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This study is divided in three individual projects focusing on calcium signaling on non-
neuronal cells of different peripheral olfactory systems. In particular, | investigated (1) the role of
calcium-activated chloride channel TMEM16A in the development of the mouse olfactory
epithelium, (2) the functional role of TMEM16A of mouse olfactory epithelium and (3) purinergic
receptor mediated calcium signaling in the supporting cells of the vomeronasal organ (VNO).

Previous reports showed that TMEM16A is expressed in the olfactory epithelium, where it
localizes at the apical surface of supporting cells, more specifically, in their microvilli. To
understand the role of TMEM16A on the development of the mouse olfactory epithelium we
conducted the first immunohistochemistry study comparing the morphological properties of the
olfactory epithelium and nasal glands in TMEM16A wild-type and knockout littermate mice. The
genetic ablation of TMEM16A did not affect the maturation of olfactory sensory neurons and the
morphology of the ciliary structures. In addition, TMEM16A knockout did not significantly affect
the morphology of supporting cells. The average number of supporting cells, olfactory sensory
neurons, horizontal and globose basal cells were not significantly different in the two mice models.
These results indicate that the genetic ablation of TMEM16A does not affect the development of
the olfactory epithelium.

To further understand the functional role of TMEM16A, we investigated the presence of
calcium-activated chloride currents in the supporting cells of the olfactory epithelium. Whole-cell
patch clamp recordings from TMEM16A wild-type and knockout mice showed that the supporting
cells of olfactory epithelium had a calcium-activated chloride current that was abolished in
TMEM16A knockout mice. Moreover, we found that this calcium-activated currents can also be
activated after the stimulation of the cells with ATP, in line with previous reports showing that
supporting cells of mouse olfactory epithelium express purinergic receptors.

Although the expression of purinergic receptors in supporting cells in the mouse olfactory
epithelium is well documented, the expression of these receptors in mouse VNO is still unknown.
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Here, we conducted the first study in mouse VNO showing that vomeronasal supporting cells also
express purinergic ATP receptors. Using confocal calcium imaging recording we found that a
large subset of these cells, about 75%, expressed metabotropic purinergic receptors, and a
smaller subset of cells, 38%, expressing P2Y2 and/or P2Y4 receptors.
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Introduction

1. Introduction

1.1. Anatomy and histology of the main olfactory epithelium
and vomeronasal organ

The olfactory epithelium and the vomeronasal organ (VNO) are both tissues of the
peripheral olfactory system that reside in the nasal cavity of most vertebrates (Figure 1). In mice,
the olfactory epithelium and VNO differentiate from the olfactory placode. The olfactory placode
is created from the neural tube and invaginates to form the olfactory pit, which progressively
deepens, eventually forming the nasal cavity and nostrils. By embryonic day 11, the VNO forms
in medial region of the nasal cavity and at embryonic day 13 the main olfactory epithelium and
VNO are fully separated and easily distinguishable (Suzuki and Osumi, 2015; Zancanaro et al.,
2002).

Odor molecules can reach the nasal cavity either through the nostrils during inhalation or
through the nasopharynx when chewing and swallowing pushes the air back to the nasal cavity
(Linforth et al., 2002).
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Figure 1. Anatomy of the olfactory epithelium. (A) Schematic representation of a sagittal
section of the nasal cavity. The main olfactory epithelium (MOE) is in green, while the
vomeronasal organ (VNO) is highlighted in cyan. Adapted from (Mombaerts, 2004; Storan
and Key, 2006). (B) Whole mount X-gal staining of sagittal section of head from of OMP:tau-
LacZ transgenic mouse. In this mouse model, OMP is replaced by tau-Lac-Z, so all sensory
neurons, which are part of the peripheral olfactory system are visualized with X-gal staining in
blue. Main olfactory epithelium (MOE), olfactory bulb (OB), vomeronasal organ (VNO). Scale
bar 500 um Adapted from Storan and Key, 2006.

1.1.1. Olfactory epithelium

The main olfactory epithelium is a tissue in the nasal cavity responsible for the detection
of odorants. It is a pseudo-stratified epithelium and is composed of olfactory sensory neurons,
supporting cells, globose basal cells, horizontal basal cells, microvillar cells and the Bowman’s
gland duct cells (Figure 2) (Choi and Goldstein, 2018; Fletcher et al., 2017; Shipley and Ennis,
1996). The axons of the olfactory sensory neurons project to the glomeruli of the olfactory bulb,
connecting the peripheral olfactory system to the central olfactory system (Tirindelli et al., 2009).

The olfactory epithelium is easily distinguishable from the surrounding respiratory
epithelium due to its larger thickness, which varies from species to species, ranging from 30 ym
in moles (Graziadei, 1966) to 150 um in alligators (Hansen, 2007). The epithelial surface is usually
covered by a layer of mucus 10 to 40 um thick (Solbu and Holen, 2012).

Olfactory sensory neurons are responsible for olfactory transduction, binding odorants and
converting chemical signals into electrical ones. They are bipolar neurons, with a dendrite
reaching to the surface of the tissue ending in a knob-like structure that projects dozens of cilia,
where the sensory apparatus is located (Pifferi et al., 2010).
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Figure 2. Histological organization of the olfactory epithelium. (A) Schematic
representation of the cellular organization of the olfactory epithelium. Supporting cells are
highlighted in pink, olfactory sensory neurons in green, globose basal cells in red, horizontal
basal cells in blue, and the Bowman’s gland in light orange. (B) Scanning electron micrograph
of the olfactory epithelium showing a monolayer of supporting cells (SC), the somata of olfactory
sensory neurons (OSN), and basal cells (BC). Scale: 100 um. Adapted from Reuter et al., 1998.
(C) Immunohistochemical staining of the olfactory epithelium, with an antibody for cytokeratin
8 labelling supporting cells (green) and olfactory sensory neurons marked with an antibody for
olfactory marker protein, OMP (red). Adapted from Maurya et al., 2015.
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Supporting cells share properties of both glial cells and epithelial cells, and have been
shown to be involved in xenobiotic metabolism and phagocytosis of dead neurons (Suzuki et al.,
1996; Zhuo et al., 2004). Supporting cells have a goblet-shaped cell body with processes
extending to the basal lamina. The cell bodies of the supporting cells form a columnar monolayer
on the most apical part of the olfactory epithelium. Many microvilli protrude towards the luminal
surface, where they intermingle with the cilia of olfactory sensory neurons, completely covering
the surface of the olfactory epithelium (Figure 2B-C).

Unlike other neural tissues, the olfactory epithelium regenerates throughout the lifespan
of the animal. Indeed, there is a continuous turnover of olfactory sensory neurons (Graziadei et
al., 1978; Mackay-Sim and Kittel, 1991), and neurons die at all stages of differentiation in
physiological conditions (Mahalik, 1996). The cells responsible for this continuous replenishment
of olfactory sensory neurons are called basal cells and they can be divided in two groups: globose
and horizontal basal cells (Chen et al., 2004; Suzuki et al., 2013).

Globose basal cells are a multipotent stem cell population that can differentiate into both
neurons and microvillar cells. Horizontal basal cells are multipotent, quiescent cells that can either
differentiate directly into supporting cells or into globose basal cells, which subsequently
differentiate into neurons or microvillar cells (Fletcher et al., 2017; Suzuki et al., 2013).

The olfactory epithelium of all vertebrates except for fish have a group of tubulo-alveolar
glands called Bowman'’s gland (Eisthen, 1992), with the alveolar section located in the underlying
connective tissue while their ducts extend to the apical surface of the tissue. These structures are
responsible for the production of mucus; indeed, they are involved both in the transport of water
to the lumen and in the production of mucin, which regulates the viscosity of the mucus (Solbu
and Holen, 2012).

Microvillar cells are less abundant than supporting cells and neurons. They are located in
the apical part of the olfactory epithelium and can be identified by their preeminent microvilli. They
have been shown to produce neuropeptide Y and acetylcholine, both potential peripheral
modulators of olfaction (Elsaesser and Paysan, 2007; Lucero, 2013; Montani et al., 2006).



Introduction

1.1.2. Vomeronasal organ

The vomeronasal organ (VNO) is a mirrored tubular structure located at the base of the
nasal septum. This organ is distinctively separated from the nasal cavity in most amphibians,
reptiles and non-primate mammals, but it is absent in birds, apes and some monkeys (Swaney
and Keverne, 2009). The VNO is enclosed in a capsule of cartilage and opens through a duct to
the base of the nasal cavity. However, in some species, such as carnivores and ungulates, it is
instead connected to the oral cavity (Keverne, 1999).

The sensory part of the VNO, also called vomeronasal sensory epithelium, is located in
the medial section of the two crescent-shaped tubules. This sensory epithelium is composed of
neurons, supporting cells and basal cells (Figure 3).

The vomeronasal sensory epithelium is responsible for the detection of pheromones,
which are defined as molecules produced and released into the environment by an animal,

affecting the behavior or physiology of members of its own species (Francia et al., 2014; Tirindelli
et al., 2009).

Figure 3. Histological organization of the VNO. (A) Coronal section of the VNO from mice
with the vomeronasal sensory epithelium in blue, adapted from (Ibarra-Soria et al., 2014). (B)
Coronal section of the VNO from Xenopus Laevis, where we can see the vomeronasal sensory
epithelium, with the supporting cells and epithelial cells labelled in green with an antibody
against cytokeratin I, and vomeronasal sensory neurons filled with biocytin revealed with Alexa
546 conjugated streptavidin. Adapted from Dittrich et al., 2014.
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1.2. Supporting cells of the olfactory epithelium

1.2.1. Biophysical properties

The biophysical properties of supporting cells were previously analyzed in acute olfactory
epithelium slices from newborn mice. It was determined that they have an average cell
capacitance of 18.6 + 0.5 pF and a membrane resistance of 160 = 11 MQ.The resting membrane
potential ranges between -30 mV and -50 mV (Vogalis et al., 2005a).

1.2.1.1. Gap junctions and cell syncytium

Supporting cells of adult rats and mice have been shown to express connexin 43 and
connexin 45 (Rash et al., 2005). Connexins assemble in hexomers forming connexons, or
hemichannels. Connexons can be homomeric or heteromeric, depending if they are formed by a
single type of connexin or a combination of different ones respectively. Gap-junctions are formed
when two membranes expressing connexons enter into contact usually through the aid of
adhesion proteins like cadherins (Wei et al., 2004). Depending on the kind of connexins, gap-
junction have different properties, such as ion conductance, permeability, voltage sensitivity and
regulation by second messengers (Harris, 2001).

Gap junctions allow the diffusion of cytoplasmic solutes between neighboring cells along
concentration gradients. They are permeable to molecules up to 1 kDa, but the rate of diffusion
across gap junctions depends both on the size of the solute and on the connexin isoforms
composing the gap-junction (Weber et al., 2004). Not only do gap junctions allow the diffusion of
solutes across the concentration gradient, they are also essential for coordinating the activity of
certain cells, be it through the spread of an electrical current, as in electrical synapses (Connors
and Long, 2004), or the diffusion of second messengers, as in calcium waves (Weissman et al.,
2004).

Although dye-coupling studies failed to observe the diffusion of Lucifer Yellow or Alexa
488 between neighboring supporting cells, the use of 18B-glycyrrhetinic acid, a gap junction
blocker (Davidson and Baumgarten, 1988)., drastically decreased the leak current measured in
supporting cells using whole-cell patch clamp recordings, indicating that these cells are electrically
coupled through gap junctions (Figure 4A-B; Vogalis et al., 2005b). This electrical coupling means
that supporting cells form a syncytium. Depending on the composition of these gap junctions, this
might also allow the diffusion of the second messengers responsible for the calcium waves
observed in supporting cells (Hegg et al., 2009).
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Figure 4. Characterization of the gap-junction
mediated current in supporting cells of the
olfactory epithelium. (Ai) Whole-cell current
recording from a supporting cell perfused with
Ringer’s solution, from a holding potential of -50
mV stimulated with the voltage protocol at the top
panel. The internal solution contained CsF. (Aii)
The pre-treatment of a slice with 183-GA (20 uM)
reduced the current significantly. (B) Average of
the current-voltage relations in untreated cells (o)
(n=10) and in cells treated with 18p3-GA (m) (n=22).
The reversal potential of the current was -12 mV in
both conditions. Adapted from Vogalis et al.,
2005a.
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1.2.1.2. Voltage-gated sodium channels

Supporting cells of the olfactory epithelium express voltage-gated sodium channels. In
whole cell recordings from mouse supporting cells, depolarizing voltage steps from a holding
potential of -109 mV elicited fast-inactivating inward current. Replacement of external sodium by
N-methyl-D-glucamine (NMDG), a bulk cation not permeant through known voltage-gated sodium
channels, ablated the current, showing that this current is mediated by sodium ions (Figure 5A;
Vogalis et al., 2005a).

The application of 1 uM tetrodotoxin (TTX) only decreased the amplitude of the inward
current by 48% indicating that supporting cells of the olfactory epithelium express both TTX
sensitive and insensitive voltage-gated sodium channels (Figure 5B).

A . -39mV -39 mV
-109 mV -109 mV—-
(i) fﬁ
(i)
I
ll
washout ——,|
control ’b
control
Figure 5. Characterization of the 200 -
voltage-gated sodium current in B

supporting cells of the olfactory
epithelium. (Ai) Whole-cell recordings
from a supporting cell in which the
substitution of sodium in the Ringer
solution with NMDG almost completely
abolished the transient inward current.
The internal solution contained CsF.
(Aii) The transient inward current was
partially inhibited (=50%) by 1 uM
tetrodotoxin;  this  inhibition  was
reversible. (B) Current-voltage T T T —
relationship of the average voltage- 100 -80 -60 -40 20 0 20
gated sodium current. Adapted from .

Vogalis et al., 2005a. Test Potential (mV)

Ina (PA)
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1.2.1.3. Voltage-gated potassium channels

Using the whole-cell patch clamp technique, it was determined that supporting cells are
capable of generating a voltage-gated outward rectifying potassium current activated at voltages
more positive than -40 mV. Large conductance potassium (BK) channels sensitive to
tetraethylammonium (TEA) and charybdotoxin mediated more than 70% of this outward current
(Figure 6A). From cell-attached recordings it was determined that these BK channels can be
found in the apical surface of the supporting cells, but no further studies have been conducted on
the identity or compartmentalization of these channels (Figure 6B; Vogalis et al., 2005a).
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attached recording from the apical surface of
a supporting cell, showing spontaneous
activity of  voltage-gated  potassium
channels. (Bii) Expanded cell-attached
recordings showing superimposed unitary
currents taken before (0o1) and during the
peak of the activity burst (01’). Adapted from
Vogalis et al., 2005a.
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1.2.1.4. Action potentials

With the expression of voltage-gated sodium and potassium channels, supporting cells of
the olfactory epithelium possess the molecular machinery for the generation of action potentials.
By using the current clamp technique, it was shown that, at a holding potential of -98 mV,
supporting cells are capable of forming a single action potential (Figure 7A). However, it was also
shown that the resting membrane potential of supporting cells in Ringer’s solution is of -30/-50
mV (Vogalis et al., 2005a), and that it was impossible to induce the action potentials from that
holding voltage (Figure 7B).

20 mV

-50 mV- .

-98 mV +80 pA
| 0 pA

-80 pA_

B -200 pA

Figure 7. Current-clamp recordings in supporting cells of the olfactory epithelium. (A)
Single action potential in a supporting cell in current clamp after depolarization to -60 mV, from
a holding potential of about -98 mV. (B) In the absence of a holding current, the supporting cell
depolarized to -50 mV and was not excitable. Adapted from Vogalis et al., 2005a.

This differences from the holding potential of -98 mV and the resting potential of -30/-50
mV can be explained by the properties of voltage-gated sodium channels. At a resting membrane
potential of -50 mV, the majority of voltage-gated sodium channels are going to be in their
inactivated state, a state in which the channels cannot be activated through depolarization. In

10
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contrast, if a holding potential of -98 mV is induced using the current clamp technique, enough
voltage-gated sodium channels are going to be in their resting state, in which the channels are
also closed but a depolarization will be able to open the channels, allowing for an influx of sodium
ions (Hille, 2001). This influx of sodium ions will further depolarize the membrane, which in return
triggers the opening of the voltage-gated potassium channels, resulting in the action potentials
shown in Figure 7.

Although there was no action potential generated from the resting potential of -50 mV, it
is important to point out that this measurement was made in Ringer’s solution, which is not
necessarily an accurate representation of the ionic conditions that supporting cells are exposed
to in physiological (or pathological) conditions. While the cell soma is immersed in cerebrospinal
fluid (Nagra et al., 2006), which is similar in ionic composition to a Ringer’s solution, the apical
part of the cell is exposed to the olfactory mucus, with a very different ionic composition (Reuter
et al.,, 1998). Table | summarizes the ionic conditions to which supporting cells of the olfactory
epithelium are exposed to, and the equilibrium potentials for various ions calculated with the
Nernst equation. It should be noted that the concentrations of chloride ions are rather similar in
the olfactory mucus (55 mM) and inside the supporting cells (38 mM) producing an equilibrium
potential for CI" of -14.5 mV. Taking into account that the resting membrane potential of the
supporting cells has been estimated to be in the range between -50 mV and -30 mV (Vogalis et
al., 2005a) the calculated electrochemical driving force for CI* ranges between -35.5 and
-15.5 mV. Thus, the opening of a chloride conductance at the surface of the epithelium causes
an efflux of chloride.

11
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[lOn] ENernst ENernst
_ [lon] Surface of Soma of
lon [(I;rl‘\}l')" Or:zitl?sry Cerebrospinal | olfactory | supporting

(mM) fluid (mM) epithelium cells

(mV) (mV)
Sodium 28 55 151 18 45

Potassium 147 69 3 -20.2 -104
Chloride 38 55 133 -14.5 -38

Table | Comparison of resting electrochemical gradients at the apical end and around the
soma of supporting cells. The ionic concentrations in rat olfactory mucus and inside the
supporting cells were measured by energy-dispersive X-ray microanalysis (Reuter et al., 1998).
The data about the cerebrospinal fluid was obtained by Brown et al., 2004. The Nernst potential

was calculated using the equation: Eyernst = BT 1nL2%Mout \yhere R is the gas constant, T is

zF [Ton];,
absolute temperature, z is the ion valence, and F is the Faraday constant.

1.2.2. Calcium signaling

Calcium signaling in glial cells mainly occurs in two forms: calcium waves, in which
elevations in calcium concentration propagate between cells, and calcium oscillations, repetitive
elevations in intracellular calcium confined to a single cell (Scemes and Giaume, 2006). Both
spontaneous calcium waves and evoked calcium oscillations have been observed in the
supporting cells of the olfactory epithelium (Hegg et al., 2009).

Supporting cells of the mouse olfactory epithelium express P2Y: receptors and the Ms
muscarinic acetylcholine receptors (MsAchR) (Figure 8). The expression of My muscarinic
acetylcholine receptors (MiAchR) is confined to the supporting cells located laterally in the
olfactory epithelium (Figure 9; Ogura et al., 2011).

12
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SCbodies

Figure 8. Strong immunoreactivity of muscarinic acetylcholine Ms receptor in supporting
cells of the olfactory epithelium. (A) Low-magnification confocal image from an olfactory
epithelium section from a mouse expressing ChAT(BAC)-eGFP (green), a marker for
cholinergic cells, showing strong immunoreactivity for Ms receptor (red) in the cell bodies of
supporting cells (SC). (B) Confocal image from an olfactory epithelium section of a Ms receptor
knockout mouse, showing absence of Ms immunoreactivity. Sections in A and B were
processed for immunoreaction and imaging under the same conditions. (C) High-magnification
image showing strong immunoreactivity for Ms receptor (red) in the supporting cells of the
olfactory epithelium of a ChAT(BAC)-eGFP mouse. The cilia of olfactory sensory neurons are
marked by anti-acetylated tubulin (blue, indicated with an arrow). Scale: A and B 100 um, C 20
um. Adapted from Ogura et al., 2011.

13
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— Lateral

Figure 9. Immunoreactivity
of muscarinic acetylcholine
receptor type 1, M;AchR, in
the olfactory epithelium. (A)
Low-magnification  confocal
image from a coronal section
of the olfactory epithelium
from a TRPM5-GFP mouse, a
marker of microvillar cells and
a subset of olfactory sensory
neurons. M; receptor
immunoreactivity  (red) s
primarily present in the lateral
region. (B) Confocal image
from a ventrolateral region
showing strong M
immunoreactivity (red) in
supporting cells. (C) A GFP
image overlaid onto B shows
that TRPM5-GFP signal and
My receptor immunoreactivity
do not co-localize. Scale: A
200 ym, B and C 20 pm.
Adapted from Ogura et al.,
2011.

The receptors P2Y»>, MsAchR and MiAchR are coupled to the Gq protein, which activates

phospholipase C, leading to the production of the second messengers inositol-3-phosphate (IP3)

and diacyl glycerol (Hegg et al., 2009).

Acetylcholine is produced in the olfactory epithelium by the microvillar cells and the

trigeminal nerve (Getchell et al., 1988; Ogura et al., 2011). The release of acetylcholine is thought

to arise as a response to xenobiotic detection (Lucero, 2013).

ATP is an agonist of P2Y> receptors and it is released in several tissues under a variety

of conditions including mechanical stimulation, hypoxia, acidosis, osmotic shock and fluid sheer

stress (Bodin and Burnstock, 2001).

In the olfactory epithelium, there is also a constitutive ATP release that involves a

combination of vesicular release, ABC transporters and pannexin hemichannels, although the

14
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cells of origin are still unknown. The release of ATP in the olfactory epithelium is also inducible
by purinergic signaling through the activation of P2X receptors (Hayoz et al., 2012), creating a
positive feedback mechanism, since these receptors are also activated by the binding of ATP.
The ATP released through the activation of P2X receptors most probably originates from olfactory
sensory neurons, since only olfactory sensory neurons express P2X receptors in the olfactory
epithelium, whereas both supporting cells and olfactory sensory neurons express P2Y receptors
(Figure 10; Hegg et al., 2003).

o-OMP-Red o-OMP-Red
o~P2X1-Green o~-P2Y2-Green

Figure 10. Expression of purinergic receptors in the olfactory epithelium. (A) Mouse
olfactory epithelium showing punctuate P2X; labelling (green) in OMP labeled (red) olfactory
sensory neurons. (B) Expression of P2Y: (green) in the olfactory epithelium, with expression in
supporting cells (hollow arrows), olfactory sensory neurons (filled arrows) labelled with an
antibody for OMP (red), and Bowman'’s gland (*). Scale bars 20 um. Abbreviations: BC, basal
cells; BG, Bowman’s Gland; C, cribriform plate; NB, nerve bundle; NL, nerve layer; OMP, olfactory
marker protein; ORN, olfactory sensory neurons; SC, supporting cells. Adapted from Hegg et al.,
2008.
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Hegg et al. (2009) showed that supporting cells of the olfactory epithelium of mice are
responsive to UTP even in the absence of extracellular calcium, but not when intracellular stores
of calcium are depleted, indicating that calcium transients are caused by release from intracellular
stores. Furthermore, the inhibition of the phospholipase C attenuated the intracellular calcium
increase induced by UTP, as did the inhibition of IP3 receptors and ryanodine receptors (Hegg et
al., 2009). These results indicated that the supporting cell calcium response to ATP is not only
dependent on intracellular stores, but also that the release of calcium from those stores is
mediated by IPs and ryanodine receptors through the activation of the phospholipase C pathway
(Figure 11; Hegg et al., 2009).

Figure 11. Schematic representation of the signaling pathways leading to calcium release
from intracellular stores in supporting cells of the olfactory epithelium. Activation of G-
coupled proteins (GPCR) leads to the activation of phospholipase C (PLC) and production of
diacylglycerol (DAG) and inositol-3-phosphate (IPs), which binds to IPsreceptors with subsequent
release of calcium from intracellular stores in the endoplasmic reticulum (ER). The increase in
cytosolic calcium leads to the activation of ryanodine receptors (RyRs) that release more calcium
from the ER. Abbreviations: Ach, acetylcholine; ATPase, calcium ATPase; G, G-protein; PIP,
phosphoinositol 2-phosphate. Adapted from Hegg et al., 2009.

16
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1.2.3. Expression of the calcium-activated chloride channel TMEM16A in
supporting cells

Supporting cells of the olfactory epithelium express the calcium-activated chloride channel
TMEM16A, whereas they do not express TMEM16B which is present in olfactory sensory neurons
(Dauner et al., 2012; Maurya and Menini, 2014). TMEM16A and 16B belong to the TMEM16
protein family, which has 10 members in total, labeled with letters from A to K. In particular,
TMEM16A and 16B are known to mediate voltage-regulated calcium activated anion currents
(Pedemonte and Galietta, 2014). There are multiple isoforms of TMEM16A (Ferrera et al., 2009)
and 16B (Ponissery Saidu et al., 2013) generated by alternative splicing.

TMEM16A is expressed in many tissues, including cells of salivary and pancreatic glands,
airway epithelial cells, airway and vascular smooth muscle cells, interstitial cells of Cajal (Huang
et al., 2009), sensory neurons in the dorsal root ganglia (Liu et al., 2010), supporting cells of the
olfactory epithelium (Maurya and Menini, 2014), and vomeronasal sensory neurons (Dibattista et
al., 2012).

This channel is known to play an important role in many physiological functions including
epithelial secretion, neuronal excitability and smooth muscle contraction. TMEM16A has also
been implicated in many diseases such as cancer (Wang et al., 2017), hypertension (Wang et al.,
2015), gastrointestinal motility disorders (Mazzone et al., 2011), and cystic fibrosis (Benedetto et
al., 2017; Sondo et al., 2014).

In the olfactory epithelium, supporting cells expressing TMEM16A are mainly located
laterally, in the transition zone between the olfactory epithelium and the respiratory epithelium
(Figure 12; Maurya and Menini, 2014).
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Figure 12. TMEM16A expression in supporting cells of the olfactory epithelium. (A)
Confocal image of a coronal slice of the nasal cavity, immunoreactivity for TMEM16A (red) and
TMEM16B (green) in the olfactory epithelium. TMEM16B is a protein expressed on the cilia of
olfactory sensory neurons at the apical surface of the olfactory epithelium. (C1) Magnification of
the dorsal region of the olfactory epithelium seen in (A), without TMEM16A immunoreactivity. (C2)
Magnification of the lateral region of the olfactory epithelium with TMEM16A expression at the
apical surface. Adapted from Maurya and Menini, 2014.

At embryonic day 12.5, the expression of TMEM16A can already be found along the whole
apical surface of the developing olfactory epithelium, but at embryonic day 16.5 its expression in
the olfactory epithelium becomes restricted mainly to the transition zone between the olfactory
epithelium and the respiratory epithelium, similarly to what is observed postnatally (Maurya and
Menini, 2014). The specific expression of TMEM16A in the microvilli of supporting cells of the
olfactory epithelium becomes more evident analyzing the tissue during the early embryonic stages
because the apical surface of the supporting cells is easily distinguishable from that of olfactory
sensory neurons. Indeed, the number of mature olfactory sensory neurons and the length of their
cilia, which will eventually cover the microvilli of the supporting cells, increase during development
(Figure 13).
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Figure 13. Expression of TMEM16A in the
B microvilli of supporting cells of the olfactory
epithelium during the development. (A) Confocal
images of a lateral olfactory epithelium of OMP-GFP
mice at embryonic days 14.5, 16.5 and 18.5, in
which GFP (green) is expressed under the promoter
for olfactory marker protein (OMP), making it
selectively expressed in mature olfactory sensory
neurons, and immunoreactivity of an antibody
against TMEM16A (red). (B) Confocal image of the
lateral olfactory epithelium of a wild-type mouse at
the postnatal day 2, with an antibodies against OMP
(green), labelling mature olfactory sensory neurons,
and TMEM16A (red). TMEM16A is expressed
apically but it does not co-localize neither with OMP,
with GFP under the OMP promoter, showing that it
is not expressed in mature olfactory sensory
neurons. Adapted from Maurya and Menini, 2014.

10um

By immunostaining of both TMEM16A and ezrin, a marker of the microvilli of supporting
cells, it was confirmed that TMEM16A is expressed in the apical surface of the supporting cells,
but more specifically, it is expressed at the proximal base of the microvilli (Figure 14).
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Figure 14. Expression of TMEM16A and
ezrin in a region of the olfactory
epithelium next to the transition zone
with the respiratory epithelium Confocal
images of coronal sections of the olfactory
epithelium at of a mouse at postnatal day 60,
with an antibody for ezrin (green) marking
the supporting cell microvilli and an antibody
for TMEM16A (red), showing that while
TMEM16A is mainly expressed in apical
membrane of the supporting cells in the
proximal part of the microvilli. Adapted from
Maurya and Menini, 2014.

1.2.4. Physiological functions
1.2.4.1. Xenobiotic metabolism

Supporting cells express several cytochrome P450 enzymes (CYPs), similarly to hepatic
cells (Guengerich, 1999). Therefore, they are capable of metabolizing a variety of small and large
molecules, both endogenous — such as hormones, lipids and vitamins - and exogenous - such as
pharmaceutical drugs, odorants, toxicants and toxins, also called xenobiotics (Rendic and Di
Carlo, 1997).

Depending on the properties of the molecules entering the nasal cavity, the activity of the
CYPs expressed in the supporting cells can have both an adverse effect and a protective role.
For example, the damage caused by the toxicity of acetaminophen was mitigated in mice knock-
out mice for CYP2G1, a CYP specifically expressed in supporting cells. The absence of this
protein lead to a reduced lesioning of the lateral nasal gland caused by acetaminophen, and,
paradoxically, CYP2G1 is not even expressed in the lateral nasal gland. Although the precise
reason for this acquired resistance to acetaminophen toxicity by CYP2G1 knock-out mice models
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is unknown, it has been proposed that CYP2G1 is transforming steroid hormones or other
molecules in the olfactory epithelium and the products of the reaction are diffusing to the lateral
nasal gland, affecting gene expression locally (Zhuo et al., 2004).

1.2.4.2. Odorant transformation

Supporting cells seem to be involved also in odorant transformation. For example, the
electro-olfactogram (EOG) response amplitude to quinoline and coumarin is increased by
application of 1-Aminobenzotriazole (ABT) that inhibits the CYPs, which are mainly expressed in
the supporting cells and in the duct cells of the Bowman’s gland. This is the results of a bigger
response of olfactory sensory neurons to quinolone and coumarin than to their derivatives
resulting from CYP transformation (Thiebaud et al., 2013). Similar results were obtained
investigating the response of the odorant receptor MOR161-2 to acetophenone. CYP1a2 was
able to convert acetophenone in methyl salicylate, a more potent agonist of MOR161-2. Moreover
blocking of CYPs with ABT or the removal of olfactory mucus decrease the number of MOR161-
2-expressing OSNs that respond to acetophenone (Asakawa et al., 2017). It has not been tested
yet if CYP proteins are able to modulate the olfactory response to other odorants, but, given the
low selectivity of CYPs, it is probable that there are other odorant molecules that can be
transformed by these proteins possibly generating odorants with different properties.

Odor transformation could be also mediated by other enzymatic activities. Indeed,
Nagashima and Touhara (2010) found that mouse olfactory mucus a carboxyl esterase activity
able to convert aliphatic and aromatic aldehyde and ester to alcohol. Pharmacological blockage
of carboxyl esterase with bis(p-nitrophenyl)phosphate (BNNP) changes the pattern of glomeruli
activation in olfactory bulb indicating upon stimulation with acetyl isoeugenol indicating that odor
transformation occurs also in vivo (Nagashima and Touhara, 2010).

1.2.4.3. Phagocytosis of dead olfactory sensory neurons

Olfactory sensory neurons are continuously replaced in the olfactory epithelium by the
differentiation of GBCs (Weiler and Farbman, 1997), and therefore old olfactory neurons and
cellular debris need to be disposed of. Both macrophages and supporting cells have shown the
ability to phagocyte dead olfactory sensory neurons after bulbectomy (Suzuki et al., 1996).
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1.2.4.4. Potassium spatial buffering

Ever since it was shown that action potentials are coupled to an efflux of potassium,
scientists have been trying to determine the mechanisms for removal of excess potassium
between neighboring neurons (Coles and Orkand, 1983; Hertz, 1965; Hodgkin and Huxley, 1952;
Orkand et al., 1966). An effective electrical insulation is needed in order to prevent interference
in neuronal signaling. The buildup of extracellular potassium in the central nervous system has
been linked with pathologies like epilepsy and with cortical spreading depression, which is
associated with migraine (Bellot-Saez et al., 2017; David et al., 2009; Scholl et al., 2009; Somjen,
2002).

Mice knock-outs for aquaporin 4 have been shown to decrease potassium uptake in
astrocytes of the central nervous system. The proposed mechanism is that potassium uptake is
coupled to an increase in osmotic pressure, effectively requiring water uptake and cell volume
increase in order for the cell to reach maximum buffering activity (Strohschein et al., 2011). It is
possible that a similar mechanism occurs also in supporting cells, as the knockout for aquaporin
4 leads to a decrease in olfactory function (Lu et al., 2008).

It is still unknown if the BK channels identified in supporting cells are involved in this
mechanism of potassium spatial buffering (Vogalis et al., 2005a).

1.2.4.5. Mucus ionic regulation

Supporting cells have been shown to express TMEM16A, a calcium-activated chloride
channel (Maurya and Menini, 2014) and the epithelial sodium channel (ENaC) (Menco et al.,
1998).

While studies about mucus ionic regulation by supporting cells are lacking, such studies
have been conducted using airway epithelia which, like supporting cells, express both TMEM16A
and ENaC. By using an Ussing chamber on the airway epithelium taken from wild-type and
TMEM16A knock-out mice, it was possible to determine that the absence of TMEM16A leads to
a reduction of the transepithelial current induced by UTP, which suggests that the opening of
TMEM16A channels can be triggered by the activation of P2Y receptors in this tissue (Rock et
al., 2009). Unfortunately, these experiments could only be performed in neonatal mice because
the knock-out of TMEM16A is fatal in mice, as 90% of knock-out newborn mice die before day 9.
The explanation proposed for this early death is a combination of tracheal collapse, due to
malformed cartilage tracheal rings, and mucus-mediated adhesion of opposing tracheal walls,
which eventually results in asphyxia (Rock et al., 2009).
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TMEM16A also interacts with mucus production due to its modulatory effect on mucin
release. Mucin is a main component of mucus and has the property of forming gels, in fact the
concentration of mucin in the mucus determines its viscosity. TMEM16A modulates the release
of mucin in normal human bronchial epithelial cells previously treated with interleukin-3. ATP
stimulation of these cells is able to induce the release of mucin by these cells, but the use of
TMEM16A blockers ablates this effect (Zhang et al., 2015). We can speculate that the expression
of TMEM16A may have a similar role in other tissues, including the olfactory epithelium.

1.3. Supporting cells of the vomeronasal organ

1.3.1. Biophysical Properties

The biophysical properties of supporting cells of the mouse VNO have been extensively
investigated by Ghiaroni et al. (2003). Isolated VNO supporting cells have a depolarized resting
membrane potential of about -29 mV and a membrane resistance of 1.7 + 0.2 GQ (Ghiaroni et
al., 2003). The cell capacitance was 9.2 + 0.6 pF, lower than the capacitance value of 18.6 + 0.5
pF of supporting cells of the olfactory epithelium (Vogalis et al., 2005a), but higher than the value
5.1 £ 0.4 pF in vomeronasal neurons (Ghiaroni et al., 2003). These cells express both voltage-
gated sodium and potassium channels.

Voltage-gated potassium currents of the VNO supporting cells, in contrast to the voltage-
gated potassium currents of the neighboring vomeronasal neurons, are almost completely
abolished in the presence of TEA at a concentration of 10 mM. The ICs, for blockage by TEA of
these currents is 0.35 mM in supporting cells and 3.39 mM in neurons. This current is also almost
completely unaffected by the common voltage-gated potassium channel blocker 4-aminopyridine
(4-AP) at a concentration of 2 mM (Figure 15; Ghiaroni et al., 2003).
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Figure 15. Characterization of voltage-gated potassium currents in supporting cells of the
VNO. Whole-cell patch clamp recordings from isolated supporting cells were obtained with a
series of depolarizing pulses between -74 mV and +106 mV, with 10 mV increments, from a
holding potential of -84 mV. (Ai) Recording in Tyrode (control) external solution. (Aii) Same cell in
the presence of TEA, which ablated the outward current. (B) Dose-response curves for the effect
of TEA on supporting cells (o) and vomeronasal sensory neurons (o). (C) Comparison of the
effect of 2 mM TEA and 2 mM 4-AP on the outward potassium current in supporting cells and in
vomeronasal sensory neurons. Abbreviations: 4-AP, 4-aminopyridine; TEA, tetraethylammonium.
Adapted from Ghiaroni et al., 2003.

The amplitude of the voltage-gated sodium currents depended on the holding potential
preceding the step depolarization, with currents observable from holding potentials lower than
- 85 mV (Figure 16). This suggests that a high proportion of sodium channels are inactivated at
more positive holding potentials.
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These voltage-gated sodium currents were almost completely abolished in the presence
of 10 uM of TTX, with an 1Cs for this drug of 0.48 uM.
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Figure 16. Voltage-gated sodium currents in supporting cells of the VNO. Whole-cell patch
clamp recordings were obtained with a series of depolarizing voltage pulses in 10 mV increments
from different holding potentials (Vh). When the holding potential was more negative than -84 mV,
an inward current (arrows) was visible. (B) Current-voltage relationship of the inward current
measured in A. (C) Dose-response curve of the percentage inhibition by TTX of the maximal
inward current for supporting cells (o) and vomeronasal sensory neurons (o). Adapted from
Ghiaroni et al., 2003.
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1.3.2. Calcium Signaling

Up to now, intracellular calcium dynamics studies in supporting cells of the VNO have
been conducted using the fluorescence calcium imaging technique only on VNOs from frogs
Xenopus laevis (Dittrich et al., 2014).

It was determined that VNO supporting cells of frogs Xenopus laevis respond to the
stimulation by ATP with an increase of intracellular calcium. These cells were responsive to UTP,
an agonist of P2Y>and P2Y4receptors. VNO supporting cells were not responsive to other P2Y or
P2oX receptor agonist tested including ADP, adenosine, 2-MeSATP, 2-MeSADP, BzATP, UDP,
a,B-MeATP and B,y-MeATP, which represents a screening for most purinergic receptors. The
response to UTP but not to other purinergic receptor agonists indicates that the response to ATP
is mostly due to the activation of P2Y> and/or P2Y, receptors.

The involvement of ionotropic purinergic receptors, P2X, was excluded due to the fact that
ATP-induced calcium transients are dependent on intracellular stores. The depletion of
intracellular stores by the calcium ATPase blocker cyclopiazonic acid (CPA), completely ablated
the response of the supporting cells to ATP (Figure 17).

In mice, the release of ATP in VNO can be triggered through mechanical stimulation, but
this mechanically induced ATP release in completely ablated in the presence of 5 mM
carbonexolone, a blocker of pannexin channels and gap junctions (Vick and Delay, 2012). It
unknown which vomeronasal cell is responsible for this mechanically induced ATP release.

In rats, the expression of purinergic receptors was studied using immunohistochemistry.
The expression of the purinergic ionotropic receptor P2Xs was found in vomeronasal neurons, but
not supporting cells of the VNO. The expression of the metabotropic purinergic receptor P2Y;was
particularly strong at the apical surface of the epithelium but still extended back through the rest
of the epithelium, this expression pattern did not allow for the distinction between expression in
vomeronasal neurons or supporting cells. Sparse cells within the VNO showed positive staining
for the metabotropic purinergic receptor P2Y» (Gayle and Burnstock, 2005).
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Figure 17. Supporting cells of the VNO of Xenopus laevis respond to ATP through the
recruitment of intracellular stores of calcium. (A) Acute VNO slice with vomeronasal neurons
stained with micro-Ruby (red, backfilled through the olfactory nerve) and Fluo-4 loaded cells
(green). (B) Cells of the supporting cell layer (SCL) responding to the perfusion of ATP with a
transient increase in intracellular calcium. ATP-induced calcium increases of supporting cells (Ci)
in the absence of extracellular calcium, or (Cii) in the presence of CPA, a blocker of calcium
ATPases, which depletes intracellular calcium stores. Abbreviations: BCL, basal cells layer; CPA,
cyclopiazonic acid; SCL, supporting cell layer; VRNL, vomeronasal receptor neuron layer.
Adapted from Dittrich et al., 2014.
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1.3.3. Physiological Functions

Supporting cells of the VNO, unlike supporting cells of the olfactory epithelium, lack the
expression of aguaporin 4 (Ablimit et al., 2006) and TMEM16A (Amjad et al., 2015), thought to be
involved in potassium spatial buffering and mucus ionic regulation, respectively. They do express
voltage-gated potassium channels, but potassium spatial buffering capacity is limited if not
coupled to a water influx (Amiry-Moghaddam et al., 2003).

Supporting cells of the VNO express metabotropic purinergic receptors that lead to
intracellular calcium increase, but it is currently unknown how they use this signaling cascade
(Dittrich et al., 2014).

An interesting physiological role for supporting cells of the VNO has been proposed by
Matsuoka et al. (2000). They conducted experiments in adult rats to investigate the VNO cell
turnover by cutting the nerve fibers connecting the VNO to the bulb. Vomeronasal sensory
neurons degenerated, while the number of supporting cells did not change. Moreover, supporting
cells were shown to have a decisive role in mitigating degeneration of the VNO by expanding their
cellular membrane exposed to the apical surface of the tissue. It was then proposed that a
physiological role of VNO supporting cell is the maintenance of the luminal integrity of the tissue
during regeneration of vomeronasal neurons (Matsuoka et al., 2000).
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Aims

Determine the role of TMEM16A on the development of the olfactory epithelium;

Measure and characterize the calcium-activated chloride currents in supporting cells of
the olfactory epithelium;

Determine the mechanisms of regulation of calcium signaling in supporting cells of the
vomeronasal organ.
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3. Results

3.1. Development of the olfactory epithelium and nasal glands
in TMEM16A"- and TMEM16B+* mice
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Abstract

TMEM16A/ANO1 is a calcium-activated chloride channel expressed in several types of epi-
thelia and involved in various physiological processes, including proliferation and develop-
ment. During mouse embryonic development, the expression of TMEM16A in the olfactory
epithelium is dynamic. TMEM16A is expressed at the apical surface of the entire olfactory
epithelium at embryonic day E12.5 while from E16.5 its expression is restricted to a region
near the transition zone with the respiratory epithelium. To investigate whether TMEM16A
plays a role in the development of the mouse olfactory epithelium, we obtained the first
immunohistochemistry study comparing the morphological properties of the olfactory epi-
thelium and nasal glands in TMEM18A™ and TMEM16A*"* littermate mice. A comparison
between the expression of the olfactory marker protein and adenylyl cyclase Ill shows that
genetic ablation of TMEM16A did not seem to affect the maturation of olfactory sensory
neurons and their ciliary layer. As TMEM16A is expressed at the apical part of supporting
cells and in their microvilli, we used ezrin and cytokeratin 8 as markers of microvilli and cell
body of supporting cells, respectively, and found that morphology and development of sup-
porting cells were similarin TMEM16A” and TMEM16A*" littermate mice. The average
number of supporting cells, olfactory sensory neurons, horizontal and globose basal cells
were not significantly different in the two types of mice. Moreover, we also observed that the
morphology of Bowman'’s glands, nasal septal glands and lateral nasal glands did not

change in the absence of TMEM16A. Our results indicate that the development of mouse ol-

factory epithelium and nasal glands does not seem to be affected by the genetic ablation of
TMEM16A.

PLOS ONE | DOI:10.1371/journal.pone.0129171
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Introduction

TMEMI16A/ANO1, a member of the family of transmembrane proteins with unknown func-
tion 16 [1,2], has been recently identified as a calcium-activated chloride channel [3-5].
TMEMI16A is expressed in several types of cells of secretory epithelia, smooth muscle cells [6-
8], as well as in cells of sensory systems: cochlea [9-10], retina [11-13], nociceptive neurons
[14-15], vomeronasal sensory epithelium [11,16-17], and olfactory epithelium [11,16,18].
TMEMI6A is involved in several types of physiological processes [6-7] including proliferation
and development.

A role of TMEMI16A in proliferation had been already suggested before its identification
as a calcium-activated chloride channel. Indeed, TMEM16A was reported to be overex-
pressed in some malignant tumors and was known by different names, such as DOG1 (Dis-
covered On Gastrointestinal stromal tumor protein 1 [19-20]), TAOS2 (Tumor Amplified
and Overexpressed Sequence 2 [21]) overexpressed in oral squamous cell carcinomas, and
ORAOV?2 (Oral Cancer Overexpressed 2 [22]) overexpressed in oral and esophageal squa-
mous cell carcinomas. In addition to a potential role for TMEM16A in proliferation, sug-
gested by the overexpression of this channel in some tumors, TMEM16A has also been
shown to be a regulator of cell proliferation in healthy cells. Indeed, Stanich et al [23] showed
that TMEM16A regulates proliferation of interstitial cells of Cajal at the G,/S transition of
the cell cycle.

Some studies also indicated a possible role of TMEM16A in the development of the trachea
[24] and the cochlea [10]. Rock et al [24] showed that TMEM16A is expressed in the epitheli-
um of the developing trachea and in the embryonic tracheal muscle of mice. Furthermore, the
same authors produced knockout mice for TMEM16A and showed that these mice have alter-
ations in the formation of tracheal cartilage rings and die within one month, possibly because
of tracheomalacia. In addition to providing a mouse model of tracheomalacia, these results
point out to the possible role of TMEMI16A in epithelial and smooth muscle cell organization
in development [24]. Reduced transepithelial current and accumulation of mucus in the tra-
chea of these mice indicate that TMEMI16A also play a role in secretory processes [25,26]. Ad-
ditional alterations caused by TMEM16A loss of function include block of gastrointestinal
peristalsis and reduced nociception [15,27].

Another study [10], suggested that TMEM16A plays a developmental role in the mouse
postnatal developing cochlea. Indeed, these authors showed that supporting cells in the great-
er epithelial ridge of the cochlea exhibited spontaneous calcium-dependent volume changes
that were inhibited by anion channel blockers, indicating that volume changes may be related
to the activity of calcium-activated chloride channels. Moreover, volume changes were corre-
lated with the time course and location of TMEMI16A expression in the cochlea, suggesting
that TMEM16A may be the pacemaker of spontaneous activities in postnatal developing
cochlea.

Based on previous studies showing that TMEM16A plays a role in cell proliferation and in
development [7,10,24] and on our previous observation that at embryonic day E12.5
TMEMI16A immunoreactivity was present at the apical surface of the entire olfactory epitheli-
um, whereas from E16.5 TMEM16A immunoreactivity was restricted to a region near the
transition zone with the respiratory epithelium [18], we investigated whether TMEM16A
plays a role in the development of the olfactory epithelium. For this purpose, we used immu-
nohistochemistry to identify morphological properties of the olfactory epithelium and nasal
glands during mouse embryonic development and at postnatal age in TMEM16A*'* and
TMEMI16A™" mice.
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Materials and Methods
Ethics Statement

All animals were handled in accordance with the Italian Guidelines for the Use of Laboratory
Animals (Decreto Legislativo 27/01/1992, no. 116) and European Union guidelines on animal
research (No. 86/609/EEC). Experimental procedures were notified to and approved by the
Italian Ministry of Health, Directorate General for Animal Health. The work has been per-
formed on the explanted tissues from sacrificed mice and did not require ethical approval, as
stated by the Italian law (decree 116/92). The entire procedure is in accordance with the regula-
tions of the Italian Animal Welfare Act, with the relevant EU legislation and guidelines on the
ethical use of animals and is approved by the local Authority Veterinary Service.

Experiments were performed on TMEM16A™" and TMEM16A*'* littermate mice obtained
by breeding TMEM16A " mice generated by Rock et al. [24]. Male and female mice were put
together for mating in the evening and separated the next morning. If a vaginal plug was ob-
served in the morning, that day was designated as embryonic day 0.5 (E0.5). Once the mouse
was positive for vaginal plug, on the prerequisite embryonic day the mouse was anaesthetized
by CO, inhalation, followed by cervical dislocation. Embryos were removed from the uterus
and decapitated. The head region was further processed for immunohistochemistry. For post-
natal mice, date of birth was defined as postnatal day 0 (P0). Postnatal mice were anaesthetized
by CO; inhalation and decapitated. Nose was separated from the rest of head and further
processed.

Genotyping protocol

To check the genotype of mouse for Tmem16a gene, genotyping for deletion of exon-12 of
Tmem16a and insertion of PGK-neo cassette was done. Genomic DNA was isolated from the
mouse tails by using 5'PRIME Kit (Eppendorf, Milano, Italy), according to manufacturer’s pro-
tocol. PCR was carried out in a total volume of 25 pl under the following conditions for 40 cy-
cles: 94°C for 5 min (for 1 cycle), 94°C for 30 sec, 60°C for 30 sec and 72°C for 30 sec. The final
reaction mixture contained 100 ng of genomic DNA, using Taq Polymerase Master Mix
(VWR, Milano, Italy). Two separate PCRs were required to identify homozygous knockout
mouse: one for the mutant allele (PGK-neo instead of exon-12) and one for the wild type allele.
Wild type allele size was 330 bp and mutant allele was 450 bp. DNA was separated by electro-
phoresis on 1.5% agarose gel with ethidium bromide.

Primers used:

WT (f): 5 —~CCTATGACTGCCAGGGACGCCC—3
WT(rev): 5 ~TGTTCCTGTCCCTGCAATGCGG-3
Mut (f): 5 ~GACGCCCTCCATTGACCC-3'

Mut (rev): 5" ~GCAGTAGAAGGTGGCGCGAAG-3"

Immunohistochemistry

For E12.5 and E14.5 whole head region and for E16.5, E18.5 and P4 dissected out nose was
fixed in 4% paraformaldehyde prepared in 0.01 M phosphate-buffered saline (PBS) for over-
night at 4°C. Tissues with olfactory epithelium were equilibrated at 4°C in 30% (wt/vol) sucrose
until the tissue sank to base in solution for cryoprotection. Then the tissue was embedded in O.
C.T. (Bio-optica, Milano, Italy) and stored at —80°C. Before sectioning on cryostat, O.C.T.
blocks were kept at —20°C for at least 12 hours. With a cryostat, 12-14 pm coronal sections
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were cut and stored (-80°C) for further use. For antigen retrieval, sections were usually treated
with SDS 0.5% (wt/vol) in PBS for 15 min. However, for the following primary antibodies:
cytokeratin 8, sox2, Ki67, and cytokeratin 5, heat-induced antigen retrieval was used. Sections
in 0.01 M citrate buffer (pH 6.0) were heated in a microwave oven for 20 min. After cooling,
sections were rinsed three times in PBS. Sections were incubated in a blocking solution [2%
FBS (vol/vol) and 0.2% (vol/vol) Triton X-100 in PBS] for 90 min, and then with the primary
antibody (diluted in the blocking solution) overnight at 4°C. Sections were then rinsed with
0.1% (vol/vol) Tween 20 in PBS (PBS-T) and incubated with the fluorophore-conjugated sec-
ondary antibody (diluted in PBS-T) for 2 h at room temperature. After washing with PBS-T,
sections were treated with 0.1 pg/ml DAPI for 30 min, washed with PBS-T, and mounted with
Vectashield (Vector Laboratories, Burlingame, CA). Postnatal mice tissues were fixed for 6
hours and processed as described for the embryonic tissues. As far as possible, different embry-
onic and postnatal tissues were processed in parallel at the same time to avoid any discrepan-
cies in results.

For each age, sections were analyzed from at least three mice obtained from at least
two litters.

All chemicals, unless otherwise stated, were purchased from Sigma, Milano, Italy.

The primary antibodies used in this study are listed in Table 1.

Secondary antibodies

The following secondary antibodies obtained from Invitrogen (Eugene, OR, USA), were used:
donkey anti-rabbit Alexa Fluor 488 (1:500; catalog no. A21206), donkey anti-goat Alexa Fluor
594 (1:500; catalog no. A11058), goat anti-rabbit Alexa Fluor 594 (1:500; catalog no. A11037),
goat anti-mouse Alexa Fluor 488 (1:500; catalog no. A11001)

Table 1. Primary antibodies used in this study.

Primary antibody Immunogen Dilution Manufacturer/catalog number/lot
number or clone

Rabbit polyclonal TMEM16A Synthetic peptides corresponding to amino acid residues 424-519, 1:50 Abcam/ab53212/GR71118-3
628-731 and 904-986 of human TMEM16A

Goat polyclonal TMEM16A Synthetic peptide corresponding to amino acid residues 825-875 of 1:50 Santa Cruz Biotech/sc-69343/
human TMEM16A HO0713

Rabbit polyclonal adenylyl Synthetic peptide corresponding to amino acid residues 1125-1144 1:100 Santa Cruz Biotech/sc-588/ K0608

cyclase Il (ACIII) of human ACIII

Goat polyclonal olfactory Purified natural rat OMP 1:1000  Wako Chemicals/ 544-10001/

marker protein (OMP) IUP1001

Mouse monoclonal ezrin Synthetic peptide corresponding to amino acid residues 362-585 of 1:100 Abcam/ab4069/3C12
human ezrin

Rabbit monoclonal cytokeratin  Synthetic peptide corresponding to amino acid residues 300-350 of 1:150 Novus Biologicals/NB110-56919/

8 human cytokeratin 8 EP1628Y

Rabbit polyclonal aquaporin 5 Synthetic peptide corresponding to 17 amino acid sequence in the 1:150 Calbiochem/178615/D00140208
cytoplasmic region of rat aquaporin 5

Goat polyclonal sox2 Synthetic peptide corresponding to amino acid residues 277-293 of 1:50 Santa Cruz Biotech/sc-17320/
human sox2 A1314

Goat polyclonal Ki67 Synthetic peptide mapping near the C-terminus of Ki67 of mouse 1:150 Santa Cruz Biotech/ sc-7846/
origin C2012

Rabbit polyclonal cytokeratin 5  Synthetic peptide sequence derived from the C-terminus of the 1:200 BioLegend/ 905501/ D14FF0122
mouse keratin 5 protein

doi:10.1371/journal.pone.0129171.t001

PLOS ONE | DOI:10.1371/journal.pone.0129171 June 11,2015 4/20

34



O PLOS | one

Results

TMEM16A and Olfactory Epithelium Development

Imaging

Immunoreactivity was usually visualized with a confocal microscope (T'CS SP2; Leica) using
40X/1.25NA or 63X/1.4NA oil immersion objectives. Images were acquired using Leica soft-
ware (at 1,024 x 1,024 pixel resolution). All images were taken as average of z-stacks of 1-2 pm
thickness. Images in Fig 7 were obtained with a Nikon Eclipse 90i microscope using a Plan Apo
VC 60X/1.4NA oil immersion objective. Images were prepared and assembled in Inkscape ver-
sion 0.48.2. Images were not modified other than to level illumination. Only DAPI signals were
enhanced, to show the anatomy of the olfactory epithelium. In any case, data were not altered
because of the above adjustments.

Cell counting

To determine cell density, the number of nuclei in a 150 x 150 um?® area of the olfactory epithe-
lium was counted with image] 1.48v software. As nuclei of the olfactory epithelium have vari-
ous shapes, we counted the cells manually using the cell counter tool of image] 1.48v. Eight
coronal sections of 16 pm thickness were collected from each animal. For E14.5 every fourth
section was collected, while for E16.5, E18.5 and P4 every seventh section was collected. Ap-
proximately 40-47 areas were selected from the septum and turbinates in each animal to count
the cells. Areas were chosen randomly at different epithelial thicknesses. In each group at least
three animals were used.

Number of cells are reported as average + SEM. Statistical significance was determined
using paired or unpaired Student’s ¢-tests and p values <0.05 were considered significant.

Results

Fig 1A shows a schematic diagram of a nose coronal section illustrating the localization of the
olfactory epithelium, respiratory epithelium, and various types of glands. The olfactory epithe-
lium is mainly composed of olfactory sensory neurons, supporting cells, and basal cells, as
schematized in Fig 1B.

In agreement with our previous observations [18], TMEM16A is expressed at E12.5 at the
entire apical surface of the olfactory epithelium (Fig 1C), whereas at P4 it is expressed only in a
region of the olfactory epithelium near the transition zone with the respiratory epithelium [Fig
1(D, D1, D2)]. Moreover, Gritli-Linde et al [28] showed a dynamic expression of Tmem16a
during embryonic development, with the highest expression at E12.5, which greatly decreased
after E18.5. TMEM16A has been shown to be involved in various physiological processes, in-
cluding cell proliferation and development. In the developing olfactory epithelium, mitotic
cells are abundant at the apical surface at E12.5 [29,30], and the majority of mitoses occur in
the apical layer up to about E14, whereas later proliferative activity is transferred to the basal
layer [31,32]. Based on these observations, we investigated the hypothesis that TMEM16A may
play a role in cell proliferation and development of the mouse olfactory epithelium by compar-
ing results obtained with TMEM16A” and TMEM16A*'* littermates.

Expression of ACIIl and OMP in TMEM16A”" and TMEM16A** mice

In a first set of experiments, we investigated the expression of TMEM16A and ACIII, a well-
known ciliary marker protein in olfactory sensory neurons [33-35]. In the olfactory epithelium
of TMEM16A~”" mice, TMEM16A immunoreactivity was absent, thus confirming the loss of
TMEM16A and the specificity of the antibody for this protein, while ACIII was expressed at
the apical surface of the olfactory epithelium (Fig 2).
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Fig 1. Schematic representations and confocal images of nose coronal sections. A: Schematic diagram of a nose coronal section showing the olfactory
epithelium, respiratory epithelium, Bowman's glands, nasal septal glands, and lateral nasal glands. B: The pseudostratified olfactory epithelium is mainly
composed of supporting cells, olfactory sensory neurons and basal cells. Supporting cells have columnar cell bodies, microvilli at the apical side, and reside
in the most apical region of the epithelium. Mature and immature olfactory sensory neurons are bipolar neurons with a single dendritic process projecting
toward the apical surface of the epithelium. In mature olfactory sensory neurons, several cilia protrude from the dendritic knob. Two types of basal cells reside
near the basal lamina: horizontal basal cells (HBCs) that are attached to the basal lamina, and globose basal cells (GBCs) that are located above the HBC
layer. C-D: confocal images of coronal sections of the olfactory epithelium at E12.5 and P4. C: At E12.5, TMEM16A was expressed at the surface of the
entire olfactory epithelium. D: At P4, TMEM16A immunoreactivity was present only in the olfactory regions toward the respiratory epithelium. Arrows in (D)
indicate the transition between olfactory and respiratory epithelium. The apical surface of the olfactory epithelium was well stained by adenylyl cyclase IlI
(ACIII). Higher magnification images taken from the boxed areas are shown in D1 and D2. Cell nuclei were stained by DAPI. Scale bars: C = 50 ym;

D =100 um; D1-D2 =20 pm.

doi:10.1371/journal.pone.0129171.g001

In TMEM16A*"* mice, Fig 1C and 1D and Fig 2 confirm our previous results [18], showing
that TMEM16A was expressed at E12.5 at the apical surface of the entire olfactory epithelium
(Fig 1C), whereas from E16.5 to postnatal age it was expressed only in a region of the olfactory
epithelium near the transition zone with the respiratory epithelium (Fig 1D and Fig 2). Fig 2B
shows that at E14.5 both ACIII and TMEM16A were expressed at the apical surface of the ol-
factory epithelium, with ACIII present in small clusters and TMEM16A expressed in a layer
just below the ACIII clusters (Fig 2B). At subsequent days of development ACIII
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36



Results

o~ @
@ PLOS ‘ ONE TMEM16A and Olfactory Epithelium Development

TMEM16A™ TMEM16AH*

ACIII

Fig 2. Expression of TMEM16A and ACIIl in the olfactory epithelium of TMEM16A™" and TMEM16A**
littermate mice. Confocal images of coronal sections of the olfactory epithelium from a region near the
transition zone with the respiratory epithelium at E14.5, E16.5, E18.5 and P4. A, C, E, G: No
immunoreactivity to TMEM16A was detectable in TMEM16A™ mice (goat anti-TMEM16A). B, D, F, H:
TMEM16A expression in TMEM16A** mice was below adenylyl cyclase Il (ACIII) expression and did not
overlap with ACIIl. TMEM16A immunostaining is discontinuous because of interruption by dendritic knobs of
olfactory sensory neurons. Expression of ACIII was similar in both types of mice. Images are averages of z-
stacks of ~1.0 ym thickness. Cell nuclei were stained by DAPI. Scale bars =5 pm.

doi:10.1371/journal.pone.0129171.g002

immunoreactivity increased and at P4 the two antibodies stained distinct layers at the apical
surface without any overlap (Fig 2H).

The expression of ACIII in TMEM16A”" and TMEM16A™* littermates between E14.5 and
P4 appears to be largely similar (Fig 2A-2H). As ACIII is expressed in the cilia of olfactory sen-
sory neurons, genetic ablation of TMEMI16A does not seem to cause any large change in the
development of the ciliary layer in the olfactory epithelium.

To further evaluate whether TMEM16A has an influence on the maturation of olfactory
sensory neurons during development, we used the olfactory marker protein (OMP) as the typi-
cal marker for mature olfactory sensory neurons [36]. A small number of OMP immunoposi-
tive neurons were present at E14.5 both in TMEM16A ™~ and TMEM16A*"* embryos (Fig 3A
and 3B). With development, the density of mature neurons increased and firmly packed OMP
positive neurons were present at postnatal stage in both types of mice (Fig 3A-3H).

PLOS ONE | DOI:10.1371/journal.pone.0129171 June 11,2015 7/20
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Fig 3. Olfactory sensory neurons in the developing olfactory epithelium of TMEM16A™ and
TMEM16A*"* mice. Mature olfactory sensory neurons express the olfactory marker protein (OMP). Confocal
images of coronal sections of the olfactory epithelium at E14.5, E16.5, E18.5 and P4 from TM EM16A™ (A, C,
E, G) or TMEM16A** (B, D, F, H) mice. In both mice, at E14.5 a limited number of mature neurons was
present (A, B), but the number progressively increased from E16.5 to P4 (C-H). ACIII signals were seen in
the cilia protruding from the dendritic knob of mature olfactory sensory neurons (A-H). Mature neurons
expressing OMP and cilia marked by ACIIl were similarin TMEM16A™ and TMEM16A™"* littermates. Images
are averages of z-stacks of ~1.5 pm thickness. Cell nuclei were stained by DAPI. Scale bars =5 pm.

doi:10.1371/journal.pone.0129171.g003

These results indicate that genetic ablation of TMEM16A does not seem to affect the matu-
ration of neurons and cilia in the olfactory epithelium (Figs 2 and 3).

Supporting cells in TMEM16A” and TMEM16A** mice

We have previously reported that TMEMI16A is localized at the apical part of supporting cells
and in their microvilli [18]. Here, we investigated whether TMEMI16A has an influence on the
development of supporting cells. We used cytokeratin 8, ezrin and sox2 as markers for support-
ing cells. Fig 4A shows that cytokeratin 8, a cytoskeleton protein, stained cells with the typical
morphology of supporting cells, characterized by large cell bodies with the shape of an inverted
flask located in the apical region of the epithelium and processes reaching the basal part of the
epithelium, although microvilli at the apical surface were not marked by cytokeratin 8. Further-
more, we performed a double-labeling experiment using OMP (Fig 4B) and found that cytoker-
atin 8 and OMP immunoreactivity did not overlap (Fig 4A-4C), indicating that cytokeratin 8
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ratin 8

Fig 4. Markers for supporting cells. A-C: Cytokeratin 8 marked cells with the typical morphology of
supporting cells. Double staining of cytokeratin 8 with OMP showed no co-localization. D: Microvilli of
supporting cells stained by ezrin were not stained by cytokeratin 8. E: Double staining of cytokeratin 8 with
sox2 shows that sox2 is a nuclear marker for supporting cells whose nuclei are located in the apical region of
the epithelium. Sox2 also stains nuclei of basal cells. Coronal sections of the olfactory epithelium of wild type
mice at P60 (A-C), or P4 (D, E). Images are averages of z-stacks of ~1.5 ym thickness. Cell nuclei were
stained by DAPI. Scale bars: A-C,D=5pm; E=10 um.

doi:10.1371/journal.pone.0129171.9004

does not label olfactory neurons and is a good marker for supporting cells. Fig 4D further con-
firms that cytokeratin 8 immunoreactivity was absent in microvilli, as illustrated by the absence
of overlap with ezrin immunoreactivity. Fig 4E shows that sox2 is a good marker for the nuclei
of supporting cells, although it also stains nuclei of basal cells located near the basal lamina of
the olfactory epithelium, in agreement with previous reports [37-39].

To examine the anatomical organization of supporting cells in TMEM16A ™ and
TMEMI16A*"" littermates, we first stained the olfactory epithelium with cytokeratin 8. Fig 5A-
5D shows large similarities in the organization of supporting cells. Furthermore, a comparison
among microvilli of supporting cells marked by ezrin (Fig 5E-5H) also shows a similarity in
TMEMI16A™ and TMEM16A "™ littermates. Moreover, Fig 5F and 5H confirms our previous
observation that TMEM16A was mainly localized to the proximal part of microvilli of support-
ing cells and to the apical part of supporting cells [18].

PLOS ONE | DOI:10.1371/journal.pone.0129171 June 11,2015 9/20
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Fig 5. Expression of TMEM16A, cytokeratin 8 and ezrin in the olfactory epithelium of TMEM16A ™ and
TMEM16A** littermate mice. Confocal images of coronal sections of the olfactory epithelium from a region
near the transition zone with the respiratory epithelium at E16.5 and P4 from TMEM16A™ (A, C, E, G) or
TMEM16A** (B, D, F, H). No immunoreactivity to TMEM16A was detectable in TMEM16A™ mice. A-D:
Supporting cells marked by cytokeratin 8 were similar in both types of mice. In TMEM16A** mice, TMEM16A
(goat anti-TMEM16A) and cytokeratin 8 immunoreactivity did not overlap (B, D), whereas TMEM16A
expression (rabbit anti-TMEM16A) partially overlapped with ezrin immunopositive signals (F, H). Supporting
cells marked by cytokeratin 8 and microvilli marked by ezrin were similar in both types of mice. Images are
averages of z-stacks of ~1.5 pm thickness. Cell nuclei were stained by DAPI. Scale bars =5 um.

doi:10.1371fjournal.pone.0129171.g005
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TMEM16A™* mice

To obtain a quantitative comparison among various cell types in the olfactory epithelium we
counted supporting cells, neuronal cells, and basal cells in TMEM16A™" and TMEM16A™"*
mice. Moreover, since from E16.5 to postnatal age TMEM16A expression in the olfactory epi-
thelium of TMEM16A™* mice is restricted to a region near the transition zone with the respi-
ratory epithelium, we evaluated whether cell numbers change in different regions by
comparing cell count analysis obtained in regions with and without TMEM16A expression.
Corresponding regions were selected for cell counting in TMEM16A™ mice.

It is well known that sox2 stains both nuclei of supporting and basal cells and that these
cells can be distinguished on the basis of their shape and position in the olfactory epithelium
[37-39], as schematically shown in Fig 1B. To count supporting cells we considered oval-
shaped nuclei stained by sox2 at the apical part of the olfactory epithelium (Fig 4E).

The average number of supporting cells at E14.5 was 45 + 2 in TMEM16A™* mice, not sig-
nificantly different from the value of 48 + 2 in TMEM16A~" mice (p-value > 0.05, Fig 6A). Tt
may be of interest to note that the average number of supporting cells decreased as the age in-
creased, reaching the value of 32 + 2 at E18.5 for both TMEM16A** and TMEM16A™" mice
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Fig 6. Cell densities in the olfactory epithelium of TMEM16A” and TMEM16A*'* littermate mice. Comparison among the average number of supporting
cells and olfactory sensory neurons in the olfactory epithelium of TMEM16A™ and TMEM16A*'* littermate mice. Average number of supporting cells (A, B) or
neuronal cells (C, D) was calculated by counting nuclei in 150 x 150 um? areas from several regions of the olfactory epithelium. B, D: Average number of cells
calculated near the transition zone with the respiratory epithelium (TR), corresponding to TMEM16A expression in TMEM1 6A™* mice, or far from the
transition zone (OE). Counting was done in three different animals for each group and presented as average + SEM.

doi:10.1371/journal.pone.0129171.9008
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(p-value < 0.05, Fig 6A). At every age, the average number of supporting cells was not signifi-
cantly different between TMEM16A*"" and TMEM16A ™" mice (Fig 6A). For ages between
E16.5 and P4, we also compared the average number of supporting cells in regions of the olfac-
tory epithelium near and far from the transition zone with the respiratory epithelium and did
not find a significant difference, as shown in Fig 6B.

To obtain a quantitative estimate of olfactory sensory neurons (both mature and immature),
we counted nuclei that were not stained by sox2 and were located in the middle layer, between
the basal and the apical region of the olfactory epithelium. The average number of olfactory
sensory neurons at E14.5 was 185 + 8 in TMEM16A /" mice, not significantly different from
the value of 170 % 14 in TMEM16A™"~ mice (Fig 6C). At every age, the average number of neu-
rons was not significantly different between TMEM16A** and TMEM16A™" mice (Fig 6C). As
observed for supporting cells for ages between E16.5 and P4, also the average number of olfac-
tory sensory neurons in regions of the olfactory epithelium near and far from the transition
zone with the respiratory epithelium was not significant different, as shown in Fig 6D.

Furthermore, we estimated the number of horizontal and globose basal cells at P4. Horizon-
tal basal cells lie near the basal lamina, while globose basal cells are located above the layer of
horizontal basal cells (Fig 1B). We used cytokeratin 5 to identify horizontal basal cells [40-41],
and Ki67 to stain globose basal cells (Fig 7A-7F). Ki67 is a marker of proliferating cells in all
phases of the proliferating cycle, except for GO, that is often used as a marker for globose basal
cells [42-45].

At P4, the average number of horizontal basal cells was 7 + 1 in TMEM16A™"" mice, not sig-
nificantly different from the value of 8 + 1 in TMEM16A™" mice (Fig 7G). The average number
of globose basal cells was 15 + 1 in TMEM16A™"" mice, not significantly different from the
value of 15 + 2 in TMEM16A™ mice (Fig 7G). Furthermore, we also compared the average
numbers in regions near and far from the transition zone with the respiratory epithelium and
did not find a significant difference, as shown in Fig 7H.

In addition, in agreement with previous studies, we found that very few horizontal basal
cells are immunopositive for proliferating markers in the normal olfactory epithelium [40]. In-
deed, out of 2787 cells stained by cytokeratin 5 in TMEM16A** and TMEM16A ™" mice we
found only 16 cells (0.006%) co-stained by Ki67.

Taken together, these results indicate that genetic ablation of TMEM16A does not signifi-
cantly affect the average number of olfactory sensory neurons and supporting cells during
mouse embryonic development and at postnatal age. Moreover, the average number of hori-
zontal basal cells and globose basal cells at P4 also remained similar in the presence and in the
absence of TMEM16A.

Bowman and nasal glands in TMEM16A”" and TMEM16A** mice

We investigated the expression of TMEM16A in Bowman’s glands, nasal septal glands, and lat-
eral nasal glands, whose localization is schematically represented in Fig 1 A, and used aquaporin
5 as a marker for these glands [46].

Fig 8A and 8D shows that aquaporin 5 stained the internal wall of the duct of a Bowman’s
gland as well as microvilli of supporting cells. Previous reports showed expression of
TMEMI6A in the duct of Bowman’s glands and in the luminal surface of nasal septal glands
and lateral nasal glands [16]. However, in TMEMI16A*"* mice, we did not find expression of
TMEMI16A in Bowman’s glands, whereas the luminal surface of nasal septal glands and lateral
nasal glands expressed both TMEM16A and aquaporin 5 (Fig 8B and 8C). A comparison with
results from TMEM16A™" mice shows that immunostaining of aquaporin 5 remains un-
changed, whereas TMEM16A immunoreactivity was absent (Fig 8D-8F). The morphology of

PLOS ONE | DOI:10.1371/journal.pone.0129171  June 11,2015 12/20

42



Results

- e
@ ’ PLOS ‘ ONE TMEM16A and Olfactory Epithelium Development

TMEM16A**

TMEM16A™"

G H
w15 15
g
©

™~
E
=2
o 10 10
w
"
o
wn
g s 5
0
©
@)
0 0
GBC HBC GBC HBC

Fig 7. Expression of cytokeratin 5 and Ki67 in the olfactory epithelium of TMEM16A” and TMEM16A** littermate mice. Confocal images of coronal
sections of the olfactory epithelium from a region near the transition zone with the respiratory epithelium at P4 from TMEM16A** (A-C) and TMEM16A™
(D-F) mice. Cell nuclei were stained by DAPI. Scale bars = 10 um. G: Comparison among the average number of horizontal (HBC) and globose (GBC) basal
cells in the olfactory epithelium of TMEM1 BA** and TMEM16A™" littermate mice. Average numbers of HBCs or GBCs were calculated by counting nuclei in
150x 150 |.|rn2 areas from several regions of the olfactory epithelium. H: Average number of cells calculated near the transition zone with the respiratory
epithelium (TR), corresponding to TMEM16A expression in TMEM16A*** mice, or far from the transition zone (OE). Counting was done in three different
animals for each group and presented as average + SEM.

doi:10.1371/journal.pone.0129171.g007
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Fig 8. Expression of TMEM16A in various nasal glands of TMEM16A” and TMEM16A** littermate
mice. Expression of TMEM16A and aquaporin 5 in the Bowman’s gland (BG), nasal septal gland (NSG) and
lateral nasal gland (LNG) of TMEM16A™ and TMEM16A** littermate mice. A, D: aquaporin 5
immunopositive signals were seen in Bowman’s glands in P4 mice. Aquaporin 5 expression in glands and
ducts is clearly visible. TMEM16A immunoreactivity (goat anti-TMEM16A) was not present in Bowman'’s
glands of TMEM16A” nor of TMEM16A*"* littermate mice (A, D). However, aguaporin 5 and TMEM16A were
co-expressed in nasal septal glands (B) and lateral nasal glands (C) of TMEM16A** mice. No
immunoreactivity to TMEM16A was detectable in TMEM16A™ mice (E, F). Glands marked by aquaporin 5
were similar in both types of mice. Images are averages of z-stacks of thickness of ~2.0 pm for A, D, or ~1 ym
for B, C, E, F. Cell nuclei were stained by DAPI. Scale bars = 10 ym.

doi:10.1371/journal.pone.0129171.9008

Bowman’s gland, nasal septal glands and lateral nasal glands remained the same in both types
of mice.

Thus, the absence of TMEM16A does not seem to influence the development of Bowman’s
glands, nasal septal glands and lateral nasal glands.
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Discussion

In this study, we have obtained for the first time immunohistochemistry data comparing mor-
phological and anatomical properties of the olfactory epithelium and of Bowman’s and nasal
glands during mouse embryonic development and at postnatal ages in TMEM16A*"* and
TMEMI16A ™ mice.

Olfactory sensory neurons and supporting cells

As TMEM16A ™ mice die before reaching P30 and 90% of them die before P9, we restricted
our study up to the age of P4. In the first part of this study, we showed that the development
and the morphology of olfactory sensory neurons were similar between TMEM16A** and
TMEM16A™ mice. Interestingly, an in vitro study suggested that TMEM16A is involved in the
early phase of ciliogenesis [47]. In the olfactory epithelium, we did not find expression of
TMEMI6A in the cilia of olfactory sensory neurons [18]. Furthermore, the similar morphology
of cilia and knobs in TMEM16A™* and TMEM16A ™" mice indicates that TMEM16A does not
mediate ciliogenesis in olfactory sensory neurons.

To investigate whether TMEM16A has an influence on the development of supporting cells
we first used cytokeratin 8 as a marker for supporting cells. Cytokeratin 8 or keratin 8 is a sub-
type of keratin intermediate filaments. It is type II (basic) keratin and is found associated with
type I (acidic) cytokeratin 18 and cytokeratin 19 in various epithelial cells [48-50]. We found
that cytokeratin 8 is a selective marker for supporting cells of the olfactory epithelium, indeed
cytokeratin 8 immunostaining revealed cells with the typical morphology of supporting cells
and, in addition, did not overlap with the immunopositive signals of OMP that stains mature
olfactory sensory neurons. As cytokeratin 8 stains the cytoskeleton, its use allows the investiga-
tion of changes in supporting cell cytoskeleton during development. Both cytokeratin 8 and
cytokeratin 18 are the abundant intermediate filament subtypes during mouse embryonic de-
velopment [51]. Using cytokeratin 8 as a marker for supporting cell cytoskeleton, we found
that at E14.5 the cytoskeleton was loosely organized and individual filaments of the cytoskele-
ton could be observed (data not shown). In postnatal mice, cytokeratin 8 immunopositive cyto-
skeletons became densely packed and supporting cells’ nuclei aligned in the top layer of the
olfactory epithelium. Tn TMEM16A*"* mice, TMEM16A expression was observed just above
the cytokeratin 8 immunopositive signals, but we did not found any overlap in their expression
(Fig 5). TMEM16A™" mice were devoid of TMEM16A expression, but cytokeratin 8 expression
pattern remained very similar to that observed in TMEM16A""" littermate mice, indicating
that organization and morphology of supporting cells were not largely affected by the absence
of TMEMI16A.

TMEMI16A has been shown to interact with ezrin in salivary gland epithelial cells [52]. We
confirmed our previous observation that TMEM16A was expressed in the apical part of sup-
porting cells and in their apical microvilli marked by ezrin [18]. Double staining of TMEM16A
with ezrin showed that at E16.5 TMEMI16A and ezrin immunoreactivity largely overlapped,
whereas at later ages TMEM16A was only expressed in the proximal part of microvilli. A very
similar pattern of expression was observed in TMEM16A ™" mice. A comparison between ezrin
expression in microvilli in TMEM16A*"* and TMEM16A ™" littermate mice indicates that mi-
crovilli development did not seem to be largely altered by the absence of TMEMI16A.

It is of interest to note that TMEM16A, ezrin and cytokeratin 8 expressed in supporting
cells, but cytokeratin 8 immunoreactivity did not even partially overlap with TMEM16A or
ezrin immunoreactivity (Fig 4D, and Fig 5A-5D). An explanation for the absence of overlap
between cytokeratin 8 and TMEM16A may arise from the ultrastructural study of the mor-
phology of supporting cells by Frisch [53]. Indeed, Frisch [53] reported that, at the apical part
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of supporting cells, the cytoplasm seems to be strongly gelated and devoid of cellular organelles.
Indeed, we observed a space between ezrin and cytokeratin 8 immunoreactivity (Fig 4D),
which resembles the apical organelle free area described by Frisch [53]. TMEMI16A was ex-
pressed in the free apical region of supporting cells and in the proximal part of microvilli (Fig
5). A similar free space without cellular organelles just below microvilli has also been reported
in intestinal brush border cells [54].

TMEM16A plays a role in cell proliferation in several systems. For example, proliferation of
interstitial cells of Cajal in TMEM16A ™"~ mice has been shown to be severely affected by the ab-
sence of TMEM16A [23]. In addition, TMEMI16A is widely known for its role in carcinogenic
tumor proliferation [19-22,55,56]. Several studies from cancerous cell lines showed that cell
proliferation was severely affected by reducing TMEM16A expression with siRNA or inhibiting
its activity by using TMEM16A blockers [23,57,58], although other studies showed that
TMEMI16A overexpression did not affect proliferation [55,58-60].

In the olfactory epithelium, Gritli-Linde et al [28] showed that Tmen16a expression was
high at E12.5, but greatly decreased after E18.5. We observed TMEM16A expression in sup-
porting cells all over the olfactory epithelium during early stages of development (E12.5 and
E14.5), whereas from E16.5 onward TMEM16A expression became restricted toward the tran-
sition zone between the olfactory and the respiratory epithelium [18]. In the early stages of de-
velopment dividing cells are abundant in the apical part of the olfactory epithelium [31,32] and
TMEMI16A may play a role in cell division. Based on these observations, we counted the num-
ber of supporting cells and of olfactory sensory neurons and found that at E14.5 the average
number of supporting cells was significantly higher than average values at later stages of devel-
opment. However, similar values were estimated in TMEM16A*'* and TMEM16A ™" littermate
mice, indicating that TMEM16A did not play a role in this process.

The average number of olfactory sensory neurons was not significantly different from E14.5
to P4 and between TMEM16A™* and TMEM16A™~ mice. In addition, the average number of
globose basal cells and of horizontal basal cells at P4 remained similar in the two types of mice
indicating that TMEM16A expression does not affect proliferation in the olfactory epithelium.

Bowman’s and nasal glands

TMEMI6A is expressed in various secretory epithelia and glands and regulates anion secretion
[25-27,61-62]. The nasal cavity contains several types of secretory glands, such as Bowman’s
glands, nasal septal glands and lateral nasal glands. The olfactory epithelium is directly exposed
to changes in environment and prone to getting in contact with hazardous chemicals and sti-
muli. The apical part of the olfactory epithelium is always covered with mucus, which continu-
ously eliminates the unwanted molecules from the surface. Mucus is primarily secreted by
Bowman’s gland and supporting cells are involved in mucus secretion and ionic composition
maintenance [53,63].

Aquaporin 5, a water channel, is expressed in Bowman'’s gland and supporting cells” micro-
villi [46,64]. We observed aquaporin 5 expression in the duct cells and secretory acinar cells of
Bowman’s gland both in TMEM16A""" and TMEM16A™ littermate mice (Fig 8). We could
distinguish only a limited number of completely formed Bowman’s glands at E16.5 (data not
shown), while at E18.5 and in postnatal mice, numerous Bowman'’s glands were present. We
did not find TMEM16A expression in Bowman’s glands between E16.5 and P4. However, one
study showed expression of TMEMI16A in Bowman'’s glands in adult mice and rats [16]. As the
majority of TMEM16A™~ mice die by P9, our study was limited to P4, and we cannot exclude
the possibility that TMEM16A is expressed in Bowman’s glands in adult mice. We found that
at P4 nasal septal glands and lateral nasal glands showed a strong TMEM16A immunopositive
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signal. In both types of glands TMEM16A was expressed in the apical region of secretory acinar
cells and in the luminal surface of the glands, where it coexpressed with aquaporin 5 (Fig 8).

In TMEM16A™ mice, aquaporin 5 immunopositive signals were similar to those observed
in TMEM16A** mice showing that the morphology of Bowman’s glands, nasal septal glands
and lateral nasal glands was not largely modified by the absence of TMEM16A.

Conclusions

In conclusion, our data provide the first immunohistochemistry study comparing the develop-
ment of the olfactory epithelium in TMEM16A*'* and TMEM16A ™" littermate mice during
embryonic development. We did not find any significant difference in the olfactory epithelium
up to P4 between the two types of mice, indicating that TMEM16A does not seem to be in-
volved in proliferation and development of the olfactory epithelium. As TMEM16A ™ mice die
soon after birth, preventing functional and behavioral studies in adult mice, the development
and use of conditional knockout mice for TMEM16A will allow planning of additional experi-
ments to improve our present knowledge of the function of TMEM16A in the olfactory system.
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Results

ABSTRACT

Here, we used whole-cell patch-clamp recordings to provide a functional characterization of currents
activated by Ca®" in supporting cells of neonatal mouse olfactory epithelium slices in the absence of
intracellular K*. We decreased the large leak conductance typical of supporting cells by adding the gap
junction blocker 18B-glycyrrhetinic acid. The average current in 1.5 pM Ca®* and symmetrical Cl" was
about 2 nA at +80 mV significantly larger than the value of about 0.5 nA measured in the absence of
Ca**. Ion substitution experiments indicated that, in the presence of intracellular Cs* instead of K*, Ca**
activates mainly anionic currents in these cells. Intracellular Ca** was also increased by ATP stimulation
and outwardly rectifying currents were measured. To determine the contribution of TMEMI16A to the
Ca?*-activated currents we repeated the same experiments using TMEM16A knockout mice. We found
that Ca’'-activated currents were abolished in supporting cells of TMEMI6A knockout mice,
demonstrating that TMEM16A is an essential component of Ca**-activated CI- currents in supporting

cells of the olfactory epithelium.
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INTRODUCTION

The detection of odorant molecules occurs in olfactory sensory neurons located in the olfactory
epithelium. The olfactory epithelium is a pseudostratified epithelium composed of olfactory sensory
neurons, glial-like supporting (or sustentacular) cells, basal cells, and microvillous cells.

Olfactory sensory neurons are bipolar neurons with a single dendrite and several cilia that
protrude at the apical surface into the external environment. A single axon arising from the basal part of
the neuron projects to the olfactory bulb. Cilia are immersed in a protective mucus layer composed of
water, ions, and proteins secreted by Bowman’s glands and supporting cells (Menco and Farbman, 1992;
Menco et al., 1998). Odorant molecules bind to odorant receptors in the cilia and give rise to a
transduction cascade that includes the activation of cyclic-nucleotide gated channels and Ca?**-activated
CI” channels. Recent studies indicated that TMEM16B (also named anoctamin2 or ANO?2) is the cilial
Ca**-activated CI channel, although the physiological role of this channel is still object of debate
(Dibattista et al., 2017).

Supporting cells have columnar cell bodies that form a monolayer at the apical surface of the
olfactory epithelium and basal processes extending to the basal lamina. Several microvilli are present on
the apical side of supporting cells and are immersed in the mucus layer where they intermingle with cilia
of olfactory sensory neurons. Supporting cells perform a large number of functions, some of which
similar to those of glial and others typical of epithelial cells. For example, supporting cells surround and
provide structural support to olfactory sensory neurons, act as phagocytes of dead cells, and are involved
in the metabolism of foreign compounds mediated by cytochrome P450 and other enzymes (Breipohl et
al., 1974; Chen et al., 1992; Gu et al., 1998; Ling et al., 2004; Suzuki et al., 1996; Whitby-Logan et al.,
2004). Supporting cells may also be involved in the regulation of the ionic composition of the mucus
layer at the apical surface of the olfactory epithelium, contributing to the maintenance of a balance
between salts and water through ion and water channels. The amiloride-sensitive Na* channel (ENaCs)
is highly expressed on microvilli of supporting cells (Menco et al., 1998). In addition, it has been
suggested that the cystic fibrosis transmembrane conductance regulator, CFTR CI" channel and members
of the aquaporin (AQP) water channel family, that are expressed in olfactory non-neuronal cells, are
possibly located in supporting cells, although their localization has not been conclusively demonstrated
(Ablimit et al., 2006; Grubb et al., 2007; Lu et al., 2008; Merigo et al., 2011; Pfister et al., 2015; Rochelle
et al., 2000).

We and others have recently shown that the Ca?*-activated C1" channel TMEM16A (also named
anoctaminl or ANOL1) is expressed at the apical part and in microvilli of olfactory supporting cells from

rats and mice (Dauner et al., 2012; Maurya and Menini, 2014; Maurya et al., 2015). However, to the best
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of our knowledge, measurements of Ca’**-activated CI" currents in olfactory supporting cells have not
been reported yet. The aim of this study was to investigate the presence of functional Ca®*-activated CI
channels in mouse olfactory supporting cells and to identify the molecular identity of the channels. We
performed recordings in whole-cell from mouse supporting cells after blocking gap junctions with 18-
glycyrrhetinic acid (18B-GA) substituting intracellular K* with Cs* to avoid the contribution of Ca**-
activated K* currents. Our results demonstrate the presence of Ca®*-activated CI currents and show that
TMEMI6A is a necessary component for the activation of this current in mouse olfactory supporting

cells.

MATERIALS AND METHODS

Animals

Mice were handled in accordance with the guidelines of the Italian Animal Welfare Act and
European Union guidelines on animal research, under a protocol approved by the ethic committee of
SISSA. Postnatal mice PO-P4 were decapitated before nose removal. Experiments were performed on
tissues from C57BL/6 mice, or from TMEM16A WT and TMEMI16A KO littermate mice obtained by
breeding heterozygous mice generated by Rock et al. (2008).

Immunohistochemistry

Coronal sections of the olfactory epithelium and immunohistochemistry were obtained as
described previously (Maurya and Menini, 2014; Maurya et al., 2015). Briefly whole head region was
fixed in 4% paraformaldehyde phosphate-buffered saline (PBS) four hours at 4C. Tissues were
equilibrated overnight at 4°C in 30% (wt/vol) sucrose and then embedded in OCT (Bio-optica, Milano,
Italy) and stored at —80°C. Coronal sections 12—14 um thick were cut with a cryostat. Before employing
primary antibody, sections were incubated in blocking solution [2% FBS (vol/vol) and 0.2% (vol/vol)
Triton X-100 in PBS] for 90 min. Then incubated with the primary antibody (diluted in the blocking
solution) overnight at 4°C. The following primary antibodies (company, catalog number, dilution) were
used: polyclonal goat anti OMP (Wako Chemicals, 544-10001, 1:1000), Mouse monoclonal acetylated
tubulin (Sigma, T7451, 1:100), Rabbit polyclonal anti TMEM16A (Abcam, ab53212, 1:50). Sections
were then rinsed with 0.1% (vol/vol) Tween 20 in PBS (PBS-T) and incubated with the fluorophore-
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conjugated secondary antibody (diluted in PBS-T) for two hours at room temperature. Secondary
antibodies used were donkey anti-rabbit Alexa 488 (A-21206, Life Technologies), donkey anti-goat
Alexa 594 (A-11058, Life Technologies), and donkey anti-mouse Alexa 594 (A-21203, Life
Technologies). After washing with PBS-T, sections were treated with 0.1 pg/ml DAPI for 30 min,
washed with PBS-T, and mounted with Vectashield (Vector Laboratories, Burlingame, CA).
Immunoreactivity was visualized with a confocal microscope (TCS SP2; Leica). Images were
acquired using Leica software (at 1,024 X 1,024—pixel resolution) and were not modified other than to
balance brightness and contrast, unless otherwise specified. Images of TMEM16A immunoreactvity in
dorsal epithelium was adjusted using level channels tool in Inkscape. Nuclei were stained by DAPIL

Control experiments without the primary antibodies gave no signal.

Preparation of acute slices of the olfactory epithelium

Acute coronal slices of the olfactory epithelium were prepared with slight modifications of the
methods previously described to obtain slices of the vomeronasal organ (Dibattista et al., 2008; Pietra et
al., 2016; Shimazaki et al., 2006; Wong et al., 2018). The nose of a PO-P4 mouse was dissected en bloc
and embedded in 3% Type I-A agarose prepared in artificial cerebrospinal fluid (ACSF) once the solution
cooled to 38 C. ACSF contained (in mM) 120 NaCl, 25 NaHCO3, 5 KCI, 1 MgSOs, 1 CaCl,, 10 HEPES,
10 Glucose, pH 7.4 with NaOH. Coronal slices of 300 um thickness were cut with a vibratome

(Vibratome 1000 Plus Sectioning System) and kept in cold oxygenated ACSF until use.

Whole-cell recordings from supporting cells of the olfactory epithelium

Slices were transferred to a recording chamber continuously perfused with oxygenated ACSF.
Slices were viewed with an upright microscope (BX51WI; Olympus) equipped with infrared differential
contrast optics, a camera (DFK 72BUCO02; Imaging Source) and a 40 X water-immersion objective with
an additional 2 X auxiliary lens. Extracellular solutions were exchanged or stimuli were delivered
through an 8-into-1 multi-barrel perfusion pencil connected to a ValveLink8.2 pinch valve perfusion
system (Automate Scientific, Berkeley, CA, USA).

Supporting cells were identified by their morphology and whole-cell experiments were obtained
by patching the apical part of supporting cells. Fluorescein (10 pg/ml) dissolved in the pipette solution
diffused into the cell and allowed visualization under blue light of the fluorescence image of the cell (Fig.
2 A). Patch pipettes were pulled from borosilicate capillaries (WPI) with a Narishige PC-10 puller and
had resistances of 3-5 MQ when filled with intracellular solution. Electrophysiological recordings were

obtained using a MultiClamp 700B amplifier controlled by Clampex 10.6 via a Digidata 1550A
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(Molecular Devices). Data were low-pass filtered at 2 kHz and sampled at 10 kHz. Experiments were
performed at room temperature (20-25 °C).

The extracellular Ringer’s solution contained (in mM): 140 NaCl, 5 KCl, 2 CaCl,, 1 MgCl», 10
HEPES, 10 glucose, pH 7.4. For ionic selectivity experiments, NaCl in the extracellular Ringer’s solution
was omitted and 250 mM sucrose was added to maintain the osmolarity. We used various intracellular
solutions filling the patch pipette according to the type of experiment. For recordings of voltage-gated
currents, the pipette solution contained (in mM): 145 KCl, 4 MgCl, 11 EGTA, and 10 HEPES, adjusted
to pH 7.2 with KOH. For recordings of Ca?*-activated currents, the intracellular solutions contained (in
mM): 140 CsCl, 10 HEDTA, and 10 HEPES, adjusted to pH 7.2 with CsOH, and no added Ca’" for the
nominally 0 Ca" solution, or 3.209 mM to obtain 1.5 pM free Ca** as described previously (Patton et
al., 2004; Pifferi et al., 2006, 2009; Amjad et al. 2015). For recordings of ATP-activated currents, the
pipette solution contained (in mM): 140 CsCl, 2 HEDTA, and 10 HEPES, adjusted to pH 7.2 with CsOH.

For experiment with ATP the current-voltage relation was measured using a ramp protocol from
-80 mV to +80 mV at 0.16 mV/ms.

The bath was grounded via a 3 M KClI agar bridge connected to an Ag/AgCl reference electrode.
Liquid junction potentials calculated using pClamp 10.6 (based on Barry, 1994)) were less than 4 mV
and applied voltages were not corrected.

The following chemicals were prepared as stock solutions as indicated and diluted to the final
concentration in the bathing solution on the day of the experiment: 100 mM 18-glycyrrhetinic acid
(18B-GA) in ethanol, 30 mM ATP in Ringer’s solution, stored at -20 °C; 1 mM Ani9 in dimethyl
sulfoxide (DMSO), stored at +4 °C.

All chemicals were purchased from Sigma, unless otherwise specified.

Analysis of electrophysiological data

IGOR Pro software (WaveMetrics) was used for data analysis and to produce the figures. Data
are presented as mean + SEM and the number of cells (n). In the box plots the lines represent the median,
the upper and lower box boundaries represent the 25" and 75" percentile, and upper and lower whiskers
represent the 10" and 90™ percentiles. Statistical analyses of normally distributed data (Jarque-Bera test),
were performed using t-test, one sample t-test, or one-way ANOVA with Tukey test. For not normally
distributed data, the Wilcoxon-Mann-Whitney’s test (U-test) was used. P-values of <0.05 were

considered statistically significant.
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RESULTS

TMEMI16A expression in olfactory supporting cells

We and others have previously reported that the Ca?*-activated Cl" channel TMEMI6A is
expressed in the olfactory epithelium, where it localizes at the apical part of supporting cells and in their
microvilli (Dauner et al., 2012; Maurya and Menini, 2014; Maurya et al., 2015). Figure 1A shows a
schematic diagram of a nose coronal section illustrating the localization of the olfactory and respiratory
epithelia, and Figure 1B illustrates the organization of the olfactory epithelium mainly composed by
supporting cells, olfactory sensory neurons, and basal cells. Figures 1C shows that, in agreement with
our previous results, a strong immunoreactivity for TMEM16A was present at the apical surface of a
ventral region of the olfactory epithelium near the transition zone with the respiratory epithelium of
neonatal mice (Fig. 1C). To visualize olfactory neurons, we used the olfactory marker protein (OMP), a
typical marker for mature olfactory sensory neurons (Keller and Margolis, 1975), while cilia of olfactory
neurons were identified with acetylated tubulin, a canonical marker for cilia. TMEMI16A was strongly
expressed at the apical surface of the olfactory epithelium, and did not overlap with acetylated tubulin,
which stained cilia in a layer directly above the layer stained by TMEM16A. Maurya and Menini (2014;
Fig. 4C) have shown that in neonatal mice the apical immunoreactivity for TMEMI16A is not uniform
and decreases until it is not visible anymore toward the dorsal zone. Fig. 1D shows the absence of
immunoreactivity for TMEMI16A in the dorsal zone. However, when the intensity of the signal was
digitally enhanced, a weak staining for TMEM16A was revealed, as shown in Fig. 1D. These results
confirm and extend previous data showing that TMEM16A is highly expressed in the region near the
transition zone with the respiratory epithelium (Fig.1C), while it is poorly expressed in the dorsal zone
(Fig. 1D). As previously reported, TMEM16A localized in the apical portion of the supporting cells in
the proximal portion of the microvilli (Fig 1 B-D, Maurya and Menini, 2014; Maurya et al., 2015).
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Figure 1. TMEM16A expression in the olfactory epithelium. (A) Schematic drawing of a nose coronal
section showing the olfactory epithelium, respiratory epithelium and vomeronasal organ. (B) The
olfactory epithelium is composed of supporting cells, olfactory sensory neurons and basal cells. Confocal
micrographs of coronal sections of the olfactory epithelium from an area near the transition zone with

the respiratory epithelium (C) or from the dorsal zone (D). Cell nuclei were stained by DAPI.

59



Results

Whole-cell recordings from supporting cells

Whole-cell recordings were obtained from supporting cells at the apical surface of neonatal
mouse olfactory epithelium slices. Fluorescein was included in the intracellular solution filling the patch
pipette and diffused inside the cell after rupturing the membrane to obtain the whole-cell configuration.
The fluorescence image in Fig. 2A reveals the typical morphology of a supporting cell, with the cell body
located in the apical region and processes extending towards the basal part of the epithelium. In this study

we only analyzed recordings from supporting cells clearly identified by their morphology.
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Figure 2. Voltage-gated currents in olfactory supporting cells. (A) Fluorescence micrograph of a
supporting cell filled with fluorescein through the patch pipette. (B) Representative whole-cell currents
recorded using the voltage protocol indicated at the top of the panel. The holding potential was -110 mV
and voltage steps in 10 mV increments were applied up to +50 mV. Leak currents were subtracted using
the P/4 protocol. (C) Plot of average = SEM amplitudes of inward and outward currents versus the test

potential (n=3).

We first analyzed some basic electrophysiological properties. Passive membrane properties of
supporting cells in the presence of KClI in the pipette had the following values: mean resting potential -
41 =1 mV (n =18), input resistance 261 = 88 MQ (n = 11), and capacitance 17 £1 pF (n = 17).

Next, we investigated the presence of voltage-gated currents. As supporting cells have very large
leak currents, as we will describe in Figure 3, voltage-gated currents could only be revealed after
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subtraction of the leak currents. Figure 2B shows representative voltage-gated currents from a supporting
cell obtained after subtraction of leak currents using the P/4 protocol. The intracellular solution filling
the patch pipette contained KCl and currents were activated by depolarizing voltage steps up to +50 mV
from a holding potential of —110 mV. Voltage steps more positive than about -60 mV elicited transient
inward currents followed by outward currents. Average current—voltage relations measured at the peak
of the inward currents or at the end of the sustained outward currents are shown in Figure 2C. These
results are largely similar to those previously reported by Vogalis et al. (2005) who showed that inward
and outward currents were mainly due to voltage-gated Na* and K™ channels, respectively.

The same authors also reported that supporting cells have a large leak conductance that is
decreased by the addition of the gap junction blocker 183-GA (Vogalis et al., 2005). Figure 3 A shows
large leak currents activated by voltage steps between -80 and +80 mV from a holding potential of 0 mV
with an intracellular solution containing CsCl. In extracellular Ringer’s solution, the average current was
-687 £ 206 pA at -80 mV and 3678 = 1065 pA at +80 mV (n =4). When slices were pretreated for about
1 h with 20 uM 18B-GA, currents were significantly reduced to -174 = 18 pA at -80 mV and 459 * 54
pA at +80 mV (n =17, p<0.001 unpaired U-test) showing that 18[3-GA partially blocks the leak currents

(Fig. 3B). Thus, all the subsequent experiments were performed after pretreatment with 183-GA.
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Figure 3. Leak current block by the gap junction inhibitor 183-GA. (A) Representative whole-cell
currents recorded from two different supporting cells in control condition (black traces) and after pre-
incubation with 20 uM 18B-GA (green traces). The holding potential was 0 mV and voltage steps from
-80 mV to +80 mV with 20 mV increments were applied as indicated at the top of the panel. (C) Plot of
average + SEM current amplitudes measured at the end of voltage pulses versus the test potential from
cells in control condition (white circles) and after pre-incubation with 20 uM 18B-GA (green triangles;

n=4-17).

Ca**-activated CI' currents in supporting cells of the mouse olfactory epithelium

To investigate whether a CI" current could be activated by Ca®" in supporting cells, we compared
currents measured with intracellular solutions containing nominally 0 Ca®" or 1.5 uM Ca?*. To avoid
contributions from Ca**-activated K™ currents, the intracellular monovalent cation was Cs* and to reduce
leak currents slices were pre-incubated with 20 uM 18B-GA.

We first recorded from supporting cells located in a region of the olfactory epithelium near the
transition zone with the respiratory epithelium, as we have previously shown that supporting cells in this

area display a strong immunoreactivity for the Ca**-activated Cl- channel TMEM16A (Fig. 1C).
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Figure 4. Ca**-activated CI' currents in supporting cells from a region of the olfactory epithelium
near the transition zone with the respiratory epithelium. (A) Representative whole-cell currents
recorded from two different supporting cells with pipette solutions containing 0 or 1.5 uM Ca?*, as
indicated. The holding potential was 0 mV and voltage steps from -80 mV to +80 mV with 20 mV
increments, followed by a step to -80 mV, were applied as indicated at the top of the panel. (B) Current
amplitudes measured at the end of voltage pulses versus the test potential from the cells shown in (A).
(C) Box plot and scatter dot plot showing current amplitudes measured at -80 or +80 mV with
intracellular solutions containing 0 (black) or 1.5 pM Ca?* (blue; n=17-35, *** p<0.001 unpaired t-test).
(D) Representative whole-cell currents recorded from a supporting cell with pipette solution containing

1.5 uM Ca*' exposed to extracellular Ringer’s solution with (blue) or without (green) NaCl. The total
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concentration of extracellular CI" was 151 mM (blue) or 11 mM (green). (E) Current amplitudes

measured at the end of voltage pulses versus the test potential from the cell shown in (D).

Figure 4 shows that voltage steps between -80 and +80 mV from a holding voltage of 0 mV
elicited large currents in the presence of 1.5 uM Ca?* (2268 + 137 pA at +80 mV, n = 33) and
comparatively smaller currents in the presence of nominally 0 Ca** (459 + 54 pA at +80 mV, n = 17).
The activation of the current by voltage steps in the presence of 1.5 uM Ca?* was time-dependent, with
an instantaneous component followed by relaxation (Fig. 4 A, blue traces). For example, at +80 mV the
instantaneous outward current was followed by a small additional outward relaxation, while at -80 mV
the instantaneous inward current was followed by a more pronounced relaxation toward less negative
values. The I-V relation measured at the end of the voltage pulses in the presence of 1.5 uM Ca*" were
outwardly rectifying (Fig. 4 B-C) with an average current amplitude of 2268 + 137 pA at +80 mV and -
1083 + 69 pA at -80 mV (n = 33). Both the time-dependence of current activation by voltage and the
outward rectification of the I-V relation at Ca®" concentrations below values producing the maximal
current amplitude, are typical hallmarks of Ca*"-activated CI" channels, suggesting that this type of
channels is responsible for the measured currents.

To further investigate the identity of these channels, we examined their ionic selectivity by
replacing NaCl in the extracellular Ringer’s solution with sucrose, thus reducing the concentration of
Na* from 140 to 0 mM, and CI" from 151 to 11 mM (Fig. 4D, E). In the presence of low extracellular CI
, the reversal potential of the calcium-activated current shifted toward positive values, as expected for
CI selective channels in our ionic conditions, with an average shift of reversal potential of +26 £ 4 mV
(n = 7). Thus, the electrophysiological characteristics of Ca**-activated currents measured in supporting
cells are consistent with the expression of Ca**-activated CI" channels.

As Figure 1D revealed that a weak immunoreactivity for TMEM16A was present also in
supporting cells from the dorsal zone of the olfactory epithelium, we performed some additional
recordings in supporting cells located in portion of the tissue. The average current in 0 Ca** at +80 mV
was +459 £ 53 pA (n=8). As shown in Fig. 5A, recordings from some cells in the presence of 1.5 uM
Ca** did not display the typical features of Ca**-activated CI" currents. We classified a current as Ca>*-
activated when both a clear time-dependent component at +80 mV and a tail current after repolarization
at -80 mV were present. Based on this classification, we identified two populations of supporting cells
in the dorsal zone of the olfactory epithelium. One population of cells (n=8) did not display a significant

Ca**-activated current, whereas the other population had an average value of +1316 + 148 pA (n=16) at
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+80 mV for the Ca®*-activated current. For these cells, the average shift of reversal potential upon
reduction of extracellular CI” by replacement of NaCl with sucrose was +29 £4 mV (n = 6), indicating a
higher permeability for CI" than for Na*. Thus, about 65% of the supporting cells (16 out of 24) had a
Ca**-activated CI" current. However, the current amplitude of Ca®*-activated current in the supporting
cells from the dorsal olfactory epithelium was significantly smaller than that measured in cells from the
transition zone with the respiratory epithelium (Fig. 5C, Tukey test after one way ANOVA), confirming

the lower expression of TMEM16A observed in immunohistochemistry.
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Figure 5. Ca?*-activated chloride current in SC from dorsal olfactory epithelium.
(A) Representative whole-cell currents recorded from different supporting cells with pipette solution
containing the indicated [Ca®*]. The holding potential was 0 mV and voltage steps from -80 mV to +80

mV with 20 mV increments, followed by a step to -80 mV, were applied. (B) Amplitudes of the currents
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measured at the end of voltage pulses versus the test potential from the cells shown in (A). (C) Box plot
showing the amplitude current measured at -80 and +80 mV with the indicated [Ca®']; in the dorsal or
transition zones. (n=8-35*p<0.05, **p<0.01,***p<0.001 Tukey test after one way ANOVA). (D)
Representative whole-cell currents recorded from a supporting cell with pipette solution containing 1.5
uM Ca®" exposed to extracellular Ringer’s solution with (orange) or without (green) NaCl. The total
concentration of extracellular CI" was 151 mM (orange) or 11 mM (green). (E) Current amplitudes

measured at the end of voltage pulses versus the test potential from the cell shown in (D)

Recently, Seo et al.(2016) identified Ani9 as a potent selective blocker for TMEM16A. We
therefore measured the extracellular blockage properties of 1 uM Ani9 over the Ca**-activated CI
currents in supporting cells. Figure 6A-C show that Ani9 reduced current amplitudes activated by 1.5
UM Ca?" of 62 =3 % at +80 mV and 61 £ 3 % at -80 mV (n = 10, p<0.001 One sample t-test), inducing
a significant block of the current. The blockage by Ani9 supports the hypothesis that the measured Ca®*-
activated Cl currents are mediated by TMEM16A.
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Figure 6. Ca**-activated currents in supporting cells are blocked by the TMEM16A inhibitor Ani9.
(A) Representative whole-cell recordings obtained with an intracellular solution containing 1.5 uM Ca?®*.
Voltage protocol as in Fig. 4A. The cell was exposed to a Ringer’s solution (black), to 1 uM Ani9 (green),

and washed in Ringer’s solution (grey). (B) I-V relationships measured at the end of the voltage steps
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from the recordings shown in (A). (C) Box plot of the percentage of current inhibition measured at -80

and +80 mV (n=11).

To determine the contribution of TMEM16A to Ca?**-activated CI" currents in supporting cells,
we compared currents from TMEM16A WT and KO mice (Rock et al., 2008). Figure 7A shows the
comparison between representative recordings from supporting cells near the transition zone with the
respiratory epithelium from TMEM16A WT (black and blue traces) or KO (orange and red traces) mice.
Figure 7B shows that current amplitudes at -80 and +80 mV in the presence of 1.5 pM Ca>" from
TMEMI16A KO mice (red) were not significantly different from currents measured in the absence of
Ca?* (orange; p>0.05 Tukey test after one-way ANOVA), showing the absence of Ca**-activated currents
in TMEM16A KO mice. Similar experiments were performed also in supporting cells in the dorsal zone
and yielded similar results. These data demonstrate that TMEMI16A is a necessary component of the

Ca**-activated CI” currents in supporting cells of the olfactory epithelium.
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Figure 7. Lack of Ca?*-activated currents is supporting cells from TMEM16A KO mice. (A)
Representative whole-cell recordings obtained with pipette solutions containing 0 or 1.5 uM Ca?*, as
indicated. The voltage protocol is reported at the top of the panel. (B) Box plot showing current
amplitudes measured at -80 and +80 mV with intracellular solutions containing 0 or 1.5 uM Ca*" from
WT or TMEM16A KO mice (n=8-33, ***p<(.001 Tukey test after one way ANOVA). Recordings were

obtained from supporting cells located close to the transition zone with the respiratory epithelium.
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ATP activates TMEM16A-dependent currents in supporting cells

In physiological conditions, Ca?*-activated CI" channels are activated by an increase in
intracellular Ca>* due either to Ca** influx through ion channels or to Ca** release from intracellular
stores. Ca®" imaging experiments in olfactory supporting cells have previously shown that a transient
increase in intracellular Ca®" was elicited by extracellular ATP through activation of G protein coupled
P2Y receptors and Ca’* release from intracellular stores (Czesnik et al., 2006; Hassenklover et al., 2008;
Hegg et al., 2009, 2009). Thus, instead of increasing the Ca>* concentration inside a supporting cell
through constant diffusion of Ca?* from the patch pipette, we sought to investigate whether a
physiological transient Ca** increase induced by ATP stimulation could activate the Ca®*-activated CI°
channel TMEMI16A. As in most of our previous recordings, also in this set of experiments the
intracellular monovalent cation was Cs™ instead of K™ to avoid activation of K™ channels and slices were
pre-incubated with 20 uM 18B-GA to partially block the leak current. In addition, we lowered the
intracellular concentration of HEDTA from 10 to 2 mM to reduce Ca** buffering that could decrease the
ATP-induced intracellular Ca* increase.

Figure 8A shows that the application of 30 uM ATP at the holding potential of -80 mV induced
a large inward current that slowly recovered to baseline (black trace). Current-voltage relations were
obtained with voltage ramps from —80 to +80 mV before, during, and after the response to 30 uM ATP
(Fig. 8B). The current-voltage relation measured close to the peak of the response to ATP (indicated as
b in Fig. 8B) showed an outward rectification, resembling the outward rectification of the Ca**-activated
CI current measured with 1.5 uM Ca?" in the pipette (Fig. 4B).

To determine the contribution of TMEM16A to the ATP-induced current, we recorded responses
to ATP in supporting cells from TMEM16A KO mice (Fig. 8A, orange trace). Our experiments show
that the average peak inward current induced by ATP in WT mice at -80 mV (-438 =94 pA; n = 28) was
significantly reduced to -6 = 10 pA, (n = 16, U-test) in TMEM16A KO mice (Fig. 8C).

These results indicate that the transient Ca’" increase elicited by 30 pM ATP activates a

TMEM16A-dependent current in supporting cells of the olfactory epithelium.
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Figure 8. ATP activates a TMEM16A-dependent current in supporting cells. (A) Whole-cell
currents activated by 30 uM ATP from supporting cells located close to the transition zone with the
respiratory epithelium from WT (black trace) or TMEM16A KO (orange trace) mice. ATP was applied
for the time indicated in the upper trace. The holding potential was -80 mV and voltage ramps from -80
to +80 mV before (a), during (b), and after (c) the ATP response were used to measure the I-V relations.
(B) 1I-V relations from the WT cell shown in A. The green trace (sub) was obtained by subtracting the
average between traces (a) and (c) from the trace in the presence of ATP (b). (C) Box plot showing the

peak amplitude of ATP-activated currents measured at -80 mV (n=16-28, ***p<(0.001 U-test).
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3.3. Purinergic receptor-induced Ca?* signaling in the supporting

cells of mouse vomeronasal organ
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MATERIALS AND METHODS

Preparation of acute VNO slices

Experiments were performed on two months old male C57BL/6 mice. All animal procedures were carried
out in accordance with the guidelines of the Italian Animal Welfare Act and European Union guidelines on animal
research under a protocol approved by the ethic committee of SISSA. VNO slices were prepared as previously
described with small modifications (Shimazaki et al., 2006). Briefly, after VNO dissection, all cartilaginous tissues
were removed and the two halves of VNO were separately embedded in 3% Type I-A agarose prepared in artificial
cerebrospinal fluid (ACSF) solution once the solution cooled to 38 C. Coronal slices of 200 pm thickness were
cut with a vibratome (Vibratome 1000 Plus Sectioning System) and kept in cold oxygenated ACSF until use.
ACSF contained (in mM) 120 NaCl, 20 NaHCO;, 3mM KCl, 2 mM CaCl,;, 1 mM MgSO4, 10 mM HEPES, and10
mM glucose adjusted at pH 7.4 with NaOH.

Confocal calcium imaging

Slices were loaded with 20 uM Cal-520AM (Santa Cruz Biotechnologies) for 90 minutes at room temperature in

ASCF. To help dye uptake, Pluronic F-127 was added at final concentration of 0.2 mg/ml. After wash, the slices
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were kept in ACSF solution until use. Stock solution of Cal-520AM was prepared in dimethyl sulfoxide (DMSO)
at 2 mM and stored at -20 C. Pluronic F-127 was weekly dissolved in DMSO at 200 mg/ml concentration. A
gravity-driven multivalve perfusion system (Automate Scientific) was used to deliver the stimuli.

An inverted Nikon A1R confocal microscope was used for data acquisition with 60X oil-immersion objective (NA
1.4) through the NIS Element software (Nikon). Cal-520 fluorescence was excited using a krypton-argon ion laser.
To reduce dye bleaching and photodamage, only 1-4% of the laser power and a resonance scanning mirror was
used. Fluorescence emission between 500 and 600 nm was captured using a variable band bass system. Data was
recorded after averaging 8 or 4 frames to get a final acquisition frequency of 1 or 2 Hz with 1024 x 1024 pixels
resolution. Recordings were obtained 50-100 pm below the slice surface to avoid damaged cells.

Ca*-free solution was the same as ACSF with the omission of 2 mM CaCl, and the addition of 5 mM EGTA.
Stock solutions of ATP and UTP were prepared in ACSF solution at 30 mM and 100 mM respectively and stored

at -20C. Chemicals were purchased form Sigma-Aldrich, unless otherwise stated.

Imaging data analysis

Changes in fluorescence were measured in regions of interest (ROIs) drawn around a single supporting cell using
ImageJ 1.51s (NIH). Small drift in the recording was correct using the StackReg plug-in of ImageJ. Data are
presented as normalized fluorescence changes, AF/Fo=(F(t)-Fo)/Fo, where Fy was the average of fluorescence
intensity before the application of the first stimulus and F(t) was the fluorescence amplitude at time t. Further
analysis and figures were made with IgorPro 6.3.7.2 (Wavemetrics). In some experiments, the reduction of
fluorescence signal due to photobleaching was mathematically corrected using the exponential decay observed in
non-responding cells (Thomas et al., 2000). We considered a cell responsive if: (i) there was no spontaneous
activity, (ii) after stimulation AF/F, was higher than the average of the prestimulus (10 s time window) plus five

standard deviation for at least 3 seconds, (ii) there was no response to ACSF solution application.
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RESULTS

VNO supporting cells express purinergic ATP receptors

Supporting cells of the VNO can be identified by their morphology and localization in the vomeronasal
sensory epithelium. The supporting cells have a columnar cell body and form a monolayer at the apical surface of
the epithelium. The top panel of Figure 1A show the apical monolayer of column shaped cells, which correspond
to somata of supporting cells.

Application of 30 uM ATP to the VNO slices loaded with Cal-520AM lead to transient Ca*" responses in
supporting cells (Figure 1). Figure 1A shows a sequence of confocal images recorded from VNO slices, before
(1), at the peak of (2) and after (3) the ATP induced response. Representative traces of the normalized fluorescence
change (AF/Fy) from the three supporting cells highlighted in the top panel of Figure 1A are shown in Figure 1B.
The application of ACSF solution as a control for possible perfusion artifacts did not significantly change the
Cal520 fluorescence. In contrast, 30 pM ATP induced a transient increase of intracellular calcium concentration.
Recordings from several slices showed that about 85% of the supporting cells (157 of 183) are responsive to the

ATP stimulation, indicating that these VNO supporting cells express purinergic ATP receptors (Fig 1C).

A subset of VNO supporting cells express metabotropic purinergic receptors

To determine if the Ca?* response to ATP in VNO supporting cells is mediated by ionotropic (P2X) or
(P2Y) metabotropic ATP receptors (Nishimura et al., 2017), we conducted a series of experiments in which we
examined if the presence of extracellular Ca** is necessary for the generation of these Ca®" transients induced by
ATP. Figure 2 A shows representative traces of the normalized fluorescence change from two different VNO
supporting cells. In the cell shown at the top, 30 uM ATP was still able to induce a significant increase in
intracellular Ca**, even when the slice was perfused with Ca**-free ACSF solution, suggesting that ATP evokes a
release of Ca®* from intracellular stores mediated by the activation of metabotropic ATP receptors. In contrast, in
the other cell ATP induced a Ca** signal only in the presence of extracellular Ca®', indicating that ATP caused an
influx of Ca*" by the activation of ionotropic receptors. Recordings from several slices show that 75% of the cells
(39 of 52) responded to ATP application with a transient increase of intracellular Ca®* in the absence of

extracellular Ca?* (Fig. 2 B), indicating the mobilization of intracellular stores.
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Figure 1. ATP stimulation induces Ca?* signal in VNO supporting cells. (A) Confocal images in pseudocolor
from a Cal 520-AM loaded VNO slice, representing the sequence of events, before (1), at the peak of (2), and after
(3) the response induced by stimulation with 30 uM ATP for 10 s. The top panel shows the median of fluorescence
intensity of all frames in the recording and it was used to better recognize supporting cells morphology, and to
identify and delimit individual cells. (B) Calcium transients recorded in the cells highlighted in the top panel of A,
showing the response to 30 uM ATP stimulation but not to the control with ACSF. Time points identified by
arrows correspond to the frames numbered in A. (C) Heat map of the normalized change in fluorescence intensity
following stimulation with ACSF and 30 uM ATP. Data is sorted for the largest response. Dashed lines and black
bar delimit the stimuli delivery period. The lower panel shows the non-responding cells.
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Figure 2 Absence of extracellular Ca** ATP-induced Ca?" signal in a subpopulation of VNO supporting
cells. (A) Representative calcium transients recorded from two different VNO supporting cells repeatedly
stimulated with 30 uM ATP in control ACSF solution or in the absence of extracellular Ca**. (B) Heat map of
the normalized change in fluorescence intensity following stimulation with 30 uM ATP in control ACSF
solution or in the absence of extracellular Ca®*. Data are sorted by the largest response to the first application of
ATP. Dashed lines and black bar delimit stimuli delivery period. The lower panels show the non-responding
cells upon ATP stimulation in the absence of extracellular Ca®'.
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To further narrow down the identity of the purinergic receptors functionally expressed in supporting cells

of the VNO, we examined if ATP responsive supporting cells respond also to UTP (Figure 3). UTP has been
shown to activate only the metabotropic P2Y2 and P2Y4 receptors (Nishimura et al., 2017). Figure 3 A shows
representative traces of the normalized fluorescence change from two different VNO supporting cells. In the cell
at the top, both 30 uM ATP and 20 uM UTP induced a significant increase in intracellular Ca®*. In contrast, in the
other cell, only ATP evoked a Ca®" signal, while UTP failed to induce a significant increase of intracellular Ca**
concentration. Recordings from several slices show that about 38% of the ATP-responsive cells (33 of 87)

responded also to UTP.
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Figure 3 UTP stimulation induces Ca2+ signal in a subset of ATP-responsive VNO supporting cells.

(a) Representative calcium transients recorded from two different VNO supporting cells repeatedly stimulated
with 30 uM ATP or with 20 pM UTP. (B) Heat map of the normalized change in fluorescence intensity following
stimulation with 30 uM ATP or with 20 uM UTP Ca2+. Data are sorted by the largest response to the first
application of ATP. Dashed lines and black bar delimit stimuli delivery period. The lower panels show the non-
responding cells upon UTP stimulation.
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4. Conclusions

Previous studies conducted in our lab showed that TMEM16A, a calcium-activated chloride
channel, is expressed in the microvilli of the supporting cells of the olfactory epithelium (Maurya and
Menini, 2014). The supporting cells form a columnar monolayer on the most apical part of the olfactory
epithelium and they protrude many microvilli towards the luminal surface intermingling with the cilia of
olfactory sensory neurons, completely covering the surface of the olfactory epithelium. Supporting cells
share properties of both glial cells and epithelial cells, and they have been shown to be involved in
xenobiotic metabolism and phagocytosis of dead neurons.

In the first part of this project, we investigated if the genetic ablation of TMEMA alter the
development of olfactory epithelium. Using immunohistochemical approach, we analyzed the
morphology of different cellular components of the olfactory epithelium starting E12.5. We did not
observe significant differences in the morphology of olfactory sensory neurons and supporting cells from
wt and TMEM16A knockout mice. Since previous studies have shown that TMEM16A is involved in cell
proliferation (Oh and Jung, 2016), we also investigated if the lack of TMEM16A alters the regeneration
in the olfactory epithelium. Using specific marker for different cell type we found no significant
differences in the number of mature olfactory sensory neurons, supporting cell and globose or horizontal
basal cells, indicating that TMEM16A in the olfactory epithelium was not connected with proliferation.

In the second part of the project, we used an electrophysiological approach to functional
characterize the supporting cells of the olfactory epithelium. We found that in the majority of the
supporting cells is present a calcium-activated chloride current which resembled the properties of
TMEM16A. Using TMEM16A knock out mice we found that this current was completely abolished
showing that TMEM16A expression is necessary to mediate the calcium-activated chloride current in
the supporting cells of the olfactory epithelium. Previous work found that stimulation of supporting cells
with ATP or UTP was able to induce an increase of intracellular calcium concentration by the release of
calcium from internal stores mediated by the activation of metabotropic ATP receptors (Hegg et al.,
2009). We found that the stimulation with extracellular 30 uM ATP resulted in an increase of intracellular
calcium concentration, which is high enough to allow the opening of the TMEM16A channel and the
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activation of a chloride current. Additional experiments will be necessary to understand the physiological
role of TMEM16A—mediated current in the olfactory epithelium.

Finally we started the first investigation of calcium signaling in the supporting cells of mouse
vomeronasal sensory epithelium. We were able to demonstrate that also these supporting cells express
purinergic ATP receptors, responding to the stimulation with 30 uM extracellular ATP with a transient
increase in intracellular calcium concentrations. Moreover, we found that in 75% of these responsive
cells ATP-induced calcium transients are mediated by metabotropic purinergic receptors, as the
response was still present in the absence of extracellular calcium, indicating that the intracellular calcium
increase results from the recruitment of intracellular calcium stores. We were able to further narrow
down the identity of the purinergic receptors involved in this calcium transients by the observation that
about 38% of these ATP-responsive cells are also UTP-responsive, which indicates that a subset of
VNO supporting cells express a combination of P2Y2 and/or P2Y4 receptors. Further investigation will
clarify the physiological or pathological conditions of the release of ATP and the possible function of
ATP-mediate calcium signaling in sensory response of the VNO.
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