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Abstract

Stomatin-like protein-3 (STOMLS3) is an integral membrane protein expressed in the cilia of olfactory sensory
neurons (OSNSs), but its functional role in this cell type has never been addressed. STOMLS is also expressed
in dorsal root ganglia neurons, where it has been shown to be required for normal touch sensation. Here, we
extended previous results indicating that STOML3 is mainly expressed in the knob and proximal cilia of OSNs.
We additionally showed that mice lacking STOML3 have a morphologically normal olfactory epithelium.
Because of its presence in the cilia, together with known olfactory transduction components, we hypothesized
that STOMLS3 could be involved in modulating odorant responses in OSNs. To investigate the functional role
of STOML3, we performed loose patch recordings from wild-type (WT) and Stom/3 knock-out (KO) OSNs. We
found that spontaneous mean firing activity was lower with additional shift in interspike intervals (ISls) distribu-
tions in StomI3 KOs compared with WT neurons. Moreover, the firing activity in response to stimuli was re-
duced both in spike number and duration in neurons lacking STOML3 compared with WT neurons. Control
experiments suggested that the primary deficit in neurons lacking STOML3 was at the level of transduction
and not at the level of action potential generation. We conclude that STOML3 has a physiological role in olfac-
tion, being required for normal sensory encoding by OSNs.
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Olfactory transduction comprises a series of well-characterized molecular steps that take place in the cilia
of olfactory sensory neurons (OSNSs) terminating in action potential firing. Here, we introduce a possible new
player: stomatin-like protein-3 (STOMLS3). Indeed, STOMLS is localized in olfactory cilia, and we show that
STOMLS3 plays a role in OSN physiology. First, it allows OSNs to broaden the possible frequency range of
their spontaneous activity. Second, STOML3 modulates odorant-evoked action potential firing by regulating
both the number of spikes and response duration. These new findings call for a reconsideration of the pat-
\terns of the peripheral coding of sensory stimuli. /
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Introduction

Olfactory perception begins with the binding of molecules
to odorant receptors in the cilia of olfactory sensory neurons
(OSNs) in the olfactory epithelium. This binding initiates a
transduction cascade that involves the activation of G-pro-
teins, adenylyl cyclase Type Il (ACIIl), phosphodiesterases
(PDEs), CNG, and TMEM16B ion channels (Jones and
Reed, 1989; Buck and Axel, 1991; Brunet et al., 1996; Wong
et al., 2000; Cygnar and Zhao, 2009; Pifferi et al., 2010; Billig
et al., 2011; Reisert and Reingruber, 2019). The activation of
the transduction cascade leads to the generation of inward
currents that produce membrane depolarization, the activa-
tion of voltage-gated currents and the generation of action
potentials that propagate along the axons of OSNs to the ol-
factory bulb (Schild and Restrepo, 1998; Firestein, 2001;
Mombaerts, 2004; Kleene, 2008; Dibattista et al., 2017).

The physiological role of several proteins highly ex-
pressed in the cilia of OSNs, including stomatin-like pro-
tein-3 (STOMLJ), is still unknown. STOMLS3 was identified
in the mouse olfactory epithelium by Kobayakawa et al.
(2002), who first named it SRO, and one year later by
Goldstein et al. (2003), who named it SLP3. STOMLS3 is a
member of the family of stomatin-like proteins characterized
by the presence of a structurally conserved core domain of
nearly 120 residues called the stomatin domain, which is fur-
ther related to the SPFH domain (Stomatin, Prohibitin,
Flotillin, HfIK/HfIC; Tavernarakis et al., 1999; Green and
Young, 2008; Lapatsina et al., 2012). Stomatin-like proteins
are found in all three domains of life and show remarkable
conservation, with bacterial and human homologs sharing
50% identity. In the mammalian genome, 5 members of the
stomatin family have been identified with 40-84% sequence
similarity in the stomatin domain and with similar membrane
topology characterized by a single, relatively short, hydro-
phobic membrane insertion domain, followed by the core
stomatin domain (Green and Young, 2008; Lapatsina et al.,
2012). Several recent studies have revealed some common
aspects of the physiology of stomatin proteins. In particular,
it has been demonstrated that they can form oligomers,
mostly localize to membrane domains and modulate ion
channel activity, even if the precise mechanisms of this reg-
ulation are still unclear (Brand et al., 2012; Lapatsina et al.,
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2012; Poole et al., 2014; Wetzel et al., 2017; Klipp et al.,
2020).

As mentioned above, STOML3 was first shown to be
expressed in OSNs (Kobayakawa et al., 2002; Goldstein
et al., 2003; Kulaga et al., 2004; Tadenev et al., 2011), and
we hypothesized that it might play a role in the sensory re-
sponse to odorants. In this study, we first analyzed in de-
tail the expression and subcellular localization of STOML3
in the mouse olfactory epithelium and confirmed its pres-
ence in the cilia of OSNs, the site of olfactory transduction.
By using a StomI3 knock-out (KO) mouse line (Wetzel et al.,
2007), we first verified that mice lacking STOML3 do not
present alterations in olfactory epithelium morphology and
show similar expression levels of proteins involved in trans-
duction as wild-type (WT) mice. We then asked whether
STOMLS3 plays a role in OSN stimulus coding by measuring
spontaneous and stimulus-induced spiking activity in the
loose-patch configuration in WT and Stom/3 KO mice. We
found that STOML3 regulates both spontaneous firing and
responses to 3-isobutyl-1-methylxanthine (IBMX) and odor-
ant mixtures, and we discuss several possible scenarios for
the role that STOML3 might play in olfactory transduction.

Materials and Methods

Animals

Mice were handled in accordance with the Italian
Guidelines for the Use of Laboratory Animals and the
European Union guidelines on animal research according
to a protocol approved by the ethics committee Scuola
Internazionale Superiore di Studi Avanzati (SISSA).
Experiments were performed on tissues from C57BL/6
WT and StomI3 KO mice of either sex (Wetzel et al.,
2007).

Immunohistochemistry

The head containing the nasal cavity was fixed in 4%
paraformaldehyde in PBS at pH 7.4 for 4 h at 4°C. After fix-
ing, the heads of the mice were incubated in 0.5 m EDTA
for 2d. The tissues were cryoprotected by incubation in
30% sucrose in PBS at pH 7.4 overnight. The tissue was
immersed in cryostat embedding medium (BioOptica) and
immediately frozen at —80°C. Coronal sections (16-18 um)
were cut on a cryostat and mounted on Superfrost Plus
Adhesion Microscope Slides (ThermoFisher Scientific). The
sections were air-dried for 3 h. To wash the cryostat em-
bedding medium from tissue, the slices were incubated for
15min with PBS. The tissue was treated for 15min with
0.5% SDS in PBS for antigen retrieval, washed and incu-
bated in blocking solution (2% normal donkey/calf serum,
0.2% Triton X-100 in PBS) for 90 min and finally in primary
antibodies diluted in blocking solution overnight at 4°C.
The following primary antibodies (catalog number, dilution;
company) were used: mouse monoclonal anti-acetylated
tubulin (T7451; 1:100; Sigma), polyclonal rabbit anti-ACIII
(sc-588; 1:100, Santa Cruz Biotechnology), polyclonal goat
anti-CNGA2 (sc-13700; 1:100, Santa Cruz Biotechnology),
polyclonal rabbit anti-Ki67 (sc-7846, 1:250, Santa Cruz
Biotechnology), polyclonal goat anti-OMP (544-10001,
1:1000, Wako), mouse monoclonal anti-p63 (CM163,
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1:250, Biocare Medical), polyclonal rabbit anti-STOML3
(13316-1-AP, 1:200, Proteintech), and polyclonal rabbit
anti-TMEM16B (NBP1-90739,1:250, Novus). After the
removal of the excess primary antibodies with PBS
washes, the sections were incubated with Alexa Fluor-
conjugated secondary antibodies (1:500 dilution) in
TPBS (0.2% Tween 20 in PBS) for 2 h at room tempera-
ture, washed and mounted with Vectashield (Vector
Laboratories) or FluoromontG (ThermoFisher). DAPI
(5 ng/ml) was added to the solution containing second-
ary antibody to stain the nuclei. The secondary antibod-
ies used were Alexa Fluor 594-conjugated donkey anti-
goat, Alexa Fluor 594-conjugated chicken anti-rabbit, Alexa
Fluor 488-conjugated goat anti-rabbit, and Alexa Fluor 488-
conjugated donkey anti-mouse (ThermoFisher). For the anti-
Ki67 and anti-p63 antibodies, we used a heat antigen re-
trieval protocol instead of treatment with SDS. The tissue
was put in a container with sodium citrate buffer (10 mm so-
dium citrate, 0.05% Tween 20, pH 6.0) and heated at 100°C
in a microwave for 5min. After cooling, the sodium citrate
buffer was washed, and the rest of the procedure was the
same as aforementioned. To reveal anti-STOML3, we ap-
plied the tyramide signal amplification method using the
Tyramide SuperBoost kit (ThermoFisher; Hunyady et al.,
1996). Immunoreactivity was visualized with a confocal mi-
croscope (Nikon A1R or C1). Images were acquired using
NIS Element software (Nikon) at 1024 x 1024-pixel resolu-
tion and were not modified other than to balance brightness
and contrast.

Cell counting

To quantify OMP-immunopositive, Ki67-immunoposi-
tive, and p63-immunopositive cells, we used the Imaged cell
counter tool. Cell density was estimated by counting the im-
munopositive cells in a 100 x 100 um? area. Approximately
18-20 areas, spanning several widely separated regions in
the olfactory epithelium from the anterior part of Turbinate Il
to the ventral portion of Turbinate IV, were selected for
counting from each mouse. Three mice from each genotype
were used, and nine coronal sections with a thickness of
16 um were collected from each animal.

Whole-mount cilia staining

The olfactory turbinates were exposed by bisecting the
head along the midline and removing the septum. The
hemiheads were fixed with 4% paraformaldehyde in PBS
at pH 7.4 for 20min at room temperature and then
washed with PBS. Endogenous biotin was blocked by
using an Avidin/Biotin Blocking kit (Vector Laboratories)
following the manufacturer’s protocol. The preparation
was incubated for 2 h with the biotinylated lectin Dolichos
biflorus agglutinin (DBA; VectorLabs; Lipscomb et al.,
2002) at a concentration of 20 ug/ml in PBS and then
washed three times with PBS for 10 min each. The prepa-
ration was incubated for 3 h with streptavidin-Alexa Fluor
594 (ThermoFisher) diluted 1:500 in PBS and washed
again. Then, the turbinates were dissected from the nasal
cavity and mounted on FluoroDishes (World Precision
Instruments) with Vectashield (Vector Laboratories) or
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Fluoromont-G (ThermoFisher). A coverslip was gently
placed on the tissue to press and close the cilia to the
glass bottom of the FluoroDish. Cilia length was meas-
ured using Fiji software (Schindelin et al., 2012) using the
segmented line tool on Z-projection images.

Western blotting

Olfactory epithelium from adult mice was lysed with
RIPA buffer (25 mm Tris at pH 7.5, 1% NP40, 150 mwm
NaCl, 0.5% deoxycholate, and 0.1% SDS) containing
Complete Mini Protease Inhibitor Cocktail (Roche). A total of
300 ul of lysis buffer was used for each mouse. The tissue
was homogenized with an electrical homogenizer at low
speed. After lysis, the homogenized tissue was incubated
for 1 h on ice and mixed gently every 15 min. The lysate was
cleared by centrifugation for 10min at 10,000 x g at 4°C.
The supernatant was stored separately, and its protein con-
centration was measured with a Pierce BCA Protein Assay
kit (ThermoScientific) according to the manufacturer's
protocol.

For Western blotting, 40 ug of protein extract dissolved
in Laemmli buffer (2 x buffer concentration: 125 mwm Tris at
pH 6.8, 4% SDS, 20% glycerol, 0.1% bromophenol blue,
and 10% B-mercaptoethanol added fresh) was loaded in
each well of an 8-12% acrylamide/bis-acrylamide gel
(Sigma) for SDS-PAGE electrophoresis. After separation,
the gel containing the proteins was equilibrated for 10 min in
transfer buffer (25 mm Tris, 192 mm glycine pH 8.3, and 15%
MeOH), and then the proteins were transferred to PVDF
membranes with a pore size of 0.45um (ThermoScientific).
The membrane was blocked in TBS with 5% nonfat dried
milk at room temperature for 1 h and then incubated over-
night with primary antibodies diluted in 0.1% Tween 20 in
TBS (TBS-T). Then, the membrane was washed three times
with TBS-T and incubated with horseradish peroxidase-
conjugated secondary antibodies in TBS-T for 1 h. The sig-
nal was developed using Super Signal West Pico PLUS
Chemiluminescent substrate (ThermoScientific) or Super
Signal West Atto Ultimate Chemiluminescent substrate
(ThermoScientific). The following primary antibodies (catalog
number, dilution; company) were used: polyclonal rabbit
anti-ACIII (sc-588; 1:1000, Santa Cruz Biotechnology), poly-
clonal rabbit anti-CNGA2 (ab96410; 1:500, Abcam), polyclo-
nal goat anti-OMP (544-10001, 1:5000, Wako), polyclonal
rabbit anti-STOML-3 (13316-1-AP, 1:1000, Proteintech),
polyclonal rabbit anti-TMEM16B (20647-1-AP, 1:2000,
Proteintech), and monoclonal mouse anti-a-tubulin (T8203,
1:5000, Sigma). The following secondary antibodies (catalog
number, dilution; company) were used: polyclonal goat anti-
rabbit horseradish peroxidase (HRP; P0448, 1:2000, Dako),
polyclonal rabbit anti-goat HRP (P0449, 1:2000, Dako), and
polyclonal goat anti-mouse HRP (P0447, 1:2000, Dako).
Proteins were not subjected to any deglycosylation protocol
and were identified according to their expected molecular
size: STOML3 (~30 kDa), TMEM16B (~170 kDa), OMP
(~22 kDa), ACIIl (~250 kDa), CNG (~120 kDa), and a-tubu-
lin (~55 kDa). For STOML3 ANO2 and OMP, the size was
additionally confirmed by comparing the bands in WT and
Stoml3, Tmem16b, or Omp KO models (Potter et al., 2001;
Wetzel et al., 2007; Zhang et al., 2017).
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Electrophysiological recordings from OSNs

Acute coronal slices of the olfactory epithelium were
obtained from P0-P4 mice using a method similar to pre-
viously described methods (Shimazaki et al., 2006;
Dibattista et al., 2008; Pietra et al., 2016; Wong et al.,
2018; Henriques et al., 2019). The head of a P0-P4 mouse
without the skin was dissected and embedded in 3%
Type I-A agarose prepared in Ringer’s solution once the
solution cooled to 38°C. Ringer’s solution contained 140
mm NaCl, 5 mm KCI, 2 mm CaCl,, 1 mm MgCl,, 10 mm
HEPES, and 10 mm glucose and was adjusted to pH 7.4
with NaOH. Coronal slices from the mouse olfactory epi-
thelium with a thickness of 300 um were cut with a vibra-
tome (Vibratome 1000 Plus Sectioning System) and kept
in cold oxygenated Ringer’s solution until use. Postnatal
day (P)0-P4 mice are suitable for this study because
STOMLS3 is expressed beginning as early as the embry-
onic stage embryonic day (E)17.5 (Goldstein et al., 2003).

Slices were transferred to a recording chamber continu-
ously perfused with oxygenated Ringer’s solution at room
temperature and viewed with an upright microscope
(BX51WI; Olympus) equipped with infrared differential con-
trast optics, a camera (DFK 72BUCO02; Imaging Source) and
a 40 x water-immersion objective with an additional 2x
auxiliary lens. OSNs were identified by their morphology.
The recordings were performed at room temperature (20—
25°C) using a MultiClamp 700B amplifier controlled by
Clampex 10.6 via a Digidata 1550B (Molecular Devices).
Data were low-pass filtered at 2 kHz and sampled at 10 kHz.
The bath was ground via a 3 m KCl agar bridge connected to
an Ag/AgCl reference electrode. Patch pipettes were pulled
from borosilicate capillaries (WPI) with a Narishige PC-10
puller.

Extracellular recordings from the soma of OSNs were
obtained in the on-cell loose-patch configuration using
patch pipettes with a resistance of 2-3 M(Q when filled
with Ringer solution. The seal resistances were 30-50
MQ. Extracellular recordings were made in voltage-clamp
mode with a holding potential of 0 mV. Stimuli were deliv-
ered through an eight-into-one multibarrel perfusion pen-
cil connected to a ValvelLink8.2 pinch valve perfusion
system (Automate Scientific). To test cell viability, a high
K™ Ringer solution (25 mm KCI) was applied in 3-s pulses,
and experiments were performed only on OSNs respond-
ing to this stimulus.

Control experiments measuring membrane properties
and inward and outward voltage-gated currents were per-
formed in the whole-cell voltage-clamp configuration.
Patch pipettes had resistances of 4-7 M() when filled with
the intracellular solution composed of 145 mm KCI, 4 mm
MgCl,, 0.5 mm EGTA, and 10 mm HEPES, adjusted to pH
7.2 with KOH.

Heptaldehyde, isoamyl acetate, acetophenol, cineole
and eugenol were dissolved in dimethyl sulfoxide (DMSO)
at 5 m to generate stock solutions. The odorant mixture
was prepared by diluting each odorant at a final con-
centration of 100 um on the day of the experiment. This
concentration was chosen because it elicits saturating
responses from OSNs expressing several types of
odorant receptors (Dibattista and Reisert, 2016). IBMX
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was prepared weekly by dissolving in Ringer’s solution
at a final concentration of 1 mm. At this concentration,
IBMX elicits responses with kinetics similar to those
induced by odorants (Reisert et al., 2007). All chemi-
cals were purchased from Sigma unless otherwise
specified.

Data analysis

IgorPro software (WaveMetrics) and Clampfit (Molecular
Devices) were used for data analysis and figure preparation.

Recordings were filtered offline with a high-pass filter at
2 Hz to eliminate slow drifts in the baseline. Individual ac-
tion potentials were identified by an event detection algo-
rithm using an arbitrary threshold, and each event was
confirmed by shape inspection. The starting time of each
event was taken as the time for that individual action po-
tential. The mean spontaneous firing frequency was cal-
culated as the number of spikes divided by the duration of
the recording. The interspike interval (ISI) was calculated
by measuring the time between consecutive spikes (sec-
ond to first, third to second, and so forth). To construct
the ISI distribution, we calculated the ISI for all spikes for
each cell. Then, we grouped the ISIs in bins as indicated
in the figures and divided the value of each bin by the total
number of calculated ISIs for each cell. Finally, we aver-
aged the distribution obtained from all cells of the group
(Arnson and Holy, 2011). The values in the y-axes repre-
sent the percentage of spikes in each bin, and the area
under the curve is 100%.

The averages obtained from individual experiments in dif-
ferent cells are presented as the mean + SEM and the num-
ber of cells recorded (n). Cells were obtained from at least
three different WT or KO mice. Since some data were not
normally distributed (Jarque—Bera test or Shapiro-Wilk test),
statistical significance was determined by Wilcoxon-Mann—
Whitney’s test (U test). The Kolmogorov—Smirnov test was
used to compare the cumulative distributions; p < 0.05
were considered statistically significant.

Results

STOMLS3 expression in the olfactory epithelium

The STOMLS3 protein has been shown to be expressed
in the mouse olfactory epithelium and to localize in mature
OSNs (Kobayakawa et al., 2002; Goldstein et al., 2003;
Kulaga et al., 2004; Tadenev et al., 2011), but its function-
al role in the olfactory system has not been investigated.
We examined the role of the STOMLS3 protein in OSNs by
taking advantage of a loss-of-function approach using the
StomI3 KO mouse model.

First, we sought to confirm the expression pattern of
STOMLS in the olfactory epithelium of WT mice with im-
munofluorescence. Immunostaining for STOML3 showed
clear staining of the ciliary layer (Fig. 1). In particular, the
staining pattern showed the localization of STOMLS3 in the
knob and proximal parts of the cilia of OSNs (Fig. 1A-C).
Cilia were visualized by marking the ciliary protein acety-
lated tubulin, and we observed a partial overlap with
STOML3 (Fig. 1C). While the acetylated tubulin pattern
seemed unaltered in KO mice, STOML3 staining was
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Figure 1. STOMLS is expressed in knob/proximal cilia of OSNs. A, D, Confocal micrographs of coronal sections of the olfactory ep-
ithelium from WT and KO mice immunostained with antibody against the ciliary marker acetylated tubulin (Ac. Tubul.). B, E,
Immunostaining for STOML3 from WT and KO mice. C, Merging of the signals shows that STOMLS3 has diffuse staining that colocal-
izes with acetylated tubulin (yellow regions in C) and more defined staining of the layer below the Ac. Tubul. in the region occupied
by the OSN knobs. The signal disappeared in the olfactory epithelium of the Stom/3 KO mice (E, F). Nuclei were stained with DAPI

(blue).

absent, thus demonstrating the specificity of our staining
(Fig. 1D-F). In addition to the intense signal of the knob/
cilia, we also observed sparse and punctate localization
of STOMLS3 in the mature OSN cell bodies, which also dis-
appeared in the KO mice (Fig. 1B, E).

Together, our data confirm and extend previous results
showing that STOMLS is mainly expressed in the knob
and proximal ciliary regions of OSNs.

StomlI3 gene deletion does not alter the structural and
morphologic properties of the olfactory epithelium

As stomatin proteins have been implicated in the struc-
tural and morphologic organization of different cellular
complexes (Kobayakawa et al., 2002; Umlauf et al., 2006;
Browman et al., 2007; Wetzel et al., 2007; Brand et al.,
2012; Lapatsina et al., 2012; Poole et al., 2014; Qi et al.,
2015), we asked whether STOMLS is important for the
structural organization of the olfactory epithelium and its
cell types.

We performed immunostaining for the signal transduc-
tion machinery proteins that are abundantly expressed in
OSN cilia and found that ACIll, CNGA2, and TMEM16B

March/April 2021, 8(2) ENEURO.0565-20.2021

localized to the ciliary layer in both WT and Stom/3 KO
mice (Fig. 2A-F). Moreover, while keeping the same ac-
quisition settings, we did not observe any clear differen-
ces in the staining intensity or in the expression pattern in
KO versus WT olfactory epithelia.

Then, we performed Western blot analysis to assess
changes in the expression levels of signal transduction
machinery proteins. Using an antibody against STOMLS3,
we identified a 32-kDa band in WT mice corresponding to
the expected molecular weight of the STOML3 protein
that was absent in KO mice, while bands corresponding
to ACIIl, CNGA2, TMEM16B, OMP, and acetylated tubulin
were present in both mouse lines (Fig. 2G). The protein
expression levels normalized to a-tubulin were similar in
WT and KO mice (Fig. 2H).

Taken together, these results indicate that STOMLS3 is
not involved in regulating the localization or expression
levels of several members of the olfactory transduction
cascade.

To better assess whether STOMLS3 could have a role in
neuronal morphologic organization, we used DBA to mark
the entire length of OSN cilia. We quantified the total cili-
ary length per OSN and determined that although there
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Figure 2. StomI3 KO does not alter the localization or expression level of molecular components of olfactory transduction. A-F,
Confocal micrographs of coronal sections of the olfactory epithelium from WT and KO mice immunostained for ACIIl, CNGA2, or
TMEM16B. Nuclei were stained with DAPI (blue). G, Western blot analysis of olfactory epithelium proteins for STOML3, ACIII,
CNGA2, TMEM16B, OMP, and a-tubulin. The specific 32-kDa band for STOMLS is missing in proteins from KO mice. H, Expression
levels relative to a-tubulin for the indicated proteins in olfactory epithelium from 10 WT and KO mice.

was a tendency for the KO to have a lower total ciliary
length, the difference was not significant (Fig. 3A,8; quan-
tification in Fig. 3G; p =0.23 U test). Additionally, the overall
olfactory epithelium morphology was not changed since the
staining and counting of OMP-positive cells (Fig. 3C,D) did
not reveal any difference in the density of OMP-positive cells
between WT and KO mice (92 =+ 5 for WT and 94 + 5 for KO,
cells per 100 x 100 pm? area; Fig. 3H).

To further characterize the morphology of the olfactory
epithelium, we stained the population of basal cells with
Ki67 and p63, to stain globose basal cells (GBCs) and
horizontal basal cells (HBCs), respectively. These cells are
usually located at the base of the olfactory epithelium
lying on the basal lamina. We observed Ki67-positive and
p63-positive cells in their expected locations in both WT
and KO mice (Fig. 3E,F). In addition, no differences were ob-
served in the density of HBC and GBC cells (Ki67: 6.3 = 0.9
for WT and 5.6 = 0.6 for KO; p63: 7.8 + 0.8 for WT and
7.7 = 0.4 for KO; cells per 100 x 100 pm? area; Fig. 3H).

In summary, the absence of STOML3 did not alter the den-
sity of OSNs, HBCs or GBCs, indicating that STOMLS is not
involved in normal olfactory epithelium development.
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STOMLS3 modulates spontaneous firing frequency in
OSNs

Based on recent findings showing that STOML3 con-
tributes to shaping the electrophysiological properties of
skin mechanoreceptors (Wetzel et al., 2007, 2017; Poole
et al., 2014; Qi et al., 2015) and on its expression in OSNs,
we hypothesized that STOML3 might play a role in the
spontaneous and/or evoked electrical activities of OSNs.

We first tested whether STOMLS3 deletion modifies OSN
passive membrane properties performing whole-cell re-
cordings on olfactory epithelium slices from P0-P4 mice
with KCl in the patch pipette. Both resting membrane po-
tential (—55 + 1 mV, n=48 for WT, and —51 = 1mV, n=41
for KO, p >0.05 U test), and input resistance (2.5*+ 0.3
G, n=48 for WT, and 2.4 0.3 GO, n=41 for KO,
p>0.05 U test) were not significantly different between
OSNs from WT and StomI3 KO mice. Also, we did not find
significant differences in the amplitude of inward (—673 =
69 pA, n=48 for WT, and —626 += 58 pA, n=41 for KO,
p>0.05 U test), and outward voltage-gated currents
(1425 £ 96 pA, n=48 for WT, and 1635 = 139 pA, n=41
for KO, p > 0.05 U test).
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Figure 3. Stom/3 KO mice have grossly normal olfactory epithelium. A, B, Enface view of a whole-mount preparation of olfactory ep-
ithelium with OSN cilia labeled by biotinylated DBA detected by streptavidin-Alexa Fluor 594. C-F, Confocal micrographs of coronal
sections of the olfactory epithelium from WT and KO mice immunostained for OMP (C, D) or Ki67 and p63 (E, F). Nuclei were
stained with DAPI (blue). G, Quantification of the total cilia length per OSN from WT and KO mice (OSNs: n=61 from 4 WT mice,
n=>57 from 4 KO mice). H, Quantification of OMP-immunopositive, Ki67-immunopositive, and p63-immunopositive cells in olfactory

epithelium from WT and KO mice.

We then used loose patch recordings to investigate the
spontaneous activity of OSNs in olfactory epithelium sli-
ces from WT and Stom/3 KO mice. By recording from a
substantial number of cells, we could appreciate the hetero-
geneous patterns of spontaneous activity in WT OSNs (Fig.
4A,C). The raster plots of 38 WT cells showed a very large
variation in firing patterns ranging from almost silent OSNs
(Fig. 4C, upper rows) to OSNs with elevated and sustained
spontaneous firing (Fig. 4C, bottom rows). Both variance of
firing rates and ISls in WT OSNs were similar to those previ-
ously reported (Reisert, 2010; Connelly et al., 2013; Lorenzon
et al., 2015; Pietra et al., 2016). In Stom/3 KO mice, OSNs
also displayed large variations in firing patterns, and the raster
plots (Fig. 4D) indicate that there was an increased number of
OSNs with lower spontaneous firing compared with WT con-
trols. Indeed, OSNs in KO had a lower spontaneous mean
frequency (1.1 £ 0.3Hz, n=37) than those in WT mice
(1.4 = 0.3Hz, n=38; p <0.05 U test; Fig. 4E).

In addition, the inter spike interval (ISI) distribution re-
vealed that short ISIs were much reduced in Stom/3 KO

March/April 2021, 8(2) ENEURO.0565-20.2021

neurons compared with WT neurons (Fig. 4F). The overall
cumulative probability further showed that the ISI distribu-
tion was different between the WT and KO neurons
(p < 0.001 Kolmogorov-Smirnov test; Fig. 4G).

These results demonstrate that STOMLS3 plays a role in
shaping OSN spontaneous activity. Indeed, in the ab-
sence of STOMLS3, there was a decrease in the mean firing
frequency and an increase in the ISls of spontaneous ac-
tivity compared with WT OSNSs.

STOMLS regulates the spike number and duration of
the evoked response

As spontaneous firing in OSNs is mainly driven by the
constitutive activity of the OR that initiates and controls
the activation of the downstream signaling cascade
(Reisert, 2010; Connelly et al., 2013; Dibattista and
Reisert, 2016), the changes in the spontaneous firing of
OSNs lacking STOML3 led us to hypothesize that
STOML3 might play a role in odorant signal transduction
and the electrical response to odorants.
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Figure 4. Spontaneous firing activity in OSNs in WT and Stom/3 KO mice A, B, Representative loose-patch recordings showing the
spontaneous activity of OSNs from acute slices of olfactory epithelium from WT and KO mice. C, D, Raster plots of recordings of
spontaneous activity from several OSNs from WT and KO mice. Each row represents spike activity from a different OSN. E, Mean
frequency of spontaneous activity in OSNs from WT and KO mice (n =38 for WT and n =37 for KO, *p <0.05 U test). F, ISI distribu-
tions of spontaneous firing from cells shown in C, D (bin=5 ms). Values were normalized to the area under each curve to show the

spike percentages for WT or KO mice. G, Cumulative fraction of ISI distributions (

To further understand the potential involvement of
STOMLS3 in transduction events, we recorded action po-
tential firing in response to the PDE inhibitor IBMX, often
used as an odorant mimic, as blocking PDE reveals the
basal rate of cAMP production by ACIIl (Reisert, 2010;
Dibattista and Reisert, 2016; Pietra et al., 2016).

In the loose patch configuration, we stimulated OSNs
for 3 s with 1 mm IBMX and recorded the evoked firing ac-
tivity (Fig. 5). A depolarizing stimulus made by a high K*
solution was also applied to measure action potential fir-
ing activity independent of the activation of the transduc-
tion cascade by IBMX. The average duration and number
of spikes in response to high K* were similar in WT

March/April 2021, 8(2) ENEURO.0565-20.2021

kkok,

p < 0.001, Kolmogorov-Smirnov test).

(872 =49 ms, 6.0 £0.6) and KO (385 = 75ms, 5.0 =0.5)
mice (p > 0.05 U test; Fig. 5C,D). However, responses to
IBMX differed between the genotypes. Indeed, although
the mean firing frequency of the response to IBMX was on
average 50Hz in both WT and KO OSNs (Fig. 5E), the
number of evoked spikes was substantially lower (5 =+ 1)
in KO than in WT (10 = 1) mice (p <0.01 U test), and the
duration of the response was shorter in KO (135 = 27 ms)
than in WT (263 = 38 ms) mice (p < 0.01 U test). These dif-
ferences were because of changes in the transduction
events since stimulation with high K™ of the same dura-
tion as that with IBMX did not show any alteration in firing
activity in WT and KO OSNs.
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Figure 5. Evoked activity in OSNs in WT and Stom/3 KO mice. A, B, Representative loose-patch recordings of OSNs from WT and
KO mice stimulated with high K* (upper trace) or with 1 mm IBMX (middle and lower traces). Comparison of response duration (C),
number of evoked spikes (D), and mean frequency of the response (E) to high K™ or 1 mm IBMX in OSNs from WT and KO mice
(n=19 for WT, n=20 for KO; *p <0.01 U test). F, G, Representative loose-patch recordings of OSNs from WT and KO mice stimu-

lated with odor mixture. Comparison of response duration (H), n

umber of evoked spikes (I), and mean frequency of the response (J)

to odor mixture in OSNs from WT and KO mice (n =8 for WT and KO; *p < 0.01 U test).

During IBMX stimulation, while both WT and KO neu-
rons showed spike trains with action potentials that were
decreased in size, only the KO neurons fired few action
potentials (a shorter spike train; Fig. 5).

March/April 2021, 8(2) ENEURO.0565-20.2021

Is the odorant response also modulated by STOML3?
To address this question, we stimulated OSNs for 3 s with
a mix of odorants (Fig. 5F,G) and recorded the evoked fir-
ing activity. As with IBMX stimulation, WT and KO OSNs
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both responded with a series of action potentials of de-
creasing size and at the same frequency (Fig. 5J). As with
IBMX, clear differences emerged when we counted the
number of spikes and the duration of the response, which
were significantly lower and shorter in the KO neurons
than in the WT neurons (3.5 + 0.3 for KO, and 7 =1 for
WT, p <0.01 U test; 95 + 18 ms for KO, 189 + 34 ms for
WT, p <0.01 U test; Fig. 5H,)).

In summary, the differences in evoked firing activity in
response to IBMX and the odorant mix compared with
high K* stimulation indicate that STOML3 functionally
participates in transduction events.

Discussion

In this study, we provide insights into the functional role
of the STOMLS3 protein in OSNs. It was shown to be ex-
pressed in mouse OSNs (Kobayakawa et al., 2002;
Goldstein et al., 2003; Kulaga et al., 2004; Tadenev et al.,
2011), and our results confirmed the knob/proximal ciliary
localization of STOMLS (Fig. 1). We also determined that
the loss of STOMLS3 does not alter the morphology and
cellular composition of the olfactory epithelium (Fig. 3).
Interestingly, STOML3 has been shown to be mislocalized
in BBS8 KO mice (Tadenev et al., 2011). BBS proteins are
involved in ciliogenesis and ciliary transport (Jin and
Nachury, 2009; Nachury and Mick, 2019), so we tested
whether STOML3 might participate in these processes as
well. We did not observe any significant alteration in the
organization of the transduction machinery (Fig. 2) or in
the ciliary structure (Fig. 3) of Stom/3 KO mice, thus we
conclude that STOMLS3 is not involved in the regulation of
the olfactory epithelium structural and morphologic prop-
erties. However, we found evidence that STOML3 might
have a functional role regulating the odorant transduction
events.

Using only biochemical methods, previous studies have
shown that STOMLS interacts with ACIII (Kobayakawa et al.,
2002). Although these methods have traditionally been used
to understand signal transduction in OSNs (Schreiber et al.,
2000; Wei et al., 2004), they lack the resolution of electro-
physiological techniques. To better understand the function-
al role of STOML3 in OSNs, we used loose patch recordings
and found that spontaneous activity is altered when
STOMLS3 is missing, indicating a potential role of STOML3 in
modulating spontaneous action potential firing (Fig. 4). In
OSN:s, it has been shown that spontaneous firing is depend-
ent on the activation of the signal transduction machinery by
the constitutive activity of ORs (Reisert, 2010; Connelly et
al., 2013). OR basal activation leads to basal cAMP oscilla-
tions that trigger the opening of CNG channels followed by
that of TMEM16B. The resulting depolarization allows the
OSN to fire action potentials that could be suppressed by
blocking TMEM16B activity or knocking down other ele-
ments of transduction (Cygnar and Zhao, 2009; Reisert,
2010; Dibattista and Reisert, 2016; Pietra et al., 2016). Our
experiments excluded the possibility that a significant altera-
tion in the voltage-gated channels could be responsible for
the observed alterations in firing behavior. Because of the
STOML3 expression site and the origin of spontaneous
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activity in OSNs, we could speculate that STOML3 might be
a new player in olfactory transduction.

In addition, we found that OSNs lacking STOMLS3 re-
sponded to IBMX stimulation with shorter spike trains
than WT OSNs from P0/P4 mice (Fig. 5). The spike trains
in the KO OSNSs rapidly shut off and did not reappear dur-
ing the duration of the entire stimulus. The same effects
were observed during stimulation with the odor mixture
(Fig. 5) but not during the application of the high K* solu-
tion, again strengthening our indications that STOMLS is
a modulator of transduction events. However, we cannot
rule out the possibility that STOML3 could modulate neu-
ronal excitability without being directly involved in the
transduction events.

We could envision at least three possible scenarios for
the role of STOMLZS in olfactory transduction.

First, since spontaneous firing is driven by OR constitu-
tive activity, STOML3 could modulate OR expression or
transport of the OR to the ciliary site. Indeed, stomatin,
another protein of the same family that also contains the
stomatin motif, has been shown previously to interact
with GPCRs (Wang et al., 2014; Park et al., 2016), thus
making it possible that STOML3 might also function simi-
larly in OSNs. In particular, it could regulate OR assembly
on the ciliary membrane by mitigating the translocation of
ORs with medium/high basal activity to keep basal noise
instructive without altering the signal-to-noise ratio in
OSNs (Nakashima et al., 2019). Indeed, a higher basal
rate of constitutive activity could result in an increased
cAMP production rate that would likely keep the cell in a
more adapted state, thus limiting action potential firing (as
we observed in StomI3 KO neurons).

The second scenario is based on the possible function-
al interaction of STOML3 with ACIII. Immunoprecipitation
assays showed that STOMLS3 physically interacts with
ACIIl and that it is involved in cAMP production. In partic-
ular, using antibodies raised against STOML3, it was
shown that in ciliary preparations, the cAMP concentra-
tion was increased compared with the control when ACIII
was stimulated with forskolin (Kobayakawa et al., 2002).
In the absence of STOML3, continuous cAMP production
by the transduction cascade could lead to OSNs being in
an adapted state (Reisert and Matthews, 1999; Reisert et
al., 2007; Dibattista and Reisert, 2016), slowing down
transduction events by reducing the chance of both spon-
taneous and evoked action potential firing. In addition, the
differences in responses to IBMX between WT and KO
neurons could strengthen this hypothesis, as they sug-
gest that STOML3 might participate in the poorly under-
stood cAMP buffering system of OSN cilia. Indeed,
STOMLS3, by simply anchoring to the ciliary membrane in
close proximity to ACIII, could buffer cAMP, keeping it rel-
atively low in close proximity to the CNG channels or
PDEs.

The third scenario we propose is a possible interaction
between STOML3 and TMEM16B channels, similar to the
STOMLS interaction with ASIC2a, ASIC2b, and ASIC3
(Price et al., 2004; Wetzel et al., 2007; Lapatsina et al.,
2012; Klipp et al., 2020). STOMLS also functionally inter-
acts with the mechanosensitive ion channels Piezo-1 and
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Piezo-2, increasing the sensitivity of these channels to
mechanical stimulation (Poole et al., 2014). It would then
be tempting to speculate a possible modulation of
TMEM16B by STOMLS. It has been previously shown that
TMEM16B is an important regulator of the spontaneous
and evoked firing of OSNs. TMEM16B could both amplify
and “clamp” the resulting depolarization following the ac-
tivation of signal transduction events in spontaneous and
evoked firing, respectively. In the former, STOML3 could
modulate the TMEM16B current by fastening its kinetics
so that it could operate to amplify the smaller spontane-
ous events without causing sustained depolarization that
would then terminate the firing, thus altering the sponta-
neous firing rate of OSNs. The same mechanism could
account for the “clamping” effect of TMEM16B during
evoked firing. When STOML3 was knocked out, the re-
sulting slower TMEM16B kinetics could account for the
persistent depolarization that would maintain the inactiva-
tion of voltage-gated channels (Trotier, 1994), allowing for
fewer spikes to be generated over a shorter time window.

Additional experiments are needed to elucidate which
of the proposed scenarios could occur in OSNs. Based
on our results, we conclude that STOMLS is expressed in
the knob and proximal ciliary regions in the olfactory epi-
thelium and, for the first time, we showed that it partici-
pates in signal transduction events at least by regulating
their output: action potential firing. However, since we
found a sparse and punctate localization of STOML3 in
the somato-dendritic regions, it could be that, like OMP
(Dibattista et al., 2021), STOML3 have different functions
in different OSN’s compartments. It is worth noting that
recently emerging new players have been proposed to be
involved in odorant transduction mechanisms (Buiakova
et al., 1996; lvic et al., 2000; Sinnarajah et al., 2001; Von
Dannecker et al., 2005; Kerr et al., 2008; Dooley et al.,
2009; Kaneko-Goto et al., 2013; Baumgart et al., 2014;
Dibattista and Reisert, 2016; Talaga et al., 2017), increas-
ing the complexity of long-known mechanisms crucial for
the transformation of a chemical signal, the odorant, into
an electrical signal, the action potential, that could then
initiate the long journey to the brain.
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