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Chemical senses allow animals to detect and discriminate a vast array of molecules. The olfactory system is
responsible of the detection of small volatile molecules, while water dissolved molecules are detected by taste
buds in the oral cavity. Moreover, many animals respond to signaling molecules such as pheromones and other

g?:jg;lsmn semiochemicals through the vomeronasal organ. The peripheral organs dedicated to chemical detection convert
Taste chemical signals into perceivable information through the employment of diverse receptor types and the acti-

vation of multiple ion channels. Two ion channels, TMEM16B, also known as anoctamin2 (ANO2) and
TMEM16A, or anoctaminl (ANO1), encoding for Ca®*-activated CI~ channels, have been recently described
playing critical roles in various cell types. This review aims to discuss the main properties of TMEM16A and
TMEM16B-mediated currents and their physiological roles in chemical senses. In olfactory sensory neurons,
TMEM16B contributes to amplify the odorant response, to modulate firing, response kinetics and adaptation.
TMEM16A and TMEM16B shape the pattern of action potentials in vomeronasal sensory neurons increasing the
interspike interval. In type I taste bud cells, TMEM16A is activated during paracrine signaling mediated by ATP.
This review aims to shed light on the regulation of diverse signaling mechanisms and neuronal excitability
mediated by Ca-activated Cl~ channels, hinting at potential new roles for TMEM16A and TMEM16B in the
chemical senses.

1. Introduction neurons [25,33-35], photoreceptors [26,36], lateral septum [37],

cerebellar Purkinje cells [38], central lateral amygdala [39], nodose

TMEM16B, also known as anoctamin2 (ANO2) and TMEM16A, or
anoctaminl (ANO1) are two paralogous proteins within the TMEM16
protein family, which comprises eight additional members [1-4]. While
TMEM16A and TMEM16B function as Ca®'-activated Cl~ channels
[5-9], most other TMEM16 proteins exhibit lipid scrambling activity
(TMEM16C, D, E, F, K and J, [10-14], or fulfill diverse cellular functions
(TMEM16C, G, and H [15-17]). Interestingly, some TMEM16 scram-
blases can also mediate ion channel activity (TMEM16D-F and J, [12,
18-22]).

TMEM16B is predominantly expressed in neurons and plays a crucial
role in regulating neuronal excitability [23]. In particular, TMEM16B is
expressed in olfactory sensory neurons [8,24-32], vomeronasal sensory

ganglion neurons [40], inferior olivary nucleus [41], dorsal root gan-
glion neurons [42], and hippocampal neurons [43]. Furthermore,
TMEM16B is also expressed in the pineal gland [44] and retinal pigment
epithelium [45].

In contrast, TMEM16A is mainly expressed in epithelia, where it
regulates transepithelial Cl transport [23,46]. Additionally, TMEM16A
plays a relevant role in controlling vascular tone by modulating the
contraction of vascular smooth muscle cells [47,48]. Interestingly,
TMEM16A is expressed in vomeronasal sensory neurons (VSNs) [26,28,
33,34], controlling the firing pattern [34,35], and in glial-like type I
taste bud cells, possibly regulating paracrine signaling within taste re-
ceptor cells [49,50].

Abbreviations: EOG, electro-olfactogram; MeS, methanesulfonate; NFA, niflumic acid; OE, olfactory epithelium; OR, odorant receptor; OSN, olfactory sensory

neuron; VNO, vomeronasal organ; VSN, vomeronasal sensory neurons.
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This review will focus on the physiological roles of TMEM16B and
TMEM16A in the olfactory epithelium, vomeronasal epithelium and
taste buds. These peripheral structures of chemical senses are respon-
sible for detecting specific molecules such as odorants, semiochemicals
and tastants present in the external word.

2. Electrophysiological properties of TMEM16B and TMEM16A

Among the members of the TMEM16 family, TMEM16A and
TMEM16B are the most similar, sharing about 60 % amino acid identity
[7], and they encode for Ca®"-activated CI~ channels. The electrophys-
iological properties of currents mediated by TMEM16B and TMEM16A
are rather similar, although some differences may have a significant
impact on the physiological processes controlled by these two proteins
[51]. The three-dimensional structure of various TMEM16 family
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members, including TMEM16A, has been resolved, revealing a generally
conserved organization. TMEM16 proteins are dimers, with each
monomer composed of 10 transmembrane domains forming an inde-
pendent pore [3-13,52-55]. Although the structure of TMEM16B re-
mains undetermined, its high sequence similarity with other family
members, alongside data from mutagenesis studies, suggests it shares
this general structural organization [56,57].

TMEM16B primarily function as an anion channel, although it also
has a small permeability to Na*t (Fig. 1A-C [8,9,57,581). Under bi-ionic
conditions, the relative anion selectivity sequence of TMEMI16B is
SCN >NO3 >I >B >CI >F , with larger anions such as methanesul-
fonate (MeS) and gluconate displaying a negligible permeability [8,9,
57,58]. These permeability properties are nearly identical to those of
TMEM16A [5-7,58,59]. Structural and mutagenesis experiments
showed that the TMEM16A pore is amphiphilic and contains charged,
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Fig. 1. TMEM16B-mediated currents in a heterologous system. (A) An inside-out membrane patch was excised from HEK 293 cells transfected with Tmem16b and the
cytoplasmic side was exposed to 100 uM Ca>* at the time indicated in the upper trace. The holding potential was -50 mV. (B) Current-voltage relations in the inside-
out configuration of TMEM16B-mediated current activated by 1 mM Ca®" and a voltage ramp from -100 to +100 mV in the presence of the indicated cytoplasmic
concentrations of NaCl. (C) Average of reversal potential (E.,) plotted versus [Cl ];. The solid lines were calculated according to the Goldman-Hodgkin-Katz equation
for a selective Cl~ channel. (D) The cytoplasmic side of an inside-out membrane patch was exposed to the indicated free Ca>*concentration at the time indicated in
the upper trace. The holding potential was -50 mV. (E) Dose-response relations of activation by Ca*" obtained with normalized currents and fitted to the Hill
equation. (F) TMEM16B-mediated currents in the whole-cell configuration activated by intracellular 1.5 uM free Ca®*recorded in solutions containing NaCl or
NaSCN. The voltage protocol is shown on the top of the panel. (G) Normalized conductances calculated from tail currents at -100 mV after prepulses between -200
and 4200 mV plotted versus the prepulse voltage. (B-C reprinted from [57]; F-G reprinted from [69]).
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polar, and apolar residues. CI” binds to several positive charged amino
acids such as K584, R617 and K641 [54,60-62]. Mutations of some of
these homologous residues in TMEM16B cause alterations in ionic
permeability and Ca?* sensitivity, indicating a similar pore structure
and permeability mechanisms [57]. Interestingly, chimera studies have
shown that the pore region of TMEM16A increases the membrane
expression of TMEM16B [58].

The activation of both these channels mainly depends on intracel-
lular Ca®" concentration. For TMEM16B, the dose response curve for
Ca?" activation has a voltage-dependent half-maximal effective con-
centration (ECsp) in the range 1.2-3.3 uM (at +40/+70 mV; Fig. 1D-E), a
parameter influenced by factors such as clone species, splice variants
and recording conditions (e.g., whole-cell vs. inside-out configuration,
[8,9,57,58]. TMEM16A is slightly more sensitive to Ca2' than
TMEM16B, with an ECs¢ of 1-1.3 uM (at +60/+70 mV) [54,58,63].
Structural and mutagenesis experiments on TMEM16A showed that the
main Ca®" binding domain contains several negatively charged residues
in transmembrane domains 6 and 7, that can coordinate two Ca®" ions
[53,54,64]. These residues are conserved in TMEM16B, indicating a
similar organization of the Ca?* binding domain, although mutagenesis
experiments to confirm this hypothesis are still needed. The localization
of the Ca* binding domain within the membrane’s electric field could
explain the voltage-dependence Ca®' sensitivity in both channels,
although it has also been suggested that voltage-dependent conforma-
tional changes of the Ca?*-binding site may play a role (Fig. 1E [53,54,
65]).

TMEM16A and TMEM16B are modulated by membrane voltage
despite lacking a canonical voltage-sensor domain [56,58,66]. In
particular, TMEM16A can be activated even in the absence of Ca®" at
high membrane voltages, while it is unclear whether TMEM16B needs
the presence of Ca®* to be activated [66,67]. The voltage sensitivity of
TMEM16A and TMEM16B-mediated currents strongly depends on
intracellular Ca®>" concentration. Indeed, at low levels of Ca®" the cur-
rent shows a strong outward rectification and a clear time dependent
relaxation, whereas at high levels of Ca®" the current has a linear
current-voltage relation without a time dependent component [66,
68-70]. Moreover, it is well established that permeant ions allosterically
modulate the voltage sensitivity of both channels. In particular, anions
more permeant than Cl , such as SCN, shift the voltage dependence of
the activation curve towards more negative values and increase the
apparent Ca2*t sensitivity of TMEM16A and TMEM16B (Fig. 1F-G, [66,
69,701).

TMEM16A and TMEM16B can be blocked by several nonspecific
blockers for CI channels, including niflumic acid (NFA, [5,7-91),
4'4'-Diisothiocyanatostilbene-2'2"-di-sulfonic acid (DIDS, [5,7,9]),
5-Nitro-2-(3-phenylpropylamino)benzoic acid (NPPB, [5,7,9]), and
anthracene-9-carboxylic acid (A9C, [67,71,72]). Additionally, more
specific blockers have been developed, such CaCCinh-01 [73],
T16Ainh-A01 [74], MONNA [75], Ani9 [76], Benzbromarone [77]. It is
important to highlight that among various blockers, Ani9 is the only one
so far that it does not appear to disrupt intracellular Ca* signaling [78].
This distinction is crucial as the interference with Ca®" signaling can
complicate the interpretation of results when relying solely on a phar-
macological approach. Specifically, Ani9 demonstrates selectivity for
TMEM16A over TMEM16B when used at relatively low concentrations
1 pM, [76]).

TMEM16A and TMEM16B have different splicing variants [27,51].
For TMEM16B, four isoforms have been identified: A, Ap4, B, Ba4. The A
variants have different starting codons, generating a protein with a
longer intracellular N-terminus. The A4 and Bag4 isoforms lack exon 4,
which encodes a stretch of four amino acid (ERSQ in mouse and ERAQ in
human) located in the first intracellular loop [8,27,36]. Interestingly,
these two variants do not exhibit channel activity when expressed alone
heterologously, but they can modulate the properties of other variants
containing exon 4 [27]. TMEM16B splicing variants have different
expression patterns and slightly different electrophysiological

Cell Calcium 120 (2024) 102889

properties, such as Ca?" sensitivity and kinetics of Ca?"-dependent
inactivation [8,27,36].

3. TMEM16B and the sense of smell
3.1. The olfactory epithelium

Olfaction, the sense responsible for the perception of odorants, is
activated by volatile molecules entering the nasal cavity through
breathing, sniffing, or that are released from food during chewing [79,
80]. Indeed, the olfactory epithelium (OE) is located within the olfactory
cleft in the nose and some of these molecules bind to odorant receptors
(ORs) present in the cilia of olfactory sensory neurons (OSNs, Fig. 2A).
OSN s are bipolar neurons that extend their dendritic branch to the apical
region of the epithelium, terminating with a knob from which 10 to 20
cilia protrude. These cilia constitute an apical cellular compartment of
about 0.1-0.2 pm in diameter and up to 100 pm in length, thus allowing
OSNs to increase their surface-to-volume ratio, maximizing interactions
with odorants [81,82]. The OE is a complex neuroepithelium composed
also by other cell types some of which are now “gaining popularity”
[83]. This increased attention is particularly evident in the case of
supporting cells, which have taken “the center stage” during the recent
COVID-19 pandemic [84]. Supporting cells are columnar-like cells with
a apical membrane rich in microvilli and a basolateral membrane that
closely interact with OSNs, almost enveloping them [81,82]. Further-
more, the OE contains a niche of basal stem cells, horizontal and globose
cells, that ensure tissue regeneration and cellular turnover even in
adulthood [85,86] (Fig. 2A).

3.2. Olfactory signal transduction

It is within the OSNs’ cilia that the proteins involved in signal
transduction are abundantly expressed. The chain of events leading to
generation of a receptor current begins with the binding of an odorant
molecule to an OR that in turn activates the stimulatory alpha subunit of
a G protein: Goolf. Activated Goolf then increases the enzymatic activity
of adenylyl cyclase type III (ACIII), thus increasing intraciliary cAMP
concentration. Acting as a second messenger, cCAMP binds to the CNG
channel, increasing its open probability and allowing the influx of Na*
and Ca®" ions, thus generating an initial current. Several mechanisms
including buffering by mitochondria maintain relatively low resting
Ca?* concentrations inside the cilia. The CNG channels are highly
permeable to Ca?t [87-89], whose concentration rapidly increases in-
side the OSN’s cilia following odorant stimulation [90,91]. Spatially
restricted odor pulses increased Ca®* only in the stimulated cilia, further
proving that each cilium of an OSN behave as a fully functional signaling
compartment [91]. The surge in intracellular Ca?* increases the open
probability of a second set of channels: the Ca®*-activated CI” channels
(Fig. 2B). The Ca®*-activated Cl~ conductance was first described in
1991 [92] in OSNs from frogs and subsequently identified in the OSNs of
various vertebrates, including fish, amphibians, and rodents [93-97].
However, identifying the molecular identity of the channel responsible
for this current, now known to be TMEM16B, remained elusive for
almost 25 years, as extensively reviewed by Pifferi et al. [98] and
Dibattista et al. [31].

Remarkably, OSNs (and VSN, see Section 5 of this review) maintain
an unusually high intraciliary CI concentration, mainly through the
activity of the Na™-K™2Cl™ cotransporter NKCC1 [99,100]. As the CI~
concentrations in the nasal mucus, where the cilia are embedded, and
within the apical dendritic region of OSNs have a similar value of
approximately 50 mM [101-103], the opening of TMEM16B will allow
the efflux of CI', contributing to OSNs depolarization. Employing Cl  as
the charge carrier in transduction gives the advantage of a reduced
dependence on mucosal ion concentration, as cilia are immersed in the
nasal mucus which is prone to composition fluctuations due to direct
exposure to the external environment [104,105].
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Fig. 2. TMEM16B and TMEM16F expression in the human olfactory epithelium. (A) Schematic drawing of a coronal section of olfactory epithelium highlighting the
different cellular types. (B) In the cilia of OSNs, the olfactory transduction cascade begins with the binding of odorant molecules to odorant receptor (OR) inducing
the activation of the Goolf protein leading to the trigger of adenylyl cyclase III (ACIII). ACIII catalyzes the production of cAMP that gates the CNG channel allowing
the depolarizing influx of Na™ and Ca®*. Ca*"induces the opening of TMEM16B channel leading to the efflux of CI~, whereas Ca®" is removed by the activity of the
Na'/Ca" exchanger NKCX4. (C) Confocal micrographs of coronal sections of the human olfactory epithelium immunostained for the neuronal marker TUJ1 (green)
and TMEM16B (red). TMEM16B is highly expressed in the knob/cilia of OSNs. (D) Confocal micrographs of coronal sections of the human olfactory epithelium
immunostained for TUJ1 (red) and TMEM16F (green). TMEM16F is highly expressed in the apical region of the olfactory supporting cells and in cells of secretory
glands. Cell nuclei were stained by DAPI (blue).(C, reprinted from [110]; D, reprinted from [154]).

The termination of the odorant response involves several mecha-
nisms that lead to the closure of both the CNG and TMEM16B channels.
CNG channels gradually close with cAMP diffusion out of the ciliary
space and/or its breakdown by phosphodiesterase, PDE1C and PDE4A
[106]. Closure of TMEM16B channels mainly occurs through the
removal of Ca?* from the cilia, primarily through the action of the
potassium-dependent Na®/Cat exchanger 4 (NCKX4) [107]. Further-
more, mitochondria located in the dendritic knob facilitate Ca®* clear-
ance following odorant exposure [108].

3.2.1. TMEM16B in olfactory transduction

Several studies clearly showed that TMEM16B encodes for the Ca2*-
activated Cl™ channels of OSNs [30,32,34,107,109] reviewed in [98]
and [31]. All the splice variants of TMEM16B are expressed, but the
isoforms B is the more abundant [27]. Recent evidence has also shown
the expression of TMEM16B in human olfactory cilia, suggesting its
involvement in olfactory signal transduction also in humans (Fig. 2C,
[110]1). This hypothesis was initially supported by the anecdotal report
of the widow of a patient affected by the type 3 von Willebrand (VWD)

disease that involve 253 kb deletion in chromosome 12 producing the
deletion of the VW factor gene and of the N-terminus of the neighboring
Tmem16b gene. She declared that her late husband might have been
unable to smell [8]. It was later shown that members of a large Italian
family carrying the VWD because of the 253 kb deletion had no apparent
olfactory deficits when tested using the University of Pennsylvania Smell
Identification Test. As mentioned in Section 2, splice variants for
TMEM16B with a shortened N-terminus are the most abundantly
expressed in OSNs leading to the hypothesis that they may be sufficient
to ensure Ca®*-activated CI” current in odorant signal transduction [8,
111,112]. Further increasing the VWD patients sample size for the ol-
factory tests and coupling those with patients’ biopsies would help to
clarify this issue.

What is the role of the depolarizing Ca?*-activated Cl~ currents via
TMEM16B in olfactory transduction? Answering this question has been
puzzling and perplexing. Nonetheless, the contribution of Ca®"-acti-
vated Cl currents to signal transduction could be summarized in three
points: 1. Amplification of the odorant response; 2. Modulation of firing;
and 3. Response kinetics and adaptation.
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3.2.1.1. Amplification of the odorant response. The odorant transduction
cascade resembles an avalanche, progressively intensifying and
expanding in scale (Fig. 2B). Once initiated by odorant binding to the
OR, there is a gradual amplification of the earlier steps, leading to
cooperative effects. This amplification strictly depends on Ca?*-acti-
vated Cl~ currents, indeed the Hill coefficient of cAMP-mediated current
is approximately 1.5, while for the odorant response curve of intact
OSNs, ranges from 3.5 to 5.4 [94,97,113]. This substantial increase
underscores the role of the secondary Ca®*-activated CI~ currents in
enhancing the nonlinear amplification of the receptor current [94,113].
It is worth noting that the small single channel conductance and the high
open probability of Ca?'-activated Cl~ currents optimize the
signal-to-noise ratio, offering several advantages to odorant responses
[114].

The amplifying role of Ca%*-activated Cl~ currents was confirmed by
the generation of Tmeml6b KO mice [25,30,115]. Indeed, the
Ca?*-activated CI~ current was absent in OSNs of the Tmem16b KO mice
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(Fig. 3A,B [30,34,115]). Moreover, the blocker NFA failed to further
reduce the remaining ciliary current in OSNs from KO mice, confirming
that TMEM16B is responsible for Ca"-activated CI~ channels in OSN
cilia (Fig. 3A,B). In addition, the ClI” contribution is substantial at
various odorant concentrations and the amplification factor is highest at
the signaling threshold, decreasing at saturation of the total response
[115].

3.2.1.2. Modulation of OSN firing. The receptor current induced by
odorants causes the generator potential, which may lead to firing in
OSNs. Suction electrode recordings have consistently shown that OSNs
usually fire 2-3 action potentials in response to stimulation [116-119].
At elevated odorant concentrations, the receptor current can be sus-
tained for extended periods, as long as the stimulus is present, without
eliciting additional action potentials (Fig. 3C). This phenomenon is
caused by a reduction in the length of the action potential train, a result
of the progressive decreasing amplitude of subsequent action potentials
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Fig. 3. TMEM16B modulates the physiological response of olfactory sensory neurons. Recordings of transduction current (A-B) and action potential firing (C-D) from
isolated OSNs dissociated from the OE of WT and Tmem16b KO mice recorded using the suction electrode technique. OSNs were stimulated with the phosphodi-
esterase inhibitor 3-Isobutyl-1-methylxanthine (IBMX) at 1 mM for 1 s. Recording in A-B were performed in control condition and during the application of the Cl~
channel blocker niflumic acid (NFA) at 300 pM. Inserts in C-D show the recordings on an expanded time scale of the indicated regions. (E-F) Normalized electro-
olfactogram recordings from the OE of WT and Tmem16b KO mice. OEs were stimulated with 100 ms-log pulses of vapor phase of 10~ M solution of the odorant
isoamylacetate with different interpulse intervals (0.5, 1, 3 s). (A-D reprinted from [30]; E-F reprinted from [32]).
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(Fig. 3C). This reduction is likely depending on inactivation of
voltage-gated Na* and Ca?" channels during prolonged depolarization
[120,121].

The current flowing through the CNG channels is necessary and
sufficient to elicit action potentials in OSNs due to their high input
resistance [122,123]. While it may initially appear that the Ca®*-acti-
vated CI' current is dispensable for odorant signal transduction [25], the
importance of this current in modulating both the frequency of firing
and the duration of the spike train in response to stimulation has been
elucidated [30]. Indeed, OSNs from Tmeml6b KO mice, exhibiting
reduced transduction currents, surprisingly displayed a higher fre-
quency of action potential compared to WT mice. Furthermore, the
knockout of Tmem16b resulted in a significant prolongation of the action
potential train (Fig. 3D). These findings suggest that the depolarizing
Ca%*-activated CI” current acts as a “clamper”, shortening firing by
tuning it with the strength of odorant stimulus [30,115]. This modula-
tion alters the time course of the response, leading to rapid inactivation
of voltage-dependent Na™ channels [120,121].

Removing the clamping effect of the Ca®*-activated Cl~ current
(Fig. 3D), could lead to an excessive firing frequency and prolonged
spike trains, potentially interfering with the coding process in the next
stage of the signal’s journey: the olfactory bulb in the brain. Indeed,
Tmem16b KO mice exhibit increased Ca®* responses in the axon termi-
nals of OSNs within the olfactory bulb [124], likely contributing to the
altered naive behavior observed in those mice [30,109]. Interestingly, in
the Go/NoGo task, a training-dependent operant conditioning para-
digm, the Tmem16b KO mice did not show any olfactory deficits [25].
This apparent conundrum could be explained by the ability to recognize
odor with great accuracy within 200 ms [125-127] using an olfactom-
eter. This brief time window could suffice for Tmem16b KO mice to
identify a single monomolecular odorant during a solitary sniff, despite
any alterations in odorant-induced action potentials. Conversely, in
tasks where mice must locate a food source, which continually emits its
odor plume within the cage, the olfactory system of Tmem16b KO mice
might be overwhelmed (e.g., prolonged firing duration, modified
adaptation), given the constant presence and diffusion of the odor.

3.2.1.3. Response kinetics and adaptation. To elucidate TMEM16B’s role
in shaping the kinetics of the overall odorant response, electro-
olfactogram (EOG) recordings, an extracellular field technique that re-
cord the summated generator potentials of all responsive OSNs to
odorants, is often used. Despite differing experimental conditions and
odorants used, leading to some contrasting or paradoxical results [32,
34,1091, the importance of TMEM16B in modulating the overall shape
of the odorant response has become apparent. Air-phase EOG re-
cordings, in which the semi-intact OE is stimulated with odorants
delivered through puffs of humidified air, have revealed that the
absence of TMEM16B results in faster rise times and response termina-
tion [32]. These findings are particularly interesting as response
termination plays a pivotal role in governing adaptation to repeated
stimulations (Fig. 3E,F).

Adaptation in OSNs in response to continuous or repetitive odorant
stimulation is a critical mechanism preventing signal transduction
overload [128]. This process is characterized by diminishing responses
to repeated exposure to the same stimuli or sustained stimulation over
time, ensuring sensitivity to new odorants while being exposed to con-
stant or repetitive stimulation [129,130]. Such adaptation is mediated
by Ca?* influx through CNG channels, initiating various feedback loops.
Among them, the CNG channel itself is influenced by a feedback
mechanism where Ca?" -calmodulin lowers the channel’s cAMP affinity
[129,131,132]. In addition to the CNG channel, ACIII has also been
proposed as a potential feedback target for Ca®* dependent adaptation
via Ca2t/CaMKII pathways, particularly for adaptation induced by
sustained odor stimulations [133,134]. However, some evidence sug-
gests that Ca?"/CaMKII-mediated phosphorylation inhibiting ACIII may
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not play a substantial role in the adaptation process [135].

When two brief odorant pulses are delivered, the amplitude of the
response to the second pulse is decreased [129,136] and the current
amplitude gradually recovers to the initial value as the interval between
odorant pulses increases (a stimulation protocol known as paired pulse
protocol). Indeed, excessively long, or short response termination can
alter the response to subsequent stimulation. The faster response
termination observed in Tmem16b KO mice altered their adaptation
profile, leading to earlier recovery of responses to shorter stimulation
intervals compared to WT mice. Notably, TMEM16B, together with
NCKX4 [107], acts synergistically to regulate response termination and
adaptation. NCKX4 knockout OSNs display prolonged response termi-
nation by up to several seconds, as preventing Ca?* extrusion leads to a
prolonged Ca?*-activated CI~ current [137,138].

4. TMEM16 family members in supporting cells of the OE

Despite their name, supporting cells have a role that goes beyond
merely supporting OSNs, as they may also participate in modulating the
olfactory signal transduction pathway, indirectly influencing olfactory
sensitivity and perception. Supporting cells are electrically coupled by
gap junctions, composed at least by connexin 43 and 45, which form a
syncytium for the diffusion of Ca?" and other signaling molecules
throughout the epithelium [139-141]. Supporting cells are involved in
several physiological roles, including the metabolic processing of
external substances and the production of various neurotrophic and
neuromodulatory molecules such as endocannabinoids, insulin, and
ATP, contributing to the regulation of neuronal function and overall
neuronal health [142-149].

4.1. TMEM16A in murine olfactory supporting cells

TMEM16A is strongly expressed in the supporting cells of adult mice,
mainly in the apical surface of the ventral region of the OE, particularly
near the transition zone with the respiratory epithelium. TMEM16A is
predominantly located in the apical part and in microvilli of supporting
cells, with no detectable expression in OSNs [26,28,29,150].

Electrophysiological studies from both WT and Tmem16a KO mice
have demonstrated that Ca®*-activated CI” currents can be recorded in
supporting cells and that TMEM16A is necessary to generate those
currents [150]. The apical region and microvilli of supporting cells, like
the cilia of OSNs, are immersed in nasal mucus, where the CI” concen-
tration is approximately 50 mM. Interestingly, the cytosolic CI~ con-
centration in supporting cells is about 30 mM [101] which would give a
Cl™ equilibrium potential of circa -14 mV. Considering that supporting
cell resting membrane potential has been reported to fall somewhere
between -50 mV and -30 mV, the estimated electrochemical driving
force for Cl suggests that the opening of TMEM16A could lead to a CI™
efflux, potentially influencing the ionic composition within the nasal
mucus covering the olfactory epithelium [150].

Moreover, TMEM16A in supporting cells may participate in the
modulation of purinergic signaling. It has been reported that in the OE,
there may be both constitutively and stimulated ATP release [149].
Activation of purinergic receptors by ATP triggers intracellular Ca%*
release, which is sufficient to activate TMEM16A-mediated Ca®"-acti-
vated CI currents in supporting cells [150]. ATP, acting via P2Y puri-
nergic receptors expressed in supporting cells [151-153], may influence
various processes such as neuroproliferation and neuroprotection within
the OE, highlighting the multifaceted role of supporting cells in olfactory

physiology.
4.2. TMEMIG6F in human olfactory supporting cells
It is important to notice that TMEM16A expression in supporting

cells has been reported in mouse OE. However, unlike murine olfactory
supporting cells, supporting cells of the human OE are known to express
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TMEM16F (Fig. 2D) [154]. Notably, during the COVID-19 pandemic, the
loss of smell emerged as a distinctive symptom of infection, with sup-
porting cells identified as the primary target of SARS-CoV-2 in the OE
due to their expression of Angiotensin Converting Enzyme 2 (ACE2) on
their cell membrane, unlike OSNs that do not express ACE2 [84,
154-156]. Indeed, ACE2 is the cellular receptor for the SARS-CoV-2
spike protein, which facilitates virus-cell adhesion and the fusion pro-
cess necessary for viral entry into the cell [157,158]. In some tissues,
there is a formation of syncytia when the SARS-CoV-2 Spike protein,
expressed on the surface of an infected cell, interacts with ACE2 re-
ceptors on neighboring cells. Subsequently, the scramblase TMEM16F is
activated, leading to the exposure of phosphatidylserine to the external
side of the membrane that acts as signaling for cell-to-cell fusion [159,
160]. Thus, following infection by SARS-CoV-2, supporting cells allow
the virus to replicate, triggering an inflammatory response in the OE
and/or the formation of syncytia that will disrupt OSNs function,
consequently altering the sense of smell [84,154,161]. Supporting cells
envelop OSNs dendrites, particularly as the neurons mature, creating a
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complex cell-in-cell arrangement. This structural intimacy implies that
any disruption to supporting cells, such as syncytia formation, could
directly impact the function of OSNs, thereby affecting olfactory
function.

Furthermore, TMEM16F in the apical membrane of human sup-
porting cells could also, similar to TMEM16A in murine supporting cells,
function as an ion channel and alter the nasal mucus’s ionic composition
due to its permeability to a range of ions, including CI~, Ca?*, and Na*
[22].

5. TMEM16A and TMEM16B roles in pheromone detection
within the vomeronasal organ

5.1. Sensory transduction in the VNO
The vomeronasal organ (VNO), a blind ended cylindrical structure

located on the floor of the nasal cavity, plays a pivotal role in detecting
socially relevant molecules, particularly pheromones and other
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Fig. 4. TMEM16A and TMEM16B in vomeronasal sensory neurons. (A) Pheromones and other semiochemicals bind to G-protein coupled receptors expressed by
VSNs (V1R, V2R, FPR) leading to the activation of Gai or Gao. Gai/o stimulates the cleavage of phosphatidylinositol bisphosphate (PIP2) to diacylglycerol (DAG) and
inositol trisphosphate (IP3) by phospholipase C (PLC). DAG directly gates TRPC2 channels allowing the depolarizing influx of Na* and Ca®*. Ca**induces the
opening of TMEM16A and TMEM16B channels leading to the efflux of Cl. (B) Bright field image of a VSN isolated from an OMP-GFP mouse (left). Confocal mi-
crographs of the same neuron immunostained for TMEM16A (blue) and TMEM16B (red). Cell nuclei were stained by DAPI (blue). (C) Schematic drawing of a VSN in
the whole-cell configuration filled with caged Ca*. The circle shows the location of the application of an ultraviolet (UV) flash to photorelease Ca®*(left). At the
holding of -50 mV, the application of UV light (arrows) rapidly activated a current. The kinetics of activation was well fitted by a single exponential function (red
dotted line) with a t value of 9.5 ms. (D) Recordings as in C at the indicated holding potentials in the presence of an extracellular solution containing sodium
methanesulfonate (NaMeS) show that the current induced by photorelease of catis mainly mediated by Cl . (B-D reprinted from [178]).
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semiochemicals, that regulate the physiology and behavior of several
animals [162-165]. The VNO is composed of two epithelia, sensory and
non-sensory epithelium, running parallel in the anterior-posterior axes
and separated by a mucus-filled lumen. While the non-sensory epithe-
lium primarily provides muscular contraction, essential for the pumping
mechanism required for molecules to reach the lumen [166], the main
function of the sensory epithelium is to capture such molecules, trans-
ducing the chemical signal into an electrical one, and relaying this
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information to the brain. This chemosensory transduction takes place
within the vomeronasal sensory neurons (VSNs), the main cellular
constituents of the sensory epithelium [164,165,167].

VSNs express specific vomeronasal receptor proteins in their micro-
villar membrane, facing the VNO luminal space. These are G protein-
coupled receptors belonging to different family and are expressed in
different subpopulations of VSNs [162,165,168-170]. The activation of
specific G proteins initiates a PLC-mediated signal transduction cascade
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Fig. 5. TMEM16A modulates the physiological responses of vomeronasal sensory neurons. (A) Confocal micrographs of coronal sections of the vomeronasal organ
from WT, Tmeml6a cKO and Tmem16b KO mice immunostained for TMEM16A (green) and TMEM16B (red). Cell nuclei were stained by DAPI (blue). (B) Repre-
sentative whole-cell currents recorded from VSNs from WT (black), Tmem16a cKO (green) and Tmem16b KO (brown) mice. The intracellular solution contained 1.5
uM free Ca®". The lack of TMEM16A significantly reduced the Ca?*-dependent current. The voltage protocol is shown at the top left. (C) Representative loose-patch
recordings from VSNs from WT (black), Tmem16a cKO (green) and Tmem16b KO (brown) mice stimulated with dilute urine (U) 1:50. (D) Scatter dot plots with
average + SEM of the mean action potential (AP) frequency induced by U. (E) Normalized inter-spike interval (ISI) distributions of firing activity (20-ms bin width)
recorded as in C. (F) Cumulative fraction of the ISI distributions shown in E (***p < 0.001, Kolmogorov-Smirnov test; reprinted from [35]).
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leading to the production of diacylglycerol (DAG) and inositol tri-
sphosphate (IP3). DAG directly gates the cation channel TRPC2 allowing
a depolarizing influx of Na* and Ca®" (Fig. 4A) [171,172]. The increase
of intracellular Ca?t concentration activated different pathway both
excitatory and inhibitory. Indeed, Ca®" can activate non selective
cationic channels [173,174], SK3 potassium channel [175], calmodulin
controlling adaptation [174] and Cl  channels [33,35,176-178].

5.2. TMEM16A and TMEM16B in vomeronasal transduction

Ca?*-activated CI~ currents in VSNs have been reported in several
studies using different approaches [25,33-35,176-178]. In particular,
Dibattista et al. [178] employed photorelease of caged Ca?* to spatially
and temporally control Ca?* levels, demonstrating that Ca?*-activated
Cl channels are localized in the apical region and microvilli of VSNs
(Fig. 4C,D; [178]).

Consistent with these functional data, immunolocalization showed
that TMEM16A and TMEM16B are both expressed on the luminal sur-
face of the vomeronasal sensory epithelium (Fig. 5A, [26,34,178]).
Immunocytochemistry performed on dissociated VSNs has further
demonstrated that each VSN expresses both TMEM16A and TMEM16B,
which co-localize on the microvilli of VSNs (Fig. 4B, [178]). This is
particularly noteworthy, as VSNs are a rare example of cellular
co-expression of both TMEM16A and TMEM16B. To our knowledge,
only pinealocytes have been shown to co-express both TMEM16A and
TMEM16B [44].

VSN, like OSNs, maintain elevated internal Cl~ concentrations. In
VSNs, this concentration varies from approximately 40 mM in the apical
region [179] to about 85 mM in the soma [180]. Depending on the
equilibrium potential of Cl, the concentration of which in the vomer-
onasal mucus is still unknown, the opening of Ca®'-activated CI~
channels in the microvilli of VSNs could induce a depolarizing Cl efflux
that amplifies the primary cationic current, similar to what happens in
olfactory transduction in OSNs, or may play a stabilizing role, pre-
venting strong depolarizations.

A comprehensive electrophysiological characterization of the Ca*-
activated CI™ currents in VSNs showed that their properties more closely
resemble those of heterologously expressed TMEM16A rather than
TMEM16B channels [33]. While, when TMEM16A and TMEM16B were
heterologously co-expressed, they formed a heteromeric channels that
showed biophysical properties intermediate between those character-
istic of each individual channel [44]. Moreover, the conditional
knockout of Tmeml6a in mature VSNs abolished Ca®*-activated CI~
currents, demonstrating that TMEM16A is an essential component of
these currents in mouse VSNs [33-35]. In contrast, deletion of Tmem16b
did not significantly altered Ca®*-activated CI” currents in VSNs con-
firming the relevant role of TMEM16A (Fig. 5B, [34,35]). The role of
TMEM16B in this context remains puzzling. We can speculate that the
expression level of TMEMB in VSNs is relatively low, generating a
negligible current (Ibarra-Soria et al., 2014) or that the splice variants
expressed in VSNs (such as isoform Ap4 and Bp4) are unable to form
functional channels without TMEM16A [27]. Although TMEM16A and
TMEM16B are co-expressed in VSNs, we still lack evidence confirming
or refuting the formation of heteromeric channels in this system.

Even though TMEM16B expression seems not to be necessary to
generate Ca?*-activated CI~ currents in VSN, investigations on KO mice
model shown that both TMEM16A and TMEM16B modulate the firing
patterns in response to natural ligands [34,35]. Extracellular recordings
measuring spiking activity demonstrated that the individual deletion of
either Tmem16a or Tmem16b does not modify the spiking frequency of
VSNs responses to pheromones (Fig. 5C-D, [35]). However, analysis of
inter-spike-distribution revealed that both TMEM16A and TMEM16B
contribute to shaping pheromone-evoked firing activity by prolonging
inter-spike intervals (Fig. 5E-F). A study conducted in a Tme-
ml6a/Tmem16b double KO mouse model [34] indicated that VSNs lost
their ability to respond to natural ligands stimulation, although some
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innate VNO-dependent behavior remained unaltered. These conflicting
findings underscore the need for a detailed study of the firing activity,
response to natural stimuli and overall functionality of VSNs in mice
lacking both TMEM16A and TMEM16B.

6. TMEM16A in taste buds

In mammals, the primary taste receptor cells are organized in taste
buds, mainly localized in papillae on the tongue. Taste buds resemble
onion-shaped structures composed of 50-100 tightly packed elongated
epithelial cells (Fig. 6A). Based on their physiological role, taste bud
cells can be categorized into three types. About half of taste bud cells are
type I cells, which function as glial-like supportive cells [181,182].
Despite expressing the amiloride-sensitive Na™ channel ENaC, it has
been established that type I cells do not play a significant role in salt
transduction [181,183-185]. Type II cells express different types of
GPCRs for the transduction of sweet (TAS1R2, TAS1R3), umami
(TAS1R1, TAS1R3) and bitter (TAS2Rs) tastants. These tastants activate
a common pathway involving the G-protein a-subunit gustducin
(GNAT3) and phospholipase-C p2, leading to an increase in intracellular
Ca2* concentration [186,187]. Ca" directly gates the cation channels
TRPMS5 and TRPM4, inducing cell depolarization, action potential firing,
and release of ATP through the voltage-gated channel CALHM1/-
CALHMS3 [188,189]. ATP subsequently activates the ionotropic receptor
P2X2/3 in the afferent fiber to the central nervous system [190]. Type III
cells mediate sour detection through the activation of the proton chan-
nel OTOP1, inducing intracellular acidification and blocking the inward
rectifier K" channel KCNJ2, thus contributing to amplification of de-
polarization [191-193].

Several reports indicate that taste bud cells express Ca%*-activated
Cl™ channels [194-197,197,198]. By RT-PCR and immunohistochem-
istry Cherkashin et al. [49] showed that both TMEM16A and TMEM16B
are expressed in taste buds. However, more precise investigations using
KO-verified antibodies and a mouse model expressing mCherry under
Tmem16b promoter revealed that only TMEM16A is expressed in a
subpopulation of taste bud cells (Fig. 6B, [41,49]). Specifically,
TMEM16A is mainly localized in the apical portion of type I cells, as
demonstrated by the colocalization with the inward rectifier K channel
KCNJ1 (Fig. 6C, [49,199]). Electrophysiological recordings further
confirmed that only type I cells show GCa’'-activated CI~ currents
mediated by TMEM16A (Fig. 6D, [49]). Interestingly, stimulation of
type I cells with ATP induced a TMEM16A-mediated current through the
activation of metabotropic P2Y receptors (Fig. 6E, [49,198,200]).

The physiological roles of TMEM16A in taste bud cells are not yet
fully understood, but various scenarios have been proposed. To under-
stand the function of TMEM16A, knowledge of the equilibrium potential
of Cl is crucial. Unfortunately, the intracellular CI” concentration is
unknown and it is likely that the extracellular CI” concentrations vary
between the basolateral and apical membrane. The latter is likely
immersed in saliva containing about 44 mM of CI' [201,202], while the
interstitial fluid facing the basolateral membrane contains about
100-110 mM of Cl . Moreover, the presence of salty tastants can
dramatically alter the Cl” concentration in the apical portion of the taste
bud shifting the equilibrium potential of Cl .

Using intact taste bud preparations, Rodriguez et al. [50] reported
that the activation of type II cells by bitter compounds induced an in-
crease of intracellular Ca®* concentration in type I cells, mediated by the
activation of P2Y receptors through ATP released from type II cells.
Therefore, TMEM16A could be physiologically activated by stimulation
of type II cells (Fig. 6F). In the central nervous system, the activation of
glia cells, such us astrocytes, during synaptic transmission is well studied
and it can modulate neuronal activity at the circuit level [203,204]. In
taste buds, different cell types could release various neurotransmitters,
such as ATP, GABA and serotonin, mediating paracrine signaling
possibly contributing to shape the firing of afferent fibers [182,205]. In
this context, depolarization or hyperpolarization of type I cells mediated
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Fig. 6. TMEM16A in type I taste cells. (A) Schematic drawing of a coronal section of a vallate papilla showing the distribution of taste buds. (B) Confocal mi-
crographs of coronal sections of a vallate papilla immunostained for TMEM16A (red) or TMEM16B (red) and the G-protein alpha subunit gustducin GNAT3, a marker
for type II taste cells in taste buds (green). (C) Confocal micrographs of coronal sections of a taste bud immunostained for TMEM16A (red) and the inwardly rectifying
K" channel KCNJ1, a marker for type I taste cells (green). Cell nuclei were stained by DAPI (blue). (D) Whole-cell recordings from type I taste bud cells. The
intracellular solution contained the indicated Ca%* concentration. The voltage protocol is shown at the top left. Recordings with extracellular solution containing N-
Methyl-d-glucamine methanesulfonate (NMDG-MeS) show that the Ca®"-activated current is mainly mediated by CI™. The current was blocked by the TMEM16A
blocker Ani-9. (E) Whole-cell recordings from type I taste bud cells stimulated with 50 uM ATP at the time indicated in the upper trace. The pipette solution contained
NMDG-CI and nominally 0 Ca®". The extracellular solutions contained NaCl or NaGluconate, as indicated. Gells were held at -70 mV and voltage ramps from -70 to
+100 mV were delivered before (1) and during (2) ATP application. Lower panel: Current-voltage relationships from the cells shown above obtained subtracting the
traces (1) from those in the presence of ATP (2). (G) Schematic of the proposed mechanism of activation of TMEM16A in type I cells in taste buds. Type II cells are
chemosensory cells for sweet, bitter and umami tastants. Their activation induces the release of ATP from CALHM1/3 channels activating P2X2/3 receptors in the
afferent fibers. ATP also activates the metabotropic P2Y receptors on type I cells leading to increase in intracellular Ca?* and the activation of TMEM16A. (B-E
Eeprinted from [49]).

by TMEM16A could trigger the release of GABA or other neurotrans- systems. Indeed, while the characterization of the physiological role of
mitter from type I cells [205,206]. Interestingly, type I cells express the TMEM16B in OSNs is extensive, the characterization of the TMEM16A in
Ecto-ATPase NTPDase2, which could contribute to regulate the ATP the supporting cells of the OE, the VSNs and type I taste cells is still in its

concentration surrounding the cells and therefore their response to ATP earlier stages. However, this does not mean that the knowledge of the
[50,207]. physiological roles of TMEM16B in OSNs is complete, as for example a
Buffering extracellular K'ions is a critical function performed by deeper understanding of the TMEM16B response kinetics and adaptation
glial cells, mediated by various types of inward rectifier K™ channels is still needed. Furthermore, to better understand the role of TMEM16B
[208,209]. In type I cells, TMEM16A co-localizes with the KCNJ1 in behavior a series of well thought and standardized behavioral tests
channel. Therefore, it can be envisioned that stimulation of type II cells, are needed to unveil its precise physiological roles.
leading to the release of ATP, could produce an increase in intracellular The knowledge acquired on the biophysical and physiological
Ca?* in type I cells activating TMEM16A. Activation of TMEM16A properties of the Ca®"-activated CI~ currents in the extreme diverse cell
would allow for the influx of CI necessary to maintain the apical types of the chemosensory systems together with different KO animal
extrusion of K* through KCNJ1 channels [199]. models could be applied to explore these currents in other epithelial cell
types [210]. This approach is particularly timely and significant
7. Conclusions and future perspectives considering recent advancements in techniques for obtaining human
biopsies and cultivating 3D organoids. Such methodologies not only
Investigating peripheral sensory detection is important for under- allow to model specific conditions where dysregulated chloride trans-
standing the mechanisms underlying the generation of electrical signals port is a key factor but also offer a pathway to translational research
that are subsequently transmitted to higher centers in the brain, ulti- aimed at addressing respiratory diseases.
mately influencing behaviors. This task is particularly critical for
chemical senses due to the complex nature of chemical stimuli. CRediT authorship contribution statement
Olfactory sensory neurons must be finely calibrated to possess an
optimal range of sensitivity towards odorants, along with appropriate Michele Dibattista: Writing — review & editing, Writing — original
kinetics to effectively generate action potentials. In this review, we draft, Conceptualization. Simone Pifferi: Writing — review & editing,
discussed evidence indicating that a key determinant of these charac- Writing — original draft, Conceptualization. Andres Hernandez-Clav-
teristics is TMEM16B, expressed in the cilia of olfactory sensory neurons. ijo: Writing — review & editing, Writing — original draft, Conceptuali-
TMEM16B mediates a depolarizing Ca®*-activated CI” current during zation. Anna Menini: Writing — review & editing, Writing — original
odorant response, crucial for regulating its amplitude and kinetics. draft, Conceptualization.

Moreover, under physiological conditions, TMEM16B works as a
modulator of the firing behaviors of OSNs.

While TMEM16B exhibits neuronal expression in the OE, TMEM16A Declaration of competing interest
seems to be exclusively expressed in the supporting cells, particularly

those located in the transition zone within the respiratory epithelium. In The authors declare that they have no known competing financial
supporting cells, TMEM16A may play different roles essential for interests or personal relationships that could have appeared to influence
maintaining ionic and proliferative homeostasis in the OE, possibly via the work reported in this article.

ATP-mediated pathways.
In the vomeronasal sensory epithelium, both TMEMI16A and Data availability

TMEM16B are expressed by the same cellular type, the VSNs responsible

for pheromone detection and both proteins co-localize on the apical Data will be made available on request.

region and microvilli of VSNs. Although TMEM16A seems to be neces-

sary for the generation of the Ca"-activated CI~ currents in VSNs, in

physiological conditions, both TMEM16A and TMEM16B play a role in
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