughout the entire recording time (A); the other exhibited spontaneous Ca?* oscillation (B,C). The
purinergic P2 receptor blocker PPADS (5 M) did not suppress the spontaneous oscillation (B, shaded). Elimination of extracellular Ca®*+ using Ca* -free saline
diminished the oscillation (C, shaded). Dashed lines indicate basal Ca®* levels determined by averaging lower peak points of oscillation during the first 300 s in
oscillating cells (B,C) and in non-oscillating cell (A). (D) Basal Ca®* levels and average Ca?* levels from oscillating and non-oscillating cells of TRM5-GFP mice

(**p < 0.001, t-test, n = 34 for oscillation cell and 75 for non-oscillating cells, respectively). (E) Basal Ca?* levels and average Ca®* levels from oscillating and
non-oscillating TRPM5knockout (KO)-MCs isolated from TRPM5-KO GFP mice (*p < 0.05, n.s.: not significant, t-test, n = 8 and 8 cells for oscillation cell and for
non-oscillating cells, respectively). (F,G) Paired images from an oscillating TRPM5-MC (F) show GFP (green, left panel) and internalized endocytotic dye pHrodo (red)
overlaid with weak light image (right panel). A non-oscillating cell (G) shows no internal dye signal. Scale bars: 10 um. (H) Average number of dyed puncta inside
oscillating and non-oscillating TRPM5-MCs. Oscillating cells have significantly more dyed puncta than do non-oscillating cells (*p < 0.05, t-test, n = 6 for oscillation

n = 9-71 cells from 5 to 14 mice). Because P2X subunits can
form functional receptors homomerically or triheteromerically
(von Kiigelgen, 2006; Coddou et al., 2011), we did not pursue
further pharmacological identification of specific P2X subtypes.
In cells that responded to ATP in the Ca**-free condition,
their response amplitude was comparable to those with external
Ca?* (Figure 2, inset). We therefore examined whether
TRPM5-MCs express other types of purinergic receptors and
the prevalence of these receptors by monitoring the percent
of cells responding to the P2Y-specific ligands ADP and UTP
(100 wM) and the P1 agonist adenosine. Approximately 12 and
22% of the tested cells responded to ADP and UTP (Figure 2
inset; Fisher’s exact test: ATP vs. UTP, p = 0.001; ATP vs. ADP,
p < 0.001. n = 17-18 from four mice). These results indicate
that a subset of TRPM5-MCs might express G-protein-coupled

P2Y receptors. Further, we tested whether the ATP and ADP
metabolite AMP could induce Ca?* responses in TRPM5-
MCs. We found that 100 pM AMP evoked only a small
response in very few cells (2/18 cells from four mice; Figure 2
inset; Fisher’s exact test: ATP vs. AMP, p < 0.001). Because
ectonucleotidase can convert ATP, ADP, and AMP to adenosine,
we also examined adenosine (100 wM)-induced Ca?* increases
in TRPM5-MCs; approximately 24% of tested cells responded
(4/17 from four mice), with response amplitudes comparable
to those evoked by ATP (Figure 2 inset; Fisher’s exact test:
ATP vs. adenosine, p = 0.002). This result suggests potential
expression of P1 adenosine receptors in TRPM5-MCs. Taken
together, our data indicate that TRPM5-MCs express multiple
subtypes of purinergic receptors, with P2X subtypes being
predominant.
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FIGURE 4 | TRPM5-KO MCs of TRPM5-KO GFP mice exhibit lower endocytotic activity. (A) Plot of average peak Ca®+ changes in response to 100 M ATP in
TRPM5-MCs from TRPM5-GFP mice and TRPM5-KO MCs from TRPM5-KO GFP mice. The average amplitude trends smaller in MCs isolated from TRPM5-KO than
in those from TRPM5-GFP mice, although the difference was not significant (o = 0.152, t-test, n = 47 and n = 16 for control and KO mice, respectively). (B) Average
number of internalized pHrodo dye puncta after ATP stimulation. **p < 0.01, t-test (n = 5 and n = 7 ATP-responsive cells for control and KO mice, respectively).
Inset: image of GFP-expressing MCs of TRPM5-KO GFP mice (green, left panel) and of the same cell showing internalized endocytotic dye pHrodo (red, right panel)
overlaid with weak light image. Scale bar: 10 um.

A Subset of TRPM5-MCs Show
Spontaneous Oscillation of Ca2* Levels
and Elevated Endocytotic Dye

Internalization

In our Ca’" imaging experiments, approximately 70% of
TRPM5-MCs showed stable resting Ca** levels (Figure 3A).
Our results shown in Figures 1, 2 were obtained in this set
of non-oscillating TRPM5-MCs. However, the remaining 30%
of the TRPM5-MCs exhibited spontaneous Ca’* oscillation
(Figures 3B,C). The fluctuating changes ranged between 7.9%
and 100% from baseline Ca’>" levels (average 30.9% = 3.8%;
n = 34 cells), and the oscillation frequencies varied from
0.005 Hz to 0.033 Hz (0.015 + 0.001 Hz). Application of
PPADS (5 pM) had no significant effect on the oscillation
amplitude or the frequency (Figure 3B, shaded), which
eliminated the possible involvement of P2 receptors. The
Ca?* oscillation disappeared when extracellular Ca’™ was
omitted. Interestingly, without external Ca?*, the baseline Ca*"
level was also reduced in the oscillating cells (Figure 3C,
shaded). To determine whether the basal Ca?T level in the
oscillating cells was elevated, we compared the basal Ca?"
levels of both the oscillating and non-oscillating cells. We
also compared the average values of Ca** levels during
300 s of recording (Figure 3D). Statistical analysis indicated
that oscillating cells had significant higher basal Ca** levels
and average Ca?" levels than did non-oscillating cells (-
test: taoyy = 4.77 and 624, p < 0.001, n = 34 and
n = 75 from 14 mice, for oscillating and non-oscillating cells,
respectively).

We also examined whether TRPM5 influences the oscillation
using GFP-expressing MCs dissociated from TRPMS5-KO
GFP mice. We observed both non-oscillating and oscillating
TRPM5-KO MCs. The fluctuations ranged from 7.7% to
77% (average 32.73% =+ 7.67, n = 8) and the oscillation
frequencies varied from 0.008 Hz to 0.027 Hz (average
0.015 Hz = 0.002). These values of TRPM5-KO MCs are
similar to those of TRPM5-MCs. Additionally, we compared
the average values of Ca’T levels TRPM5-KO MCs (Figure 3E).
Statistical analysis indicated that oscillating TRPMS5-KO
cells had significantly higher average Ca’" levels than did
non-oscillating cells (¢-test: f(14) = 2.58, p = 0.022, n = 8 and
8 for oscillating and non-oscillating cells, respectively), but
there was no significant difference in the basal Ca?* levels
between the two groups (f-test: f4 = 1.19, p = 0.254).
We also examined whether there were differences in
basal and average Ca’"™ levels between TRPM5-MCs and
TRPM5-KO MCs. We found no significant differences both
in oscillating and non-oscillating cells (f(49) = 0.54 and 0.26,
p = 0593 and 0.799, for basal and average Ca’* levels in
oscillating cells, and #g;) = 1.66 and 1.23, p = 0.102 and 0.221,
for basal and average Ca’" levels in non-oscillating cells,
respectively). These data indicate that TRPM5 channels do
not significantly influence spontaneous Ca?* oscillation in
these cells.

To test whether the higher levels of intracellular Ca** in
TRPM5-MCs during oscillation may cause vesicle release and
subsequent membrane recycling, we incubated TRPM5-MCs
with pHrodo and monitored dye internalization without
stimulation (Figure 3EG). We counted the number of
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FIGURE 5 | Supporting cells (SCs) of the main olfactory epithelium (MOE) take up endocytotic dye after responses to acetylcholine (ACh). (A,B) Confocal images of
EEA1 immunolabeling (red). The MOE section was also stained with nuclear marker DAPI (blue in A and cyan in B). The higher magnification fluorescence image
overlaid with a transmitted light image in (B) shows strong labeling of EEA1 (red) in supranuclear regions of the SCs. (C-G) Paired images of a SC (left panels) and
the same cell showing endocytotic dye pHrodo (red) overlaid with weak light image (right panels): cell in control condition without ACh stimulation (C), cell responsive
to 100 uM ACh (D), ACh-nonresponsive cell (E), ACh stimulation in the presence of 0.5 M atropine (F), and ACh stimulation in a SC isolated from a M3-AChR-KO
mouse (G). Scale bars: 10 pm. (H) Average changes in fluorescence levels of the endocytotic dye pHrodo in the experimental conditions used for (A-E). Averaged
fluorescence level was measured from an entire cell body. **p < 0.01, **p < 0.001, one-way ANOVA and Tukey'’s post hoc test (n = 5-10).
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dye-labeled puncta and found that oscillating TRPM5-MCs
had significantly more puncta than did non-oscillating
cells (Figure 3H; t-test: t(12) = 2.25, p = 0.044; n = 6 and
8 for oscillating and non-oscillating cells, four and
three mice, respectively). These results indicate that the
oscillating TRPM5-MCs may undergo spontaneous vesicle
release after elevated intracellular Ca?" levels during
oscillation.

n =

TRPM5 Knockout Results in a Decrease in

ATP-Induced pHrodo Internalization

In the gut, TRPM5-expressing tuft cells release cytokines to
initiate type 2 immunity, in which TRPM5 is indispensable
(Gerbe et al.,, 2016; Howitt et al., 2016). We therefore tested
whether TRPMS5 is important for vesicle release in TRPM5-MCs
of the MOE. We stimulated TRPM5-KO MCs isolated from
TRPMS5-KO GFP mice with ATP (100 wM) and monitored
pHrodo internalization following the stimulation. Compared
to the average response amplitude obtained from control
TRPM5-MCs, the ATP-induced Ca?* increases in TRPM5-KO
MCs trended smaller, but the difference was not statistically
significant (Figure 4A; f-test: tusze = 146, p = 0.152,
n = 47 and n = 16 for control and KO, 14 and 7 mice,
respectively). When examining pHrodo dye internalization
following ATP stimulation, we found that ATP-responsive
TRPM5 KO MCs had significantly fewer dye-labeled puncta in
their cytoplasm than did TRPM5-MCs (Figure 4B and inset;
t-test: t(10) = 3.83, p = 0.003, n = 5 and n = 7 ATP-responsive
cells from three control and seven TRPM5-KO GFP mice,
respectively). These data imply that TRPM5 channels might
enhance ATP-induced vesicle release and subsequent membrane
recycling in TRPM5-MCs.

ACh Stimulates Endocytosis in Supporting

Cells (SCs)

We had previously hypothesized that TRPM5-MCs modulate
activity of SCs by releasing ACh, based on the results
showing that TRPM5-MCs are cholinergic and that ACh
potently increases Ca** levels in SCs via muscarinic ACh
receptors (AChRs; Ogura et al, 2011). However, it is not
known whether ACh-induced increases in Ca?" levels result in
endocytosis in the SCs, or the underlying molecular pathways.
Using an antibody against EEAl in immunolabeling, we
first showed the presence of early endosome primary in the
supra-nuclear regions, indicating endocytotic activity in SCs
(Figures 5A,B). We next monitored ACh-induced changes in
Ca** levels and pHrodo internalization in SCs using Ca?"
imaging and pHrodo dye. Without ACh stimulation, small
amounts of dye were internalized under control conditions,
resulting in an average 71% change in fluorescence intensity
(Figures 5C,H). When stimulated with 100 pM ACh, the
ACh-responding SCs were strongly fluorescent, with an average
268% change in fluorescence intensity, indicating active dye
internalization (Figures 5D,H). Because of the substantial
amount of dye internalized, we measured the fluorescence
intensity of entire SCs and the average changes in the
pHrodo dye intensity. SCs that did not respond to ACh
showed only low levels of labeling, slightly more than control
(Figures 5E,H). Because our previous study showed that
ACh-induced Ca?* increases in SCs are blocked by the
muscarinic AChR antagonist atropine (Ogura et al,, 2011), we
next tested SC endocytosis in the presence of 0.5 WM atropine,
which significantly attenuated the 100 uwM ACh-induced
pHrodo uptake (Figures 5EH). Furthermore, we determined
the involvement of M3-AChR using SCs isolated from M3-
AChR-KO mice. pHrodo dye uptake in SCs with a null
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the pan-muscarinic AChR antagonist atropine (0.5 wM; A), and in the presence of the M1 muscarinic AChR antagonist pirenzepine (0.1 uM) and in response to the
M1 muscarinic AChR agonist AC-42 (5 wM; B). The ACh response was recoverable after wash. Horizontal bars under the traces indicate application of ACh or
AC-42. (C) Recording of changes in Ca?* levels from a SC of an M3-AChR-KO mouse. The cell failed to respond to ACh and AC-42 but responded to the
phospholipase C (PLC) activator m-3M3FBS (25 pM) and to ATP (100 wM). (D) Average response amplitudes in the presence of the muscarinic receptor antagonists
used in (A,B) and to the M1 muscarinic AChR agonist AC-42, as a percentage of average responses to ACh alone in the same cells. Statistical analysis was
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M3-AChR was significantly reduced, to the level similar to that
obtained from ACh-nonresponsive SCs or in the presence of
atropine in control SCs with a functional M3 (Figures 5G,H).
Statistical analysis showed significantly higher levels of dye
intensity in ACh-responsive SCs than in those from wild-type
mice without stimulation or in the presence of atropine,
or in SCs from M3-AChR-KO mice (one-way ANOVA:
Fug33) = 8.639, p < 0.001; Tukey’s post hoc comparison:
p < 0.001, n = 7 and n = 8, for control vs. ACh-responsive;
p = 0.005, n 8 and n 8 for ACh-unresponsive vs.
ACh-responsive; p = 0.007, n = 10 and n = 8 for ACh
+ atropine vs. ACh-responsive; p < 0.001, n = 5 and
n 8 for M3-AChR KO vs. ACh-responsive, three mice
were used for each data point). These data strongly suggest
that ACh enhances endocytosis by activating the M3-AChR in
ACh-responsive SCs.

Supporting Cells Respond to ACh Mainly
Via M3-AChR

Using subtype-specific antibodies, we previously showed strong
M3- and also some M1-AChR immunoreactivity in SCs (Ogura
et al, 2011). However, pharmacological studies have not
been done to confirm the results, and the role of M1 has
not been examined. Using Ca’" imaging, we found that
the ACh-induced Ca?" increases were greatly reduced in
the presence of the M3-AChR-selective antagonists 4-DAMP
(0.1 wM) or darifenacin (0.1 wM). As control, we tested the
muscarinic nonselective antagonist atropine, which produced
similar suppression (0.5 wM; Figure 6A). The ACh responses
were recovered after the antagonists were washed off with normal
saline (Figure 6A). We next examined the effect of the M1-
AChR-selective agonist AC-42 (5 pM) and found it induced a
smaller response than did ACh (Figure 6B). Also, an application
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of ACh in the presence of the M1-AChR-selective antagonist
pirenzepine (0.1 wM) resulted in only a very small reduction
in the response amplitude (Figure 6B). Furthermore, in SCs
isolated from M3-AChR-KO mice, both ACh and AC-42 failed
to elicit responses (Figure 6C; n = 19 cells tested). M3-AChR-KO
SCs were vital, as the same cells responded to the phospholipase
C (PLC) activator m-3M3FBS (25 wM) and ATP (100 uM;
Figure 6C). The data are summarized in Figure 6D, which
plots the averaged ACh responses alone or in the presence of
M3 and M1 antagonists, as well as responses to the M1 agonist.
The ACh responses were significantly smaller in the presence of
antagonists 4-DAMP (paired ¢-test: tg) = 4.21, p = 0.002, n = 9),
darifenacin (paired t-test: t(;y = 2.36, p = 0.025, n = 8), and
atropine (t(7) = 5.14, p = 0.001, n = 8) but not pirenzepine (paired
t-test: t(10) = 1.62, p = 0.069, n = 11). Similar statistical analysis
shows that AC-42 responses are significantly smaller than ACh
responses (paired t-test: (42 = 8.12, p < 0.001, n = 43). Four
to 10 mice were used for each data point. Taken together, these
pharmacological/physiological results strongly indicate that the
M3-AChR is the main excitatory muscarinic receptor mediating
ACh modulation of intracellular Ca?* and endocytosis in SCs.

DISCUSSION

In this study we investigated chemical responses and potential
vesicle release of signaling molecule ACh in chemoresponsive
and cholinergic TRPM5-MCs and ACh-mediated functional
modulation of SCs. Our results showed that stimulation
of TRPM5-MCs with the signaling molecule ATP and the
odor mixture resulted in increases in intracellular Ca?"
and the number of responding cells in a dose-dependent
fashion, and ATP responses were primarily mediated by P2X
receptors. Importantly, the activated TRPM5-MCs showed
a significant increase in the number of pHrodo labeled
puncta within their cell bodies, indicating membrane recycling
following presumably vesicle release of ACh. TRPM5 KO
results in a decrease in ATP-induced pHrodo internalization.
Interestingly, spontaneous pHrodo uptake can be found in
TRPM5-MCs with elevated and oscillated intracellular Ca*.
Furthermore, we demonstrated that ACh significantly increased
intracellular Ca?* levels and potentiates endocytosis in the
SCs. Additionally, we provided evidence for the dominant
role of the M3-subtype muscarinic receptors in mediating
the ACh effects in SCs. These results are consistent with
our previous findings and further demonstrate cholinergic
mechanisms in regulating and coordinating MOE multicellular
network.

Purinergic Responses and Expression of
Purinergic Receptors in TRPM5-MCs

ATP and its derivatives are known to potently regulate
a wide variety of cellular processes in both neuronal and
non-neuronal cells via their specific receptors, including exocrine
and endocrine secretion, immune responses, inflammation
(Burnstock, 2006). Purinergic receptors are divided into
P1 type, with adenosine being the endogenous agonist, and
P2 type, which can be further divided into ionotropic P2X

and metabotropic G-protein coupled P2Y subtypes. The
P2X receptors are non-selective cation channels in general.
Activation of the P2X receptors, which we found to be the
dominant receptors mediating ATP responses in TRPM5-MCs
in this study, is expected to depolarize the cell membrane
and increase intracellular Ca*" levels via Ca’" influx. The
Ca** increase may be further enhanced by voltage-gated
Ca** channels or other Ca?T-activated TRPMS5 channels,
which are known to potentiate the transduction signal in
OSNs (Lopez et al, 2014). TRPM5 is also an essential
signaling molecule in taste and other chemosensory receptor
cells (Liman, 2007). In our study, we found that ATP
response in TRPM5KO-MCs trended smaller and there is a
significant reduction in the number of pHrodo-labeled puncta,
suggesting that TRPM5 may amplify the ATP signaling in
TRPM5-MCs.

While our data obtained from experiments with the
nonselective P2 receptor antagonist PPADS (Ralevic and
Burnstock, 1998) and Ca?*-free saline demonstrate P2X being
the dominant ATP receptors in TRPM5-MCs, the Ca*™
responses induced by UTP and ADP indicate that a small
percentage of TRPM5-MCs (approximately 22% and 12%)
also express P2Y-subtype receptors. Consistently, a few cells
responded to ATP in Ca?*-free saline, with the response
amplitude similar to that obtained in normal saline. This result is
expected because activation of P2Y| 5 4611 results in Ca®* release
from internal Ca®t stores via Ggy11 and the PLC-IP3 pathway
(Fredholm et al., 2011). Such Ca?" increases would persist in
Ca**-free saline.

Our data also indicate the potential presence of P1 receptors
since adenosine increased Ca*" levels in about 24% cells. The
P1 receptors include Aj,azp3, all of which are G-protein
coupled receptors either stimulating (A; and A3) or inhibiting
(Aza and Ajp) adenylate cyclase activity (Fredholm et al,
2011). Asp can also couple through Gg/; to regulate PLC
activity (Burnstock, 2007). Therefore depending on P1 subtypes
and their downstream signaling, adenosine-mediated purinergic
modulation can be diverse. Our result that adenosine application
led to an increase in Ca?T level implies that TRPM5-MCs
express stimulatory subtypes and/or Gq/11 coupled type. The
sources of adenosine in the MOE are not determined.
Adenosine in other tissues can be generated intracellularly
and transported to the extracellular matrix via transporters
or extracellularly via ectonucleotidases-mediated metabolizing
ATP and its derivatives. A recent study found expression
of ectonucleotidases in nasal epithelial cells of zebrafish
(Wakisaka et al, 2017). Currently, it is unknown whether
TRPM5-MCs express ectonucleotidases on the surface of
the cell membrane. In our single-cell recording condition,
adenosine generated through ATP metabolism may not be
potent enough to evoke responses even if the enzymes are
present, due to quick perfusion of the bath solution. However,
adenosine generated by surrounding cells in the nose might
activate TRPM5-MCs via adenosine receptors under in vivo
conditions.

The finding that ATP stimulates TRPM5-MC endocytosis
of pHrodo, potentially following vesicle release of ACh, is
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significant because it may provide a mechanism connecting
cholinergic and purinergic signaling for the MOE to act in a
concerted fashion with the rest of the respiratory mucosa in
defense against xenobiotic insults. ATP is an important signaling
molecule for airway health and diseases. Nasal epithelial cells
release ATP apically via pannexin channels and P2X7 channels
to regulate ciliary beating frequency, which plays an important
role in airway xenobiotic clearance (Workman et al, 2017).
Elevated ATP release can also be caused by hypotonic stress or
mechanical stimulation (Seminario-Vidal et al., 2011). ATP can
also be released from the MOE in neonatal slice preparations
(Hayoz et al,, 2012). The released ATP is postulated to play
a role in neuronal homeostasis (Jia et al., 2009), modulating
olfactory sensitivity (Hegg et al., 2003), changing intracellular
Ca®* in SCs (Hassenklover et al., 2008), and MOE proliferation
(Kanekar et al, 2009). Both P2X and P2Y receptors have
been reported in OSNs and SCs based on Ca?* imaging and
immunohistochemistry (Hegg et al., 2003; Gayle and Burnstock,
2005; Hassenklover et al., 2008; Hayoz et al., 2012). However,
expression of purinergic receptors in TRPM5-MCs has not been
previously reported until this study.

In our Ca?" imaging study, we found that TRPM5-MCs
desensitized in response to repeat ATP stimulation, which
prevented us from obtaining ATP dose responses from a
single cell. Because the dose response curve was generated by
recordings of different cells that were stimulated only once
with a particular ATP concentration, with the exception of two
lowest concentrations, the variability tended to be large. While
more TRPM5-MCs responded to ATP as ATP concentration
increased, the average ATP response amplitude obtained with
10 pM ATP was larger than that with 50 uM ATP although
difference was not statistically significant (p = 0.72, ¢-test). P2X
receptors desensitize and the degrees of which are subunits-
dependent. It has been shown that P2X;_, and P2X, desensitize
rapidly while (P2X3457) undergo slow or no desensitization
using whole-cell patch recordings from cell lines heterologously
expressing homomers of the specific P2X subtypes (North, 2002;
Giniatullin and Nistri, 2013; Hausmann et al., 2015). Both fast
and slow or non-desensitized P2X are present in nasal epithelia
(Hegg et al, 2003; Gayle and Burnstock, 2005). Molecular
identity of the P2X receptors in TRPM5-MCs may provide
insight into the desensitization.

Response to Odor Mixture in TRPM5-MCs

The odor mixture used in this study was the same as that used
for the 2-week exposure experiments in our previous study, in
which we discovered the role of TRPM5-MCs in maintaining the
olfactory responses and guided behaviors (Lemons et al., 2017).
The odor components in this mixture were selected because
they either are commonly used in manufacturing and regulated
for occupational health or are secreted from bacteria known
to be present in the nose (Kuwabara et al.,, 2007; Boase et al.,
2013). The new data obtained directly from TRPM5-MC Ca?*
imaging in the present study showed that at a 1:50 dilution,
which would be a concentration range between 0.3 and 1.7 mM
for individual odorants, the odor mixture induced increases
in Ca?* levels in approximately 67% of cells, supporting our

previous hypothesis that TRPM5-MCs are responsive to strong
environmental odorants.

Vesicle Release and Membrane Recycling
in TRPM5-MCs

How may TRPM5-MCs exert their protective role to maintain
MOE function after activation by chemical stimuli, as revealed in
our recent publication (Lemons et al., 2017)? If TRPM5-MCs are
to coordinate or modulate activities of the multicellular MOE,
paracrine signaling via ACh may be a major mechanism since
ACh has been shown to modulate activities of OSNs and SCs
(Jia et al., 2009; Ogura et al., 2011). Further, chemosensory cells
in the nose, trachea, gut and urethra are cholinergic (Ogura
et al,, 2010, 2011; Krasteva et al., 2011; Deckmann et al., 2014;
Saunders et al, 2014; Schiitz et al., 2015; Hayakawa et al,
2017) and ACh release from the isolated cells was measured in
urethra (Deckmann et al., 2014). However, evidence of vesicle
release is missing for TRPM5-MCs, as well as for other SCCs.
In the gastrointestinal tract, TRPM5-expressng tuft cells release
the cytokine interleukin-25 to initiate type 2 immunity against
parasite infection (Howitt et al., 2016; von Moltke et al., 2016).
Cytokines are commonly packaged in vesicles and released
via exocytosis, which would be accompanied by membrane
recycling (Stanley and Lacy, 2010). However, cholinergic brush
cells in the gut and biliary tract do not express vesicular ACh
transporter, which implies non-vesicle release of ACh (Schiitz
et al,, 2015). In our study, we examined vesicle release using
the endocytosis dye pHrodo. The significant increases in the
number of pHrodo-labeled puncta in TRPM5-MCs following
ATP- and odor mixture-induced increases in intracellular Ca**
suggest that activation of these cells leads to vesicle release
and subsequent recycling that internalizes the dye. Because the
epi-florescence images of pHrodo-labeled puncta are convoluted
and as such, they would most likely appear larger than the
actual sizes.

Role of TRPM5 in Ca?* Signaling and

Vesicle Release in TRPM5-MCs
In the gut, TRPM5 KO in tuft cells significantly impaired
the type 2 immunity against parasite (Howitt et al, 2016),
indicating that TRPMS5 plays an important role in the function
of these chemosensory cells. Consistently, we found that
TRPM5 KO significantly reduced the number of pHrodo-
labeled puncta after responses to ATP. TRPMS5 is known to
serve as the downstream effector of the PLC pathway in
nonneuronal chemosensory cells, including SCCs, brush cells
and tuft cells found in various tissues, and taste receptor cells
(Finger and Kinnamon, 2011). TRPM5 activation requires a
rapid increase of intracellular Ca?* (Liu and Liman, 2003).
Elevated intracellular Ca** by ATP may subsequently activate
TRPMS5 channels, further amplifying the Ca?* signal for vesicle
release. This likely represents a newly identified role of TRPM5 in
these cells.

For potential vesicle release in TRPM5-MCs, Ca’T load
may be a key factor, as we found that ATP-responsive
TRPM5-MCs showed a higher number of pHrodo-labeled
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puncta than those cells responsive to the odor mixture. We
noticed that the Ca?™ responses to ATP lasted longer than
the response to odor mixture which presumably increased
the total Ca?* load in these cells. Interestingly, we observed
spontaneous intracellular Ca?* oscillation in a subset of isolated
TRPM5-MCs. When examining pHrodo uptake in these Ca?*-
oscillating cells, we found that the number of dye-labeled
puncta was similar to that found in cells after responses to
the odor mixture. These data suggest that the spontaneous
oscillation and elevated basal Ca?* levels in these cells were
enough for vesicle release without stimulation. In agreement,
a recent report showed that tuft cells release basal levels of
cytokines, tuning immunity in the gut (von Moltke et al,
2016).

Endocytosis in the SCs

Using the endocytosis dye pHrodo, we were able to show that
both unstimulated and stimulated endocytosis was occurring
in the SCs. Unlike the dye labeling in TRPM5-MCs, where
we could discern individual pHrodo-labeled puncta, labeling
in SCs, especially after activation, was massive, and labeled
vesicles or vacuoles were hard to separate. Our pHrodo
labeling result is consistent with the positive immunoreaction
of EEA1 that labels early endosome in SCs and also consistent
with previous electron microscopy findings that SCs contain
numerous vesicle and vacuoles, especially in the supranuclear
region (Getchell and Mellert, 1991; Getchell and Getchell,
1992). SCs are the key cell type for xenobiotic removal in the
upper airway. SCs express a variety of xenobiotic-metabolizing
enzymes. Some of these enzymes function intracellularly,
which requires engulfing of xenobiotics. Some other enzymes
may be secreted to the mucus layer where they metabolize
xenobiotics including odor molecules (Menco and Morrison,
2003; Asakawa et al., 2017). Currently, there is little information
how these events are regulated. In our study, we found that
ACh strongly potentiates dye uptake, and this modification
relied primarily on the functional expression of M3-subtype
muscarinic receptors. Because of the close anatomical relation
between the TRPM5-MCs and SCs, we consider that ACh most
likely is released from the cholinergic TRPM5-MCs (Ogura
et al.,, 2011). Release of ACh has been measured in TRPM5-
expressing chemosensory cells in the urethra (Deckmann et al,,
2014). The cholinergic paracrine regulation would enable
TRPM5-MCs to modify and coordinate SC activity with OSNs
and potential other MOE cell types in xenobiotic removal and
MOE maintenance.

ACh has been found to modulate variety of cellular
functions via paracrine pathways. For example, adipose stem
cells enhance myoblast proliferation via paracrine secretion
of ACh (El-Habta et al., 2018). Granulosa cells and luteal
cells in ovary release ACh to promote follicular development
and female fertility (Mayerhofer and Fritz, 2002; Urra et al,
2016). In the carotid body, intrinsic release of ACh is
used for intercellular coordinated chemical sensing (Kahlin
et al., 2014). In the trachea, ACh from chemosensory brush
cells modulates breath rate and airway clearance (Krasteva
et al., 2011). Thus, ACh-mediated modification allows different

cell types to work in concerted fashion within multicellular
networks.

Although we cannot rule out the possibility that ACh from
sources other than TRPM5-MCs activates the SCs, our previous
study using both transgenic mice and immunolabeling all
showed that within the MOE cells, TRPM5-MCs are the only
cell type expressing ChAT and VAChT. Their cholinergic nature
was further demonstrated by using transgenic ChAT(®AC) ~eGFP
mice in which GFP expression is strong in both cell bodies
and nerve fibers (Ogura et al, 2011; Krosnowski et al,
2012; Marking et al, 2017). We observed cholinergic fibers
(GFP+) in lamina propria innervating submucosal blood vesseles
and glandular tissues, but rarely noticed GFP+ nerve fibers
penetrating into the cell layers of the MOE. We therefore
believe that TRPM5-MCs in the MOE are the primary source
for ACh release to regulate SC activity. Future experiments
on the release of ACh from TRPM5-MCs will greatly advance
our understanding of the MOE cholinergic network and
regulation.

Cholinergic Receptors in SCs

Previously we demonstrated using intracellular Ca?* imaging
and immunolabeling that ACh induces Ca?>" increases in SCs
via muscarinic receptors and expression of M3 and M1 subtypes
(Ogura et al, 2011). Our present results obtained using
pharmacological agents as well as M3-AChR-KO mice further
provide evidence that M3-AChR plays a major role in mediating
ACh-induced Ca?* responses in SCs. However, inconsistent
results were obtained from the MI-subtype antagonist and
agonist. While the M1-selective antagonist pirenzepine did not
significantly reduce responses to ACh in control mice, the
M1-selective agonist AC-42 induced responses in some SCs.
Intriguingly, in SCs isolated from M3-AChR-KO mice we did
not observe responses to AC-42. One possible explanation is that
AC-42 might have activated the M3 subtype. However, AC-42
reportedly is highly selective for the M1 subtype up to 100
WM in heterologous cells expressing human muscarinic subtypes
(Spalding et al., 2002; Jacobson et al., 2010). At maximum
levels AC-42 induces phosphatidylinositol turnover and Ca**
mobilization equivalent to 66%-85% of the maximum responses
induced by ACh or carbachol (Spalding et al., 2002; Langmead
et al.,, 2006; Jacobson et al., 2010). In our study only a subset
of SCs (5 of 43 SCs tested) were responsive to AC-42, and
the response amplitude was significantly less than average ACh
response amplitude; therefore, M1 receptors, if involved, likely
do not play a major role in SCs.

In sum, our results show that TRPM5-MCs dose-dependently
respond to ATP and odor mixture and may release ACh to
potentiate endocytosis in SCs, possibly promoting xenobiotic
removal from the MOE. These results have unveiled
cholinergic regulation in the MOE coordinating SC activity
important for protecting the epithelium and airway. That
TRPM5-MCs are sensitive to ATP and express multiple
purinergic receptors also suggests an additional mechanism
for the MOE to act in a concerted fashion with the rest of
the respiratory mucosa to defend against xenobiotic insults.
Taken together, these novel results of cholinergic paracrine
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signaling in the MOE increase our understanding of how the
MOE maintains its function and prevents chemical-induced
damage.
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