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ABSTRACT: Calcium-activated chloride channels
are involved in several physiological processes including
olfactory perception. TMEM16A and TMEM16B, members of the transmembrane protein 16 family (TMEM16),
are responsible for calcium-activated chloride currents in
several cells. Both are present in the olfactory epithelium
of adult mice, but little is known about their expression
during embryonic development. Using immunohistochemistry we studied their expression in the mouse olfactory epithelium at various stages of prenatal development from
embryonic day (E) 12.5 to E18.5 as well as in postnatal
mice. At E12.5, TMEM16A immunoreactivity was present
at the apical surface of the entire olfactory epithelium, but
from E16.5 became restricted to a region near the transition zone with the respiratory epithelium, where localized
at the apical part of supporting cells and in their microvilli.

INTRODUCTION
Calcium-activated chloride channels are expressed in
many cell types and play several different physiological functions, but their molecular identity has been
elusive until 2008, when TMEM16A (also named
anoctamin1 or ANO1) was identified as a calciumactivated chloride channel (Caputo et al., 2008;
Schroeder et al., 2008; Yang et al., 2008). An additional member of the same family, TMEM16B (also
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In contrast, TMEM16B immunoreactivity was present at
E14.5 at the apical surface of the entire olfactory epithelium, increased in subsequent days, and localized to the
cilia of mature olfactory sensory neurons. These data suggest different functional roles for TMEM16A and
TMEM16B in the developing as well as in the postnatal
olfactory epithelium. The presence of TMEM16A at the
apical part and in microvilli of supporting cells is consistent
with a role in the regulation of the chloride ionic composition of the mucus covering the apical surface of the olfactory epithelium, whereas the localization of TMEM16B to
the cilia of mature olfactory sensory neurons is consistent
with a role in olfactory signal transduction. VC 2013 Wiley
Periodicals, Inc. Develop Neurobiol 74: 657–675, 2014
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named anoctamin2 or ANO2), has also been shown
to function as a calcium-activated chloride channel
(Schroeder et al., 2008; Pifferi et al., 2009a; Stephan
et al., 2009; for recent reviews, see Huang et al.,
2012a; Scudieri et al., 2012).
In adult mice, TMEM16A and TMEM16B are
both expressed in the olfactory epithelium and allow
the flow of anions in or out of cells upon increases in
intracellular calcium concentration. However, their
precise physiological functions in the cells of the
olfactory epithelium are still unclear and little is
known about their expression during embryonic
development.
The olfactory epithelium is a pseudostratified epithelium composed of several types of cells: olfactory
sensory neurons in various stages of maturation, supporting or sustentacular cells, basal cells, and some
657
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subpopulations of microvillous cells. Olfactory sensory neurons are bipolar neurons with an axon that
projects to the olfactory bulb and a dendritic process
ending in a dendritic knob from which several cilia
protrude at the apical surface of the epithelium
(Cuschieri and Bannister, 1975a,b). Cilia are
immersed in a mucus layer composed of water, ions,
and proteins secreted by Bowman’s glands and supporting cells (Menco and Farbman, 1992, Menco
et al., 1998). The process of olfactory transduction
occurs in the cilia of olfactory sensory neurons, when
molecules from the external environment reach the
olfactory epithelium and bind to specific odorant
receptors in the cilia. Subsequently, a G protein and
adenylyl cyclase III (ACIII) are activated, causing a
rise of intraciliary cAMP and the opening of cyclic
nucleotide-gated (CNG) channels located in the ciliary membrane (Schild and Restrepo, 1998; Pifferi
et al., 2006; Frings, 2009). Calcium and sodium
influx through CNG channels produces a depolarization, and the increase in intracellular calcium activates chloride channels. In the presence of an
elevated intracellular chloride concentration, these
channels can contribute to a further depolarization of
olfactory sensory neurons (for reviews, see Kleene,
2008; Frings, 2010; Pifferi et al., 2010, 2012; Reisert
and Zhao, 2011). The presence of both the cationic
CNG channels and the anionic calcium-activated
chloride channels may have at least two physiological
roles. By acting in combination, the two channels
may preserve odorant detection even if the extracellular ionic environment changes, as it was suggested
for amphibians (Kleene and Gesteland, 1991; Kleene,
1993; Kurahashi and Yau, 1993; Kleene and Pun,
1996). Another possible role is the amplification of
the primary cationic current by the anionic current,
which may be relevant for the detection of very low
odorant concentrations (Lowe and Gold, 1993;
Kleene, 1997; Reisert et al., 2005; Boccaccio et al.
2006; Boccaccio and Menini 2007).
In the olfactory epithelium, supporting or sustentacular cells have columnar cell bodies and several
microvilli on their apical side that extend in the
mucus (Nomura et al., 2004). These apically located
cells function both as epithelial and glia cells, i.e.,
they electrically isolate olfactory sensory neurons
(Breipohl et al., 1974) and regulate the balance
between salt and water in the mucus layer (Mendoza,
1993; Menco et al., 1998; Rochelle, 2000). Basal
cells are responsible for the regeneration of olfactory
sensory neurons throughout the animal life. Several
subpopulations of microvillous cells, different from
supporting cells, are also present and some of them
may contribute to odorant detection (Elsaesser et al.,
Developmental Neurobiology

2005; Lin et al., 2007; Hanse and Finger, 2008; Ma,
2010).
The mRNA of TMEM16B is expressed in adult
mouse olfactory epithelium (Yu et al., 2005; Stephan
et al., 2009; Rasche et al., 2010; Sagheddu et al.,
2010; Billig et al., 2011). Moreover, TMEM16B is a
prominent protein in the olfactory ciliary proteome
(Mayer et al., 2009; Stephan et al., 2009), and immunohistochemistry showed that it is strongly expressed
in the ciliary layer of olfactory sensory neurons
(Hengl et al., 2010; Rasche et al., 2010; Sagheddu
et al., 2010; Billig et al., 2011; Dauner et al., 2012;
Dibattista et al., 2012). From a functional perspective, striking similarities have been observed between
native calcium-activated chloride currents in olfactory sensory neurons and currents in HEK 293 cells
transfected with TMEM16B (Stephan et al., 2009;
Sagheddu et al., 2010). Finally, recordings from
TMEM16B knockout mice showed that calciumactivated chloride currents in olfactory sensory neurons were undetectable, confirming that TMEM16B
is the principal subunit of the ciliary calciumactivated chloride channel in olfactory neurons (Billig et al., 2011). However, the physiological role of
this current is still enigmatic, as adult TMEM16B
knockout mice have a near-normal olfactory behavior
(Billig et al., 2011); this indicates that TMEM16B
may not be necessary for olfactory perception in normal conditions, although additional studies with
altered extracellular ionic conditions and/or with low
odorant concentrations have not been performed yet
and may produce different behavioral results.
The mRNA of TMEM16A is expressed in adult
mouse olfactory epithelium (Gritli-Linde et al., 2008;
Rasche et al., 2010; Sagheddu et al., 2010; Billig
et al., 2011), while the expression of the protein
TMEM16A has been less studied. In adult mice,
TMEM16A was not expressed in olfactory sensory
neurons (Billig et al., 2011; Dauner et al., 2012;
Dibattista et al., 2012) but was present in supporting
cells and in Bowman’s glands (Dauner et al., 2012).
Knockout mice for TMEM16A die soon after birth
(Rock et al., 2008) thus preventing functional and
behavioral studies in adult mice.
During embryonic development of the olfactory epithelium, the expression of TMEM16B has not been
investigated, whereas the expression of TMEM16A
has been studied by in situ hybridization (Gritli-Linde
et al., 2009), revealing a dynamic high expression
level of TMEM16A. Thus, the precise developmental
patterns of TMEM16A and TMEM16B in the olfactory epithelium are still unknown.
The goal of this study is to identify with immunohistochemistry the temporal and cellular expression
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of TMEM16A and TMEM16B in the olfactory epithelium during mouse embryonic development and at
postnatal age, with the aim to contribute to the understanding of the functional roles of these recently discovered proteins. We found different temporal and
cellular expressions for the two proteins.TMEM16B
was expressed at embryonic day 14.5 (E14.5) in the
cilia of mature olfactory sensory neurons, where the
process of olfactory transduction occurs, indicating
its likely involvement in olfactory transduction.
TMEM16A was already expressed at E12.5 at the
apical surface of the olfactory epithelium, but from
E16.5 it was found only in a region of the olfactory
epithelium near the transition zone with the respiratory epithelium, where it was expressed in microvilli
of supporting cells, suggesting a possible role in the
regulation of the chloride ionic composition of the
olfactory mucus.

METHODS
Animals
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). Wildtype C57Bl6 or genetically modified mice that express the
green fluorescent protein (GFP) instead of the olfactory
marker protein (OMP) in all mature olfactory sensory neurons were used (OMP–GFP mice; provided by Dr. Peter
Mombaerts, Max Planck Institute of Biophysics, Frankfurt,
Germany). Male and female mice of the same strain were
put together for mating in the evening and separated the
next morning. If a vaginal plug was observed in the morning, that day was designated as embryonic day 0.5 (E0.5).
For postnatal mice, the date of birth was defined as P0.
Postnatal mice were anaesthetized by CO2 inhalation and
decapitated. Embryos were removed from the uterus and
decapitated. The age of each embryo was also compared to
the database at: http://www.emouseatlas.org/Databases/
Anatomy/MAstaging.html.

Immunohistochemistry
Heads of embryonic mice, or nasal regions of postnatal
mice, were fixed in 4% paraformaldehyde at 4 C (4–12 h).
For postnatal mice over P15, the nasal region was additionally decalcified in 0.5 M EDTA, pH 8.0, for 48 h at 4 C
(Pifferi et al., 2009b; Sagheddu et al., 2010). For cryoprotection, tissues of embryonic or postnatal mice were subsequently equilibrated in 30% (w/v) sucrose at 4 C. Tissues
were frozen in OCT compound (Bio-optica, Milano, Italy)
and stored at 280 C before sectioning on cryostat. Coronal
sections (12–14 mm thick) were cut with a cryostat, and
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stored at 280 C for further use. For antigen retrieval, sections were treated with SDS 0.5 % (w/v) in PBS for 15 min
at room temperature. Sections were incubated in a blocking
solution [2% FBS (v/v), and 0.2% (v/v) Triton X-100 in
PBS] for 2 h, and then with the primary antibody (diluted
in the blocking solution) overnight at 4 C. Sections were
then rinsed with 0.1% (v/v) Tween 20 in PBS (PBS-T), and
incubated with the chosen fluorophore-conjugated secondary antibody (diluted in PBS-T) for 2 h at room temperature. After washing with PBS-T, sections were treated with
DAPI (0.1 mg/mL) for 30 min, washed with PBS-T, and
mounted with Vectashield (Vector Laboratories, Burlingame, CA).
All chemicals, unless otherwise stated, were purchased
from Sigma.
For each age, sections were analyzed from at least three
mice obtained from at least two different litters.

Antibody Characterization
The antibodies used in this study are listed in Table 1.
The TMEM16A polyclonal antibody was raised in rabbit
(Abcam, ab53212) against a cocktail of three different peptides in the following range of amino acids: 424–519, 628–
731, and 904–986 of TMEM16A of human origin. The
specificity of the rabbit TMEM16A antibody has been demonstrated by the absence of labeling in colon tissue from
TMEM16A knockout mice when compared to wild-type
animals (Gomez-Pinilla et al., 2009). In addition, we have
recently tested the specificity of the rabbit TMEM16A antibody on HEK 293T cells transiently transfected with plasmids containing the cDNA sequence of TMEM16A or
TMEM16B, and showed that this antibody specifically
detected TMEM16A and showed no cross-reactivity to
TMEM16B (Dibattista et al., 2012).
The TMEM16A polyclonal antibody (S-20) raised in
goat (Santa Cruz Biotechnology, sc-69343) recognizes an
epitope in the range of amino acids 825–875 within an
internal region of TMEM16A of human origin. The specificity of the goat TMEM16A antibody has been characterized by Sun et al. (2012) in pulmonary artery protein
lysates. Western blot analysis detected a band of about 114
kDa, the predicted size of TMEM16A. The specificity of
the antibody against TMEM16A was verified with the
blocking peptide (Sun et al., 2012). In addition, Davis et al.
(2013) showed that this antibody inhibited TMEM16A
function as calcium-activated chloride channel by 90%.
Moreover, we observed that the goat TMEM16A antibody
produced in the olfactory epithelium the same immunohistochemical staining pattern as the rabbit TMEM16A antibody (data not shown).
The TMEM16B polyclonal antibody (H-73) raised in
rabbit (Santa Cruz Biotechnology, sc-292004) recognizes
an epitope at the C-terminus in the range of amino acids
931–1003 of TMEM16B of human origin. We have
recently tested the specificity of the rabbit TMEM16B
antibody on HEK 293T cells transiently transfected with
plasmids containing the cDNA sequence of TMEM16A or
Developmental Neurobiology
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Table 1 Primary Antibodies Used in this Study
Primary Antibody
Rabbit polyclonal
TMEM16A
Goat polyclonal
TMEM16A
Rabbit polyclonal
TMEM16B
Rabbit polyclonal
adenylyl cyclase III
(ACIII)
Goat polyclonal cyclic
nucleotide-gated
channel A2
(CNGA2)
Goat polyclonal
olfactory marker
protein (OMP)
Rabbit polyclonal
b-tubulin III

Mouse monoclonal
acetylated tubulin
Mouse monoclonal
ezrin

Immunogen

Dilution

Synthetic peptides corresponding to amino acid
ranges 424–519, 628–731 and 904–986 of
human TMEM16A
Synthetic peptide corresponding to amino acid
range 825–875 of human TMEM16A
Synthetic peptide corresponding to amino acid
range 931–1003 of human TMEM16B
Synthetic peptide corresponding to amino acid
range 1125–1144 of human ACIII

Manufacturer/Catalog
Number/Lot Number or Clone

1:50

Abcam/ab53212/GR71118-1

1:50

Santa Cruz Biotech Inc (Santa
Cruz) /sc-69343/I13111
Santa Cruz Biotech Inc (Santa
Cruz) /sc-292004/A2811
Santa Cruz Biotech Inc (Santa
Cruz) /sc-588/K0608

1:100
1:100

Synthetic peptide corresponding to the last 50
amino acids residues at the C-terminus of
mouse CNGA2

1:100

Santa Cruz Biotech Inc (Santa
Cruz) /sc-1370/D0909

Purified natural rat OMP

1:1000

Wako Chemicals/544-10001/
IUP1001

Synthetic peptide corresponding to amino acid
residues 441–450 of human b-tubulin III
(Ala446 to Ser446 substitution) with N-terminal
added cysteine, conjugated to KLH
Acetylated tubulin from the outer arm of
Strongylocentrotus purpuratus
Recombinant fragment corresponding to amino
acid residues 362–585 of human ezrin

1:800

Sigma/T2200/022M4774

1:100

Sigma/T7451/clone 6–11B-1

1:100

Abcam/ab4069/3C12

TMEM16B, and showed that this antibody specifically recognized TMEM16B and showed no cross-reactivity to
TMEM16A (Dibattista et al., 2012).
The ACIII polyclonal antibody (C-20) raised in rabbit
(Santa Cruz Biotechnology, sc-588) recognizes an epitope
at the C-terminus in the range of amino acids 1125–1144 of
human origin. The specificity of the rabbit ACIII antibody
has been demonstrated by the absence of labeling in the
olfactory epithelium from ACIII knockout mice when compared to wild-type animals (Wong et al., 2000; Col et al.,
2007; Zou et al., 2007).
The cyclic nucleotide-gated channel A2 (CNGA2) polyclonal antibody (M-20) raised in goat (Santa Cruz Biotechnology, sc-13700) recognizes an epitope in the range of the
last 50 amino acids at the C-terminus of CNGA2 of mouse
origin. We tested the specificity of this antibody on HEK
293T cells transiently transfected with plasmid containing
the cDNA sequence of CNGA2, and showed that this antibody specifically recognized CNGA2 (data not shown).
Moreover, the same antibody was used by Michalakis et al.
(2006) to identify the expression of CNGA2 in the olfactory epithelium of wild-type and knockout mice for
CNGB1.
The goat OMP antibody (Wako Chemicals, 544-10001)
was used to immunostain mature olfactory sensory neurons
(Keller and Margolis, 1975). Baker et al. (1989) showed
Developmental Neurobiology

that this antibody recognized a single band at 19 kDa on a
Western blot of mouse brain and that pre-absorption
blocked all staining. This antibody has been previously
extensively characterized as a marker for mature olfactory
sensory neurons (Rodriguez-Gil and Greer, 2008; Miller
et al., 2010; Eckler et al., 2011; Marcucci et al., 2011).
The b-tubulin III polyclonal antibody raised in rabbit
(Sigma, T2200) was used to immunostain neurons in the
olfactory epithelium. This antibody recognizes an epitope
at the C-terminus corresponding to amino acids 441–450 of
b-tubulin III of human origin. This antibody has been characterized by Furmanski et al. (2009), and Martın-Iba~nez
et al. (2010).
The acetylated tubulin monoclonal antibody (clone 611B-1) raised in mouse (Sigma, T7451) was used to identify olfactory cilia. This antibody is derived from a hybridoma produced by the fusion of mouse myeloma cells and
splenocytes from a mouse immunized with acetylated tubulin from the outer arm of Strongylocentrotus purpuratus
(sea urchin), and its specificity has been previously characterized by Piperno and Fuller (1985). This antibody has
been previously used to identify cilia (Ross et al., 2005;
Cygnar and Zhao, 2009).
The ezrin monoclonal antibody (3C12) raised in mouse
(Abcam, ab4069), was used to immunostain microvilli of
supporting cells in the olfactory epithelium. This antibody
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was raised against a recombinant fragment corresponding
to amino acids 362–585 of ezrin of human origin. Its specificity has been demonstrated by the absence of staining in
the microvilli of retinal pigment epithelium from rats in
which ezrin was silenced when compared to control or to
rats over-expressing ezrin (Chuang et al., 2010).

Secondary Antibodies
The following secondary antibodies obtained from Invitrogen, Eugene, OR, 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 antirabbit Alexa Fluor 594 (1:500; catalog no. A11037), goat
anti-mouse Alexa Fluor 488 (1:500; catalog no. A11001).

Imaging
Immunoreactivity was visualized with a confocal microscope
(TCS SP2; Leica) using 403/1.25NA or 633/1.4NA oil
immersion objectives. Images were acquired using Leica
software (at 1,024 3 1,024 pixel resolution). All images
were taken as single plane confocal images, except for the
images in Figure 1, which were taken as average of z-stacks
of 1-mm thickness. Images were prepared and assembled in
Inkscape version 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 with the above adjustments.

Control Experiments
Control experiments, conducted by incubating the sections
with secondary antibodies without primary antibodies,
showed no significant staining.

RESULTS
Expression of TMEM16B in the Olfactory
Epithelium
Coronal sections of the mouse olfactory epithelium
were obtained during embryonic development from
E12.5, when the nasal cavity is formed and the olfactory epithelium can be anatomically distinguished
(Cuschieri and Bannister, 1975a; Treloar et al., 2010).
We used b-tubulin III and the OMP as markers to visualize olfactory sensory neurons at different stages of
maturation. b-tubulin III is a good marker to identify
immature olfactory sensory neurons, as it is strongly
expressed in their cell bodies (Lee and Pixely, 1994;
Roskams et al., 1998; Wei et al., 2013), while btubulin III expression decreases dramatically in mature
neurons, where it is mainly present in dendrites but
not in the cell bodies (Wei et al., 2013). OMP is a
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typical marker for mature olfactory sensory neurons
(Keller and Margolis, 1975).
In Figures 1 and 2 we used genetically modified
OMP-GFP mice that express GFP instead of OMP in
all mature olfactory sensory neurons (Potter et al.,
2001). Figures 1(A–C) shows that at E12.5 numerous
immature olfactory sensory neurons were present, but
no mature neurons were detected. At E14.5 the number of mature neurons was very small [Fig. 1(E)], but
markedly increased at E16.5 and E18.5 [Fig. 1(H,K)].
Thus, with development, the number of mature versus
immature neurons increased [Fig. 1(C,F,I,L)]. Similar
images were obtained from various areas of the olfactory epithelium. These results are in agreement with
the previous study by Graziadei et al. (1980), which
showed that between E10 and E13 olfactory sensory
neurons of wild-type mice became numerous but
were devoid of immunoreactivity for OMP, while
OMP expression began at E14 in a very small number
of neurons and increased with development.
We next compared the expression during embryonic
development of TMEM16B with some critical proteins involved in the olfactory transduction cascade,
ACIII and CNGA2. Arrow heads in Figure 2(A) indicate that small clusters of ACIII immunoreactivity
were already detected at E12.5 at the apical surface of
the olfactory epithelium, before the appearance of
mature olfactory sensory neurons. At E14.5 and subsequent days, ACIII immunoreactivity increased and
was mainly observed around the dendritic swellings
(knobs) of mature neurons [Fig. 2(B–D)].
In contrast to ACIII, which was already expressed
at E12.5, CNGA2 immunoreactivity was first
observed at E16.5 [Fig. 2(E–G)]. Immunopositive
signals were seen at the apical surface of the olfactory epithelium mainly around the knobs of mature
neurons [Fig. 2(G)]. At E18.5, the number of neurons
expressing CNGA2 markedly increased [Fig. 2(H)].
For TMEM16B, immunopositive signals were first
observed at E14.5 [Fig. 2(I,J,M,N)]. In addition, the
number of neurons expressing TMEM16B increased
with development [Fig. 2(K,L)] The expression of
TMEM16B was clearly observed in the cilia of
mature neurons and in some of their dendritic knobs
[Fig. 2(O,P)]. Similar images for ACIII, CNGA2, and
TMEM16B were obtained from various areas of the
olfactory epithelium, indicating that these figures are
representative of the distributions across the tissue.
Taken together, these results show that both
CNGA2 and TMEM16B are expressed around the
knobs and in the cilia of mature neurons at similar
embryonic days, E16.5 for CNGA2 and E14.5 for
TMEM16B, indicating that by E16.5 both channels
are present to participate in their olfactory functions.
Developmental Neurobiology
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Figure 1 Olfactory sensory neurons in the developing olfactory epithelium of OMP-GFP mice. In
these mice, mature olfactory sensory neurons express GFP instead of OMP, so that mature neurons are
denoted as OMP-GFP. A-L: Confocal images of coronal sections of the olfactory epithelium at E12.5,
E14.5, E16.5 and E18.5. Early in development at E12.5 the olfactory epithelium was devoid of mature
neurons (B) and the developing neuronal population expressed b-tubulin III (A). Mature neurons were
first seen at E14.5 (E), and their number progressively increased at E16.5 and E18.5 (H,K). Images are
averages of z-stacks of 1 mm thickness. Cell nuclei were stained by DAPI. Scale bars 5 20 mm. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

To further characterize the expression pattern of
TMEM16B in the cilia of olfactory sensory neurons in
wild-type mice, we used anti-acetylated tubulin, a
canonical marker to identify cilia, and performed a
double immunostaining along with anti-TMEM16B.
At E14.5, acetylated tubulin was expressed in small
clusters at the apical surface of the olfactory epithelium and largely coexpressed with TMEM16B
[Fig. 3(A–C)]. As seen from acetylated tubulin immunoreactivity, cilia elongated during development
[Fig. 3(B,E,H)] and, in postnatal mice, cilia formed a
layer parallel to the apical surface of the olfactory epithelium [Fig. 3(K,N)]. TMEM16B immunoreactivity
also increased during development [Fig. 3(A,D,G,J,M)]
and the two proteins were largely coexpressed [Fig.
3(C,F,I,L,O)]. Figure 3(L–O) indicates that TMEM16B
was mainly localized to the proximal part of the cilia
and also to some dendritic knobs [see also Fig. 2(O,P)]
of olfactory sensory neurons.
Developmental Neurobiology

These results show that TMEM16B was expressed
at E14.5 (but not at E12.5) in the cilia of mature
olfactory sensory neurons and that the number of
neurons expressing TMEM16B increased with development, both in OMP–GFP (Fig. 2) and in wild-type
mice (Fig. 3). Other proteins involved in olfactory
transduction appeared at the apical surface of the
olfactory epithelium at different days during embryonic development, ACIII at E12.5 and CNGA2 at
E16.5, in agreement with previous studies (Sullivan
et al., 1995; Treloar et al., 2005; Col et al., 2007).

Expression of TMEM16A in the Olfactory
Epithelium
To examine the expression and localization of
TMEM16A in comparison with TMEM16B, we performed a double immunostaining in wild-type mice.
At E12.5, TMEM16A immunoreactivity was uniform

Expression of TMEM16A and TMEM16B
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Figure 2 Expression of proteins involved in olfactory transduction in the developing olfactory
epithelium of OMP-GFP mice. In these mice, as in Figure 1, mature olfactory sensory neurons
express GFP instead of OMP, and mature neurons are denoted as OMP-GFP. Confocal images of
coronal sections of the olfactory epithelium at E12.5, E14.5, E16.5 and E18.5. A-D: adenylyl
cyclase III (ACIII) was already expressed in immature olfactory sensory neurons at E12.5 (arrowheads) as well as in mature neurons at subsequent days. E-H: cyclic nucleotide-gated channel A2
(CNGA2) was first expressed at E16.5 (G). I-P: TMEM16B was first expressed at E14.5 (J,N) and
its expression increased in the following days. M-P: higher magnification images show the expression of TMEM16B in mature neurons. TMEM16B was expressed in the cilia and in some knobs
(arrows in O,P). Cell nuclei were stained by DAPI. Scale bars: A-L 5 20mm; M-P 5 5mm.

over the entire apical surface of the olfactory epithelium [Fig. 4(A,A1,A2)] and of the respiratory
epithelium [Fig. 4(A,A3)], whereas TMEM16B
immunoreactivity was not yet present. A similar
expression for TMEM16A was observed at E14.5
(data not shown). At E16.5, TMEM16A immunoreactivity was not longer uniform, but began to be

restricted only to a ventral region toward the transition zone between the olfactory and the respiratory
epithelium [Fig. 4(B,B1,B2)]. At P2, the expression
of TMEM16A was further restricted toward the respiratory epithelium [Fig. 4(C,C1,C2)], and a similar
expression was observed also at later postnatal days
(data not shown). Both at E16.5 and in postnatal
Developmental Neurobiology
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Figure 3 Expression of TMEM16B and acetylated tubulin in the olfactory epithelium of wildtype mice. Confocal images of coronal sections of the olfactory epithelium at E14.5, E16.5, E18.5,
P2 and P60. A-L: both TMEM16B and acetylated tubulin, a marker for cilia, were expressed at
E14.5 and during the subsequent days of development. In postnatal mice cilia form a layer at the
surface of the olfactory epithelium (K,N). TMEM16B was expressed in this layer along with acetylated tubulin (J-O). At P2 (J-L) and P60 (M-O) TMEM16B was mainly expressed in the proximal
part of the cilia, and also below the cilia, presumably in the dendritic knobs of olfactory sensory
neurons [see also Fig. 2(O,P)]. Cell nuclei were stained by DAPI. Scale bars 5 5mm. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

mice, the dorsal region of the olfactory epithelium
expressed TMEM16B but not TMEM16A [Fig.
4(B,B1,C,C1)]. The expression of TMEM16B was
uniform across the entire olfactory epithelium,
whereas no TMEM16B immunoreactivity was
detected in the respiratory epithelium.
Figure 5 shows high magnification images for double immunostaining of TMEM16A and TMEM16B
from E14.5 to P60 in a region of the olfactory
epithelium near the transition zone with the respiratory epithelium. From E14.5 to P60, both TMEM16A
and TMEM16B were expressed at the apical surface
of the olfactory epithelium but, importantly, the
staining for these proteins did not overlap.
Developmental Neurobiology

Similar results were obtained from double immunolabeling of ACIII with TMEM16A in a region of
the olfactory epithelium near the transition zone with
the respiratory epithelium at different stages of development. At E14.5 both ACIII and TMEM16A were
expressed at the apical surface of the olfactory epithelium, with ACIII present in clusters and
TMEM16A expressed in a prominent layer just
below the ACIII clusters [Fig. 6(A–C)]. At subsequent days of development the two antibodies stained
distinct layers close to the apical surface, with ACIII
expressed in a layer directly above the TMEM16A
layer: no overlap between them was detectable [Fig.
6(D–O)].

Expression of TMEM16A and TMEM16B

Figure 4 Expression of TMEM16A and TMEM16B in the
developing olfactory epithelium of wild-type mice. Confocal
images of coronal sections of the olfactory epithelium at
E12.5, E16.5, and P2. A: at E12.5, TMEM16A (goat antiTMEM16A) was expressed at the surface of the olfactory
epithelium (A1,A2) as well as at the surface of the respiratory
epithelium (A3), whereas no TMEM16B signal was detected.
Higher magnification images taken from the boxed areas are
shown in A1, A2 and A3. B: at E16.5, TMEM16A expression was not uniform and immunoreactivity was present in
the regions toward the respiratory epithelium and at the surface of the respiratory epithelium itself. Arrowheads indicate
the transition from olfactory to respiratory epithelium. Higher
magnification images taken from the boxed areas are shown
in B1 and B2. No signal for TMEM16A was present in B1,
TMEM16B was expressed in clusters. C: in neonatal mice
TMEM16A expression was even more restricted toward the
respiratory epithelium and at the surface of the respiratory
epithelium itself. TMEM16B immunoreactivity increased at
the apical surface of the olfactory epithelium, but was not
present in the respiratory epithelium. Higher magnification
images taken from the boxed areas are shown in C1 and C2.
No signal for TMEM16A was present in C1. Cell nuclei
were stained by DAPI. Scale bars: A-C 5 100mm; A1-A3,
B1-B2, C1-C2 5 10mm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Similar results were obtained with acetylated tubulin (data not shown). At every stage of embryonic
development, TMEM16A and acetylated tubulin
immunoreactivity never overlapped.
Taken together, these results clearly show that
TMEM16A did not coexpress with TMEM16B, but
was expressed in a prominent layer below
TMEM16B. Moreover, at any stage of development,
TMEM16A was not expressed in the cilia of olfactory sensory neurons.
To further investigate whether TMEM16A was
expressed in olfactory sensory neurons, we analyzed
its expression during development in OMP–GFP
mice [Fig. 7(A–H)]. High magnification images [Fig.
7(E–H)] showed a strong-layered immunopositive
signal of TMEM16A at the apical surface of the
olfactory epithelium, which was interrupted by the
dendritic swellings (knobs) of mature neurons,
clearly demonstrating that TMEM16A was not
expressed in mature neurons of OMP–GFP mice.
Furthermore, to establish whether TMEM16A was
expressed in immature olfactory sensory neurons, we
costained the olfactory epithelium of wild-type mice
at E12.5 with b-tubulin III. As illustrated in Figure
7(I–K), TMEM16A did not colocalize with b-tubulin
III, showing that TMEM16A was not expressed in
immature olfactory sensory. As an additional control
of the possible expression of TMEM16A in mature
olfactory sensory neurons, we used neonatal wildtype mice instead of OMP–GFP mice (which express
GFP instead of OMP). In wild-type mice, costaining
of TMEM16A and OMP further confirmed the
absence of expression of TMEM16A in mature neurons [Fig. 7(L–N)].
Thus, TMEM16A was not expressed in olfactory
sensory neurons of wild-type or OMP–GFP mice during embryonic development and after birth.
As the apical surface of the olfactory epithelium is
covered both by cilia of olfactory sensory neurons
and by microvilli of supporting cells, we examined
the cellular localization of TMEM16A by costaining
the olfactory epithelium with an antibody against
ezrin, a marker for microvilli (see Fig. 8). At E16.5,
TMEM16A and ezrin immunopositive signals largely
overlapped [Fig. 8(A–C)]. At E18.5 and in postnatal
mice, TMEM16A and ezrin immunoreactivity partially overlapped, with TMEM16A immunoreactivity
restricted only to the lower portion of ezrin immunoreactivity [Fig. 8(D–L)]. This clearly shows that
TMEM16A was mainly localized to the proximal
part of microvilli of supporting cells and to the apical
part of supporting cells. As an additional control for
the expression of TMEM16B, we also double-labeled
the olfactory epithelium with TMEM16B and ezrin
Developmental Neurobiology
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Figure 5 Expression of TMEM16A and TMEM16B in a region of the olfactory epithelium near
the transition zone with the respiratory epithelium of wild-type mice. Confocal images of coronal
sections of the olfactory epithelium at E14.5, E16.5, E18.5, P2 and P60. A-L: at each stage of
development, TMEM16A (goat anti-TMEM16A) did not colocalize with TMEM16B. At P2 and
P60, TMEM16A was expressed in a prominent layer just below TMEM16B (J-O). Cell nuclei were
stained by DAPI. Scale bars 5 5mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

(see Fig. 9). At E16.5 and E18.5, ezrin was expressed
in a layer below TMEM16B. At P2 and P60 mice,
some overlapping was observed [Fig. 9(I,L)]. However, we argue that the overlapping is likely to originate from the partial superimposition of cilia
(expressing TMEM16B) and microvilli (expressing
ezrin), rather than from the coexpression of the two
Developmental Neurobiology

proteins. Indeed, schematic drawings of the apical
surface of the olfactory epithelium based on electron
micrograph at different developmental stages, show
that cilia of olfactory sensory neurons and microvilli
of supporting cells do not superimpose in embryos
[Fig. 9(M), based on Fig. 29c from Cuschieri and
Bannister, 1975b], while both cilia and microvilli
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Figure 6 Expression of TMEM16A and ACIII in a region of the olfactory epithelium near the
transition zone with the respiratory epithelium of wild-type mice. Confocal images of coronal sections of the olfactory epithelium at E14.5, E16.5, E18.5, P2 and P60. A-O: TMEM16A (goat antiTMEM16A) expression did not overlap with ACIII and was expressed below ACIII. Cell nuclei
were stained by DAPI. Scale bars 5 5mm. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

elongate during development and partially superimpose in postnatal mice [Fig. 9(N), based on Fig. 1
from Menco, 1995].
These results show that TMEM16A was not
expressed in olfactory sensory neurons, did not colocalize with TMEM16B, and it was mainly localized to
the proximal part of microvilli of supporting cells
and to the apical part of supporting cells.

DISCUSSION
In this study, we have obtained for the first time
immunohistochemistry data showing the temporal and
spatial expression in the olfactory epithelium of the

calcium-activated chloride channels TMEM16A and
TMEM16B during mouse embryonic development.
TMEM16A was already expressed at E12.5 at the apical surface of the olfactory epithelium but from
E16.5 onward became restricted to a region near the
respiratory epithelium. TMEM16B was expressed at
E14.5 and its expression increased with development. Moreover, we showed that these two proteins
never colocalized. TMEM16B localized to the cilia
of mature olfactory sensory neurons, suggesting a
role for this anion channel in olfactory transduction.
In contrast, TMEM16A was not expressed in olfactory sensory neurons, but was found in microvilli of
supporting cells and at the apical part of supporting
cells, consistent with a role in the maintenance of
ionic balance in the mucus layer.
Developmental Neurobiology
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Figure 7 Expression of TMEM16A in a region of the olfactory epithelium near the transition zone
with the respiratory epithelium of OMP-GFP or wild-type mice. A-H: confocal images of coronal sections of the olfactory epithelium of OMP-GFP mice at E12.5, E14.5, E16.5 and E18.5. In OMP-GFP
mice, as in Figures (1 and 2), mature olfactory sensory neurons express GFP instead of OMP, and
mature neurons are denoted as OMP-GFP. TMEM16A was expressed at E12.5 and subsequent days
(rabbit anti-TMEM16A). E-H: higher magnification images showing the expression of TMEM16A at
the apical part of the olfactory epithelium. TMEM16A was not expressed in mature olfactory sensory
neurons of OMP-GFP mice. I-N: confocal images of coronal sections of the olfactory epithelium of
wild-type mice at E12.5 and P2. At E12.5 the olfactory epithelium is devoid of mature neurons [see
Fig. 1(A–C)]. Developing neurons expressing b-tubulin III (J) did not show TMEM16A immunoreactivity (I-K, goat anti-TMEM16A). Indeed, dendritic knobs (indicated by arrows) of developing neurons did not express TMEM16A. In neonatal wild-type mice, most neurons are mature and express
OMP (M). TMEM16A did not colocalize with OMP in wild-type mice (L-N, rabbit anti-TMEM16A).
Cell nuclei were stained by DAPI. Scale bars: A-D 5 20mm; E-H 5 5mm; I-N 5 10mm. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TMEM16B and Olfactory Transduction
As noted, this is the first report investigating the
expression of TMEM16B in the olfactory epithelium
during embryonic development. Previous studies
Developmental Neurobiology

only reported the expression of TMEM16B in the
olfactory epithelium in adult mice and are in agreement with our results.
During mouse embryonic development, TMEM16B
was not expressed at E12.5, but was present at E14.5
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Figure 8 Expression of TMEM16A and ezrin in a region of the olfactory epithelium near the transition zone with the respiratory epithelium of wild-type mice. Confocal images of coronal sections
of the olfactory epithelium at E16.5, E18.5, P2 and P60. A-L: coimmunostaining for TMEM16A
(rabbit anti-TMEM16A) and the microvilli marker ezrin. At E16.5, immunoreactivity for
TMEM16A and ezrin largely overlapped at the surface of the olfactory epithelium (A-C). At E18.5,
P2 and P60, TMEM16A was mainly localized to the proximal part of the microvilli and to the apical part of supporting cells (D-L). Cell nuclei were stained by DAPI. Scale bars 5 5mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

in mature olfactory sensory neurons. TMEM16B
immunoreactivity increased in the following days both
because the number of mature neurons increased and
the cilia elongated with development. Indeed, it has
been reported that at E14.5 cilia are short (1 to
2 mm) and with development elongate reaching a
length of up to 60 mm before birth (Noda and Harda,
1981; Schwarzenbacher et al., 2005; McEwen et al.,
2008). From E16.5 onwards, acetylated tubulin immunoreactivity clearly indicated that several cilia protruded from dendritic knobs and that their length
increased with development. TMEM16B immunoreactivity largely overlapped with acetylated tubulin
immunoreactivity, indicating that TMEM16B expression was correlated with ciliary growth (Fig. 3). Moreover, TMEM16B was also seen in the dendritic knobs
of some mature olfactory sensory neurons (Fig. 2).

During development and in postnatal mice, we did not
find any immunoreactivity for TMEM16B in the respiratory epithelium (Fig. 4) indicating that TMEM16B
expression was restricted to the olfactory epithelium.
The subcellular expression of TMEM16B, restricted to
the cilia of mature olfactory sensory neurons is consistent with a role in olfactory transduction.
At which age can embryonic mice detect odorants?
Lam and Mombaerts (2013) showed that at E16.5,
(but not at E15.5 or E14.5) olfactory sensory neurons
expressing the odorant receptor genes S1 or MOR23
responded to the corresponding odor ligands. There is
also evidence from behavioral studies for prenatal
olfaction and learning. Embryos receive odorant
information from the amniotic fluid, which fills their
nasal cavity. When one of two odorants, iso-amyl acetate or iso-valeric acid, was introduced into the nasal
Developmental Neurobiology
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Figure 9 Expression of TMEM16B and ezrin in a region of the olfactory epithelium near the transition zone with the respiratory epithelium of wild-type mice. Confocal images of coronal sections of
the olfactory epithelium at E16.5, E18.5, P2 and P60. A-L: coimmunostaining for TMEM16B and the
microvilli marker ezrin. Ezrin was expressed in a layer below TMEM16B (A-L). At E16.5 and
E18.5, immunoreactivity for TMEM16B and ezrin did not overlap, while at P2 and P60 some overlapping was observed (I,L). Cell nuclei were stained by DAPI. Scale bars 5 5mm. M-N: schematic
drawings of the apical surface of the olfactory epithelium showing that cilia of olfactory sensory neurons and microvilli of supporting cells do not superimpose in embryos (M, drawing based on Fig. 29c
from Cuschieri and Bannister, 1975b), while both cilia and microvilli elongate during development
and partially superimpose in postnatal mice (N, drawing based on Fig. 1 from Menco, 1995). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

cavity of mouse embryos, the animals responded with
different behaviors according to which odorant was
delivered, showing that the embryos discriminated
between the two odorants (Coppola and Millar, 1997).
Moreover, neonatal mice preferentially suckled on the
nipple of lactating female. They also suckled on the
nipple of non-lactating females only when the nipple
was coated with amniotic fluid (Al A€ın et al., 2012;
Patris et al., 2013). Logan et al. (2012) altered the
amniotic fluid by changing the diet of the pregnant
mice introducing garlic oil or vanillin to the drinking
water (Logan et al., 2012). The authors found that
neonatal mice preferred to suckle from the nipple
with the same odor they experienced as embryos.
Developmental Neurobiology

These studies indicate that embryonic mice have
olfactory experiences that are important for feeding
behaviors after birth.

Tmem16A: Proliferation and Secretory
Processes
Gritli-Linde et al. (2009) first analyzed the expression patterns of several members of the Tmem16
gene family (with the exception of Tmem16b) during murine cephalic development. At E12.5, the
olfactory and the respiratory epithelia showed high
Tmem16a expression, which greatly decreased after
E18.5.

Expression of TMEM16A and TMEM16B

Our data show that at E12.5 the expression of
TMEM16A was uniform at the apical surface of both
the olfactory and the respiratory epithelium. However, at E16.5, TMEM16A immunoreactivity
decreased in the dorsal area of the olfactory epithelium and was present only in areas of the olfactory
epithelium near the transition zone with the respiratory epithelium. At E18.5 and in postnatal mice,
TMEM16A immunoreactivity was even more
restricted toward the respiratory epithelium. The
decreased expression of TMEM16A during embryonic development is in agreement with previous in
situ hybridization data (Gritli-Linde et al., 2009). In
addition, we showed that, during embryonic development and in postnatal mice, TMEM16A was not
expressed in olfactory sensory neurons but was
expressed at the apical part of supporting cells.
Indeed, TMEM16A and ezrin (a marker for microvilli) largely colocalized at the apical surface of the
olfactory epithelium at E16.5. Ezrin immunoreactivity increased in the following days because microvilli
elongated with development (Menco and Farbman,
1985). From E18.5 to postnatal age, we further
showed that TMEM16A was mainly localized to the
proximal part of microvilli of supporting cells and to
the apical part of supporting cells.
The dynamic expression of TMEM16A during
embryonic development raises interesting questions
about its physiological role. TMEM16A has been
shown to be involved in various physiological processes, including cell proliferation. The expression
of TMEM16A increased in some cancerous and proliferating cells (West et al., 2004; Carles et al., 2006,
Carneiro et al., 2008; Ayoub et al., 2010) and
TMEM16A was shown to be involved in cell migration (Jacobsen et al., 2013). Moreover, blockers of
calcium-activated chloride channels affected the
mitotic process, and cell proliferation was restricted
in TMEM16A knockout mice (Stanich et al., 2011).
In the developing olfactory epithelium, mitotic cells
are abundant at the apical surface at E12.5 (Cuschieri
and Bannister, 1975a; Taniguchi and Taniguchi,
2008), and the majority of mitoses occur in the apical
layer up to about E14, whereas later proliferative
activity is transferred to the basal layer (Smart, 1971;
Farbman, 1994). Based on these observations, we
speculate that during earlier stages, until E14.5, the
expression of TMEM16A at the apical surface may
play a role in cell proliferation, although further studies are necessary to investigate this hypothesis.
Among other physiological roles, TMEM16A also
controls fluid secretion in many epithelial cell types.
Indeed, previous studies in knockout mice for
TMEM16A have shown that calcium-dependent chlo-
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ride secretion was eliminated in salivary acinar cells
and in other epithelial cells (Ousingsawat et al., 2009;
Rock et al., 2009; Ferrera et al., 2011; Huang et al.
2012a). Furthermore, in acinar cells TMEM16A regulates bicarbonate anion permeability (Jung et al.,
2013), and in the airway epithelium it is strongly
expressed with mucin secreting cells and modulates
mucin secretion (Huang et al., 2012b). As supporting
cells are known to be involved in the regulation of the
extracellular ionic environment (Breipohl et al., 1974;
Rafols and Getchell, 1983; Getchell, 1986; Menco and
Morrison, 2003), it is likely that TMEM16A contributes to this process. The mucus layer at the surface of
the olfactory epithelium is critical for olfaction, as
odorant molecules dissolve in the mucus before reaching the cilia and the ion concentrations determine the
electrical response. Supporting cells express the
amiloride-sensitive sodium channels (Menco et al.,
1998), members of the aquaporin family (Ablimit at
el., 2006, 2008; Merigo et al., 2011), and the cystic
fibrosis transmembrane conductance regulator (Grubb
et al., 2007; Merigo et al., 2011). TMEM16A is likely
to act in concert with these ion and water channels to
regulate water and ionic balance in the mucus.

CONCLUSIONS
Our data provide the first immunohistochemistry
study of the expression of the calcium-activated chloride channels TMEM16A and TMEM16B in the
mouse olfactory epithelium during embryonic development. Both proteins begin developing in embryos
and remain expressed in adult mice. The different
pattern of distribution of TMEM16B in the cilia of
mature olfactory sensory neurons and of TMEM16A
at the apical part of supporting cells, indicate that
TMEM16A is likely to play a role in the regulation
of the extracellular ionic environment in the mucus,
while TMEM16B is likely to be involved in olfactory
transduction. What precise roles these proteins play
in the developing and in the adult olfactory epithelium still need to be established, but this is certainly
an exciting area for future research.
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