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ABSTRACT 

 
 
 
 
The vomeronasal organ (VNO) is a peripheral sensory organ present in many mammals 
that is involved in the detection of pheromones, substances released by animals affecting 
behavior or physiology of other individuals of the same species. The VNO contains 
specialized neurons, called vomeronasal sensory neurons (VSNs), expressing individual 
types of vomeronasal receptors from large families and capable to detect chemical stimuli 
by transducing their binding into electrical signals that are transferred to the central 

nervous system to be processed. Ligand binding to vomeronasal receptors on microvilli of 
the dendritic knobs of VSNs activates a PLC-dependent second messenger transduction 

cascade that produces an increase in intracellular calcium concentration. The increase in 
cytosolic calcium concentration plays several roles in signal transduction, involving the 

activation of other ion channels and enzymes. Previous studies showed that calcium-
activated chloride currents are activated by cytosolic calcium increase in mouse VSNs, and 
that both TMEM16A and TMEM16B, two proteins forming calcium-activated chloride 
channels, are expressed in microvilli of VSNs.  

Here, we used whole-cell and inside-out patch-clamp recordings to provide a functional 

characterization of currents activated by calcium in isolated mouse VSNs. We found that 
intracellular calcium activated anionic currents in whole-cell and inside-out patches from 

the dendritic knob/microvilli. These currents were activated at sub-micromolar calcium 
concentration, were voltage-dependent and were blocked by commonly used chloride 

channel blockers. We compared the electrophysiological properties of the native currents 
with those mediated by heterologously expressed TMEM16A or TMEM16B calcium-

activated chloride channels, which are co-expressed in microvilli of mouse VSNs, and 
found a closer resemblance to those of TMEM16A. We used the Cre–loxP system to 

selectively knock out TMEM16A in mature VSNs. We showed that calcium-activated 
currents were abolished in VSNs of TMEM16A conditional knockout mice (TMEM16A 

cKO), demonstrating that TMEM16A is an essential component of calcium-activated 
chloride currents in mouse VSNs.  

As TMEM16A cKO VSNs do not present calcium-activated chloride currents, this mouse 

line is a good model to study the role of calcium-activated chloride currents in 
vomeronasal physiology. We performed electrophysiological recordings to compare the 

properties of the membrane and the spontaneous and evoked activity in WT and 
TMEM16A cKO VSNs. In whole-cell experiments in the voltage-clamp configuration, we 

found that deleting TMEM16A channel in VSNs did not affect the membrane input 
resistance, resting membrane potential or current-voltage relations of voltage-activated 

inward and outward currents. Extracellular recordings in loose-patch configuration 
showed that firing pattern of spontaneous activity was affected in VSNs from TMEM16A 

cKO mice, showing less activity coded in burst with respect to WT neurons, while the 
mean frequency was not affected. We recorded the capability of VSNs to respond to urine 

at 1:50 dilution presented for a 10 s period. We found urine responses both in WT and 
TMEM16A cKO VSNs, indicating that neurons lacking calcium-activated chloride currents 
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were still able to activate signal transduction after stimulus presentation and to increase 
firing activity. When we compared the firing activity of evoked activity, we found that 

mean frequency was not altered, while the firing pattern was strongly affected. Inter-
spike interval distribution of evoked activity showed that VSNs from TMEM16A cKO fired 

with shorter intervals than WT neurons. We conclude that the calcium-activated chloride 
current in VSNs depends on TMEM16A expression and that it regulates the spike firing 
pattern both during spontaneous and evoked activity.   
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1. INTRODUCTION  

1.1 Chemoreception and chemoreceptor organs in mouse  

Chemoreception is the ability of animals to detect chemical stimuli in the environment 
and to respond by regulating their behaviors. This task is essential for survival of the 

individual and of the species, indeed it enables localization of nutritious food and suitable 
mating partners, and to avoid being eaten by predators or eating toxic substances. In 

animals chemoreception depends primarily on the senses of taste and smell .  In mouse, 
different organs are responsible for the detection of chemical substances in the nasal 

cavity; the main olfactory epithelium (MOE), the vomeronasal organ (VNO), the 
Grüneberg ganglion (GG) and the septal organ of Masera (SO) (Fig 1).  

1.1.1 Main Olfactory Epithelium (MOE) 

The main olfactory epithelium (MOE) is a pseudostratified columnar epithelium located 

inside the nasal cavity and its main function is to detect odorants. The MOE is mainly 
composed by three different types of cells: olfactory sensory neurons (OSNs), supporting 
or sustentacular cells and basal cells (Fig 2A).  The MOE from all vertebrates contains 
secretory glands, called Bowman’s glands, responsible for secreting the fluid, or mucus, 
that cover the surface of the epithelium. The Bowman’s glands have a tubulo/alveolar 
shape with the alveoli positioned in the basal region of the MOE and a duct or tubule that 
reach the surface of the epithelium.  

The OSNs are the cells responsible to detect the odorants and make connection with the 
central nervous system to transfer the information from the external world. OSNs are 

bipolar neurons with a long dendrite that finished in a knob with several cilia that 
protrude inside the mucus layer that covers the epithelium. The signaling transduction 

machinery responsible to transduce chemical stimuli into an electrical signal is located in 
the cilia. From the opposite side of the soma, every OSN presents a single axon that 
projects to the main olfactory bulb (MOB) of the brain and transmits the electrical signal 
to be further processed (Firestein, 2001).  

The OSNs are responsible for detecting odor molecules and transforming the chemical 
energy into electrical signals. The first step in signal transduction in OSNs is the binding of 

the odor molecule with their specific receptor in the ciliary membrane. In 1991 Linda Buck 
and Richard Axel identified a multigene family that appeared to encode candidate 
receptors for odorants in rats (Buck and Axel, 1991). The encoded proteins were named 
olfactory receptors or odorant receptors (ORs): olfactory receptor because the proteins 
are expressed in olfactory sensory neurons (OSNs), and odorant receptor because the 
proteins were thought to recognize odorant molecules, neither turned out to be strictly 
the case, because ORs are now known to be expressed in tissues other than the olfactory 
epithelium and some ORs have been found to detect chemicals other than odorants 
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(Touhara et al., 2016). The first demonstration that an OR is responsible of the initiation 
of the transduction cascade was obtained 7 years after Buck and Axel (1991) described 

the candidate ORs family; Zhao and co-workers (1998) showed that over-expression of a 
particular OR protein, in rat olfactory sensory neurons, gives a higher sensitivity for a 

subset of odorants molecules (Zhao et al., 1998). The OR proteins belong to the class A 
rhodopsin-like GPCR family that includes rhodopsin and the β2-adrenergic receptor. The 
ORs possess structural features in common with class A GPCRs: seven transmembrane 
(TM) domains, a conserved glycosylation site in the N-terminal region, and a disulfide 
bond between the conserved cysteines in the extracellular loops (Touhara et al., 2016). 
OR gene repertoires are highly variable among mammals and reflect their ecological 
diversity. The largest number of intact OR was found in African elephants with around 
2000, twice than those found in mice and dogs (  ̴1000), and five times more than humans 
(  ̴400) (Niimura et al., 2014). 

 

Figure 1. Chemosensory organs in mouse nasal cavity. Schematic representation of four different 

chemosensory organs present in the mouse nasal cavity. The main olfactory epithelium (MOE) located in  the 
upper-posterior region of the nasal cavity. Vomeronasal organ (V NO) an encapsulated tubular tissue located 
in basal region of the nasal cavity. The septal organ of Masera (SO) located anterior to the MO E in the septal 
bone. The Grüneberg ganglion (GG) in the most anterior part of the nasal cavity Main olfactory bulb (MOB) 

with necklace glomeruli (NG) and the accessory olfactory bulb (AOB). Color code indicates the projections 
from chemosensory organs to the MOB and AOB. Insets show images obtained from tissue from a mouse 
expressing green fluorescent protein (GFP) under the control of olfactory marker protein (OMP). Top left: the 

Grüneberg ganglion has an arrow-like shape with neurons clustered in small groups. Top right: the septal 
organ of Masera is an island of sensory epithelium. Bottom left: mature vomeronasal senso ry neurons in a 
coronal section of the vomeronasal organ. Bottom right: mature olfactory sensory neurons in  a coronal 
section of the main olfactory epithelium. [Taken from (Tirindelli et al., 2009)].        
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Binding of odor molecules to odorant receptors (ORs) activates a series of events, which 
eventually lead to generation of action potentials sending the information to the olfactory 

bulb. The ligand-bound OR activates an olfactory-specific G protein (Golf), which in turn 
activates adenylyl cyclase type III (ACIII). The cyclase catalyzes the production of cAMP, a 

second messenger that directly opens a cyclic nucleotide-gated (CNG) channel. This non-
selective cation channel allows the influx of sodium and calcium into the cell, which 
depolarizes the cell membrane ( Ma, 2007). Increase of cytosolic calcium concentration 
activates a calcium-activated chloride channel, TMEM16B, generating an unusual outward 
current, which non-linearly amplifies the transduction current carried by the CNG 
channel. The OSNs maintain a relatively high intracellular chloride concentration via Na -K-
Cl cotransporters (NKCC1) located in the cilia and the cell body (Hengl et al., 2010; Kaneko 
et al., 2004; Reisert et al., 2005) 

The receptor potential generated by the transduction current passively propagates 
through the dendrite and soma. If the stimulation is above the threshold potential, action 

potential firing is evoked and it is transmitted through the axon to the olfactory bulb. In 
the main olfactory bulb, the OSN terminals make synaptic contacts in special ized 

structures called glomeruli, conglomerates of neuropil some 50–100 μm in diameter that 
consist of the incoming axons of OSNs and the dendrites of the main projection cells in 

the bulb, the mitral cells. Axons of all the OSNs expressing a particular OR converge to 
only two glomeruli in the main olfactory bulb. In mice there are about 2,000 glomeruli 
and their localization is roughly conserved among individuals  (Mombaerts et al., 1996; 
Zapiec and Mombaerts, 2015). Therefore the olfactory bulb is topographically organized, 
with each glomerulus representing a single type of odorant receptor (Mombaerts et al., 
1996; Ressler et al., 1993; Vassar et al., 1993). In the main olfactory bulb a single mitral 
cell with its dendritic arborization makes synapses at the level of only one glomerulus. 
The axons of mitral and tufted cells project through the lateral olfactory tract to the 
primary olfactory cortex, including the anterior olfactory nucleus (AON), the olfactory 
tubercle (OT), the piriform cortex (Pir), and the entorhinal cortex (Ent). Olfactory 
information is subsequently relayed to the higher cortex for cognitive processing, which 
underlies the perception of odors ( Ma, 2007). 

1.1.2 Septal organ of Masera (SO) 

The septal organ (SO), also called organ of Masera or septal organ of Masera, was first 
described by Rodolfo Masera in 1943. The SO is a small group of sensory neurons present 
in the basal region of the septal bone in the anterior part of the main olfactory epithelium 

(Fig 1). The sensory neurons in the SO maintain the basic morphology present in the MOE 
with some small differences; the SO contains just three layers of cells, while the MOE is 

much thicker with at least 6 layers of neurons. The neurons from the SO project their 
axon to a subset of glomeruli in the posterior ventromedial main olfactory bulb (MOB). 

Because of its anterior position it is thought that the SO could be involved in the early 
detection of biologically relevant molecules (Tirindelli et al., 2009). The first approach to 

describe the olfactory transduction in sensory neurons of the SO was made looking for 
molecules responsible for signaling transduction in OSNs, such as Golf protein, adenylyl 
cyclase type III (ACIII), and cyclic nucleotide-gated channels (CNG). Immunohistochemical 
and electrophysiological experiments showed that sensory neurons in the SO use a cAMP-
second messenger cascade for signal transduction, similar to OSNs in the MOE (Ma et al., 
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2003). Sensory neurons in the SO express ORs following the rule of one cell-one receptor 
(Tian and Ma, 2004). It has been proposed than the SO can work as an “alert” system, 

because of its anterior position, allowing access to odorant molecules before they reach 
the MOE. However, surgical removal of the SO in rats did not show any clear behavioral 

effect (Giannetti et al., 1992). Interestingly, it has been suggested that the SO may detect 
low volatile molecules that cannot reach the MOE but do access the SO and the 
vomeronasal organ (Wysocki et al., 1980). 

 

Figure 2. Structure and signal transduction in the MOE. Left. Schematic representation of the main 
olfactory epithelium composed by three types of cells: olfactory sensory neurons (OSNs; the only neuronal 

cell type), supporting or sustentacular cells (a kind of glial cell, which possess es microvilli on their apical 
surface), and a stem-cell population, known as basal cells, from which new OSNs are generated. OSNs are 
bipolar cells that project one dendrite to the luminal surface of the epithelium, the dendrite finishes in a 

specialized structure called knob from where cilia  are projected. The machinery for chemosignaling 
transduction is present in the cilia in direct contact with the nasal mucus. From the opposite region of the 
soma OSN project a single axon to the main olfactory bulb (MOB). Inset represent the transd uction signaling 
after olfactory receptor (OR) activation by the binding of a ligand. This is a classic cyclic nucleotide 

transduction pathway in which all of the proteins involved have been identified, cloned, expressed and 
characterized. Additionally, many of them have been genetically deleted from strains of mice, making this 
one of the most investigated and best understood second-messenger pathways in the nervous system. AC, 
adenylyl cyclase; CNG channel, cyclic nucleotide-gated channel; PDE, phosphodiesterase; PKA, protein kinase 

A; ORK, olfactory receptor kinase; RGS, regulator of G proteins (but here acts on the AC); CaBP, calmodulin -
binding protein. Green arrows indicate stimulatory pathways; red indicates inhibitory (feedback).[Modified 
from (Firestein, 2001)]     

1.1.3 Grüneberg ganglion (GG)  

The Grüneberg ganglion (GG) is a cluster of neurons present in the vestibule of the 
anterior nasal cavity (Fig 1). Such a cluster of neurons lining both sides of the most rostral 
septum has been found in different mammalian species (Brechbühl et al., 2014; 
Grüneberg, 1973; Tachibana et al., 1990). Several GG neurons express vomeronasal 
receptors and co-express the G proteins Gαo and Gαi, both of which are also present in 
sensory neurons of the vomeronasal organ (see later). Some GG neurons express adenylyl 

A B 
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cyclase type III and Golf/s, characteristic signaling elements of the main olfactory system. 
Thus, the GG has two kinds of cells, VNO-like or MOE-like (Fleischer et al., 2006). Each GG 

has about 500 cells arranged in several densely packed cell clusters. Individual cells give 
rise to single axons, which fasciculate to form a nerve bundle that projects caudally. The 

axons terminate in glomeruli of the olfactory bulb, one or two large glomeruli associated 
with a semicircle of up to 10 smaller, somewhat diffusely organized glomeruli that 
surround the most anterior part of the accessory olfactory bulb (Bumbalo et al., 2017; 
Fuss et al., 2005; Koos and Fraser, 2005). 

It has been shown that the GG, in the mouse, is an olfactory subsystem implicated both in 
chemo and thermal sensing (Brechbühl et al., 2008, 2013, 2014; Bumbalo et al., 2017; 

Fleischer et al., 2006; Mamasuew et al., 2008). It is specifically involved in the recognition 
of volatile danger cues such as alarm pheromones (APs) and structurally-related predator 

scents. APs evoked calcium responses in GG neurons in vitro and induced freezing 
behavior in vivo, which completely disappeared when the GG degenerated after axotomy 

(Brechbühl et al., 2008, 2013). The role of GG in thermal sensation was tested through 
expression of the activity-dependent gene c-Fos in the GG of neonatal mouse pups. Cool 

ambient temperatures were found to induce strong c-Fos expression in GG neurons 
whereas warmer temperatures did not. GG responsiveness to coolness was remarkably 

reduced in older stages (Mamasuew et al., 2008). 

1.2 Vomeronasal Organ – VNO 
 

1.2.1 Discovery.  

The vomeronasal organ (Fig 3) was discovered by the Danish anatomist Ludvig Jacobson 
and described in detail in a publication in 1813 (see translation in English in Trotier & 
Døving, 1998). He described brilliantly and in great detail many anatomical aspects that 
were not seen even by later anatomists. Jacobson studied a large number of animals in 

order to determine if the 'new' organ was present also in species other than various 
domesticated animals. In principle the organ was called “organ of Jacobson”, but at the 

ninth meeting of the scientific society ‘Der Anatomische Gesellschaft'’ in Basel in 1895, 
the society proposed that the organ of Jacobson should be called: 'organon vomeronasale 

(Jacobsoni)' (Trotier and Døving, 1998).  

1.2.2 Morphology of the VNO 

In most mammals the VNO is located in the foremost part of the nasal cavity, in close 
contact with the nasal cartilage (septum) (Fig 3A), on the palatal elongations of the 

intermaxillary bone. The organ is surrounded by a cartilaginous capsule that is open in the 
anterior part from where the encapsulated VNO makes contact with the nasal cavity 

(Trotier and Døving, 1998). The vomeronasal organ is a tubular structure composed by 
two epithelia, the non-sensory epithelium and the sensory epithelium, and a central 

lumen full of fluid in direct contact with the nasal cavity fluids (Fig 3B). The non-sensory 
epithelium is a cavernous tissue well vascularized with one or two large veins running 

along the organ in the tissue forming the mushroom body. Filling of the cavernous tissue 
of the vomeronasal organ with blood will cause an efflux of fluid from the organ; instead 
a vasoconstriction of the walls of the large vein of the organ will increase the volume of 
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the lumen and create suction. This “pumping” mechanism is the responsible for sucking 
into the lumen of the organ the fluids carrying the stimuli (Trotier and Døving, 1998).  

The sensory epithelium is a pseudostratified epithelium composed of three types of cells: 
sensory neurons, supporting cells, and basal cells. Vomeronasal sensory neurons are 
divided in two classes, basal and apical, according to their location in the vomeronasal 
epithelium and to the expression of receptors (Fig 3C) (Tirindelli et al., 2009). They are 
going to be described in detail later in this thesis. Supporting cells are located in the 
superficial layer of the sensory epithelium, while basal cells are located both along the 

basal membrane of the sensory epithelium and at the boundary with the non-sensory 
epithelium. 

1.2.3 Pheromones 

Chemicals from outside an organism that provide information about another organism 
are called semiochemicals. Semiochemicals that carry information between two different 
species are termed allelochemicals, while semiochemical that carry information between 
members of the same species are termed pheromones (Mucignat-Caretta, 2014). The 
term pheromone was introduced in 1959 by the entomologists Peter Karlson and Martin 

Luscher (Karlson and Luscher, 1959) to identify specific biologically active substances 
“which are secreted to the outside by an individual and received by a second individual of 

the same species, in which they release a specific reaction, for example, a definite 
behavior or a developmental process”. The word pheromone comes from the Greek 
pherrein, to carry or transfer, and hormone, to excite or stimulate (Karlson and Luscher, 
1959).   

Pheromones are found in the animal kingdom, from crustacean to fishes to terrestrial 

mammals. In mammals, even if pheromones are hard to study,  they have been reported 
to be involved in a variety of behavioral effects (Wyatt, 2003). To study pheromones in 

mammals, as for many other research projects, the mouse has been used as animal 
model for a long time. In the last years, many new data have emerged from several 

groups helping to understand the pheromone transduction process in mammals. 
Nowdays we know something about the organs responsible for sensing pheromones, the 

putative receptors which bind pheromones, the signaling cascades inside the cells, the 
axonal projections from the periphery to the central system, etc. but many aspects are 

still unknown and waiting to be described.  
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Figure 3. Morphology of the VNO. A. Jacobson’s unpublished drawing of the VNO at the Agricultural 

University in Copenhagen FI. Drawing of the medial aspect of a head of a deer, Cervus sp. the canalis 
incecivus is indicated by a straw, in this species the opening of the VNO is through the palate, while in mouse 
it is in the nasal cavity. FgII. Drawing of an isolated vomeronasal organ; the lumen is outlined by a stippled 

line. FgIII. Cross section of the vomeronasal organ. B. Cross section of the ventral region of the nasal septum 
of a mouse, at the level of the middle of the vomeronasal organ. The organ is encapsulated in the vomer 
capsule. The sensory epithelium is on the medial wall and the non-sensory epithelium, composed by large 
blood vessels and cavernous tissue, in the lateral wall. C. Two colors in situ hybridization (ISH) with the Gαi2  

probe (apical VSNs, green) and the Gαo probe (Basal VSNs, red) in a coronal section of a VNO. Apical 
neurons co-express V1R receptors with  Gαi2 protein while basal neurons co-express V2R receptors with Gαo 
protein (See text for details). [A & B modified from (Trotier and Døving, 1998). C modified from (Leinders-

Zufall et al., 2014)].  

In mammals, only two clear examples of pheromones activating specific receptors have 
been described: the male pheromone exocrine gland-secreting peptide1 (ESP1) activates 
the V2Rp5 vomeronasal receptor (Haga et al., 2010) (see later); and the male pheromone 
(Z)-5-tetradecen-1-ol activates the Olfr288 OR in the MOE (Yoshikawa et al., 2013). 

Although a limited number of functional pheromone-receptor couples have been 
described, several studies have demonstrated the effect of pheromones in mice. For 

example, it is known that adult female mice modify or suppress their estrous cycle when 
housed in groups and isolated from males, called Lee-Boot effect (Van der Lee and Boot, 

A 

C B 
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1955); male urine can restore and synchronize the estrus cycle of non-cycling females, 
known as Whitten effect (Whitten, 1959), or accelerate puberty onset in females 

(Vandenbergh effect) (Vandenbergh et al., 1975). In addition, the exposure of a recently 
mated female mouse to a male, different from the stud, prevents implantation of 

fertilized eggs (Bruce effect), implying that the stud or its individual odor must be 
memorized at the moment of mating in order to be recognized later (Bruce, 1959). These 
pheromonal effects are commonly believed to be mediated by stimuli present in urine 
that act via the vomeronasal system. Urines are known to contain a variety of small, 
volatile pheromones (Novotny et al., 1984), as well as sulfated steroids and proteins, all 
thought to play a role in pheromone communication (Tirindelli et al., 2009).      

For a long time it was considered that the two main chemoreceptor organs in the nasal 
cavity, the MOE and the VNO, play separate roles in chemodetection, with the MOE 

sensing volatile odorant molecules and the VNO sensing pheromones. More recent data 
clearly show that this strict functional division should be discarded; indeed both 

chemosensory organs can detect both pheromones and odorant molecules (Baxi et al., 
2006; Johnston, 1992; Omura and Mombaerts, 2014; Yoshikawa et al., 2013). 

Nevertheless the main role of the VNO is the detection of pheromones and regulation of 
animal behavior.  

1.3 Vomeronasal Sensory Neurons  
 

1.3.1 Morphology and classification  

Vomeronasal sensory neurons (VSNs) are the main component of the vomeronasal 
sensory epithelium. VSNs are bipolar neurons with a rounded soma that project a long 
dendrite that finishes in a knob with microvilli, this dendritic knob comes in contact with 
the fluids inside the lumen of the VNO. Most of the components of the machinery 
necessary for signal transduction are present in the knob/microvilli of the VSNs. From the 

opposite side of the soma a long axon projects to the central nervous system, specifically 
to the accessory olfactory bulb (AOB) (Rodriguez et al., 1999). The VSNs are divided in two 

different populations inside the sensory epithelium, basal and apical neurons, showing 
several differences between them. These two populations are located in two anatomically 

different regions inside the sensory epithelium, the basal neurons are located near the 
basal lamina and the apical neurons are located near the lumen surface. They also 

express different signaling proteins. Basal neurons express the Gαo isoform in 
combination mainly with the V2R class receptors while apical neurons express Gαi2 

isoform mainly in combination with the V1R class receptors (Fig 3C) (Berghard and Buck, 
1996; Dulac and Axel, 1995; Herrada and Dulac, 1997; Matsunami and Buck, 1997; Ryba 

and Tirindelli, 1997). Finally, these two populations project their axons to different 
regions inside the AOB (see also later) (Rodriguez et al., 1999).       

1.3.2 Receptors in VSNs 

The discovery of ORs in 1991 showed that the proteins responsible for detecting odors in 

the main olfactory epithelium are coded by an extremely large multigene family, with 
around 1000 members in the mouse, that encodes seven transmembrane domain 
proteins (Buck and Axel, 1991). As the expression of the OR multigene family was thought 

to be restricted to the MOE, it was proposed that the receptor protein expressed in VNO 
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should be from a different family. The discovery of a first multigene family coding for the 
putative receptors in VNO came out in 1995 (Dulac and Axel, 1995), later known as V1R 

receptors and related to VSNs expressing Gαi2 protein. Two years later a second 
multigene family was discovered coding for other putative VNO receptors (V2R) 

associated to VSNs expressing Gαo protein (Herrada and Dulac, 1997; Matsunami and 
Buck, 1997; Ryba and Tirindelli, 1997). Finally a third family of receptors was described for 
the VNO, the formyl peptide receptors (FPR) family (Liberles et al., 2009; Riviere et al., 
2009).   

1.3.2.1 V1R receptors.  

Catherine Dulac and Richard Axel identified the first multigene family coding for V1Rs 

using a single-cell subtractive approach (Dulac and Axel, 1995). V1Rs are G protein-
coupled receptor (GPCRs) with seven transmembrane domains, V1Rs are classified inside 

the class A or rhodopsin-like family of GPCRs (Rodriguez, 2016). As described previously, 
V1Rs expression is restricted to apical neurons from the VNO, sharing the same pattern of 

expression of Gαi2 protein (Fig 3C).  In mammals, V1R genes have a very s imple structure. 
They possess a first (and sometimes second) noncoding exon(s) followed by a final exon 

that contains the whole V1R coding sequence (Rodriguez, 2016). A total of 392 genes are 
present in the mouse genome, among which 239 have an intact open reading frame. 

Their products have been organized into 12 subfamilies (V1Ra to V1Rl) (Fig 4A), with 
members inside the same family sharing at least 40% amino acid sequence identity 
(Rodriguez, 2016; Rodriguez et al., 2002). The expression pattern of individuals V1Rs 
shows punctuated distribution marking between 1 – 4% of the VSN, this observation, and 
the non-overlapping expression of several V1Rs indicated that VSNs follow the one cell-

one receptor rule, where just one receptor is expressed in a given VSNs, similar to OR 
expression in OSNs in the MOE (Dulac and Axel, 1998) and SO (Tian and Ma, 2004). The 

V1R-expressing neurons project their axons to the anterior part of the AOB (see later). 
The direct role of V1R receptors in VNO chemoreception was demonstrated by deletion of 

a cluster that contained almost all genes coding for V1R1a and V1R1b receptors , leading 
to deficient pheromone responses (Del Punta et al., 2002a).     

1.3.2.2 V2R receptors 

V2R receptors are also GPCRs, but different from V1Rs, they belong to the class C family, 
also known as the metabotropic glutamate receptor family. While V1Rs are express ed just 
in apical neurons, V2R expression is restricted to basal neurons expressing the Gαo 
protein (Herrada and Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli, 1997). 

The coding sequence of V2R genes is split into multiple exons, with a single, large exon 
coding the seven-transmembrane part of the receptor. The mouse genome comprises 121 

potentially functional V2Rs. V2R gene products are usually classified into four families 
(V2RA – V2RD, Fig 4B) (Francia et al., 2015; Ishii and Mombaerts, 2011; Rodriguez, 2016; 

Silvotti et al., 2007; Yang et al., 2005). Unlike all the other olfactory receptors, V2Rs do 
not follow the “monogenic rule”. All V2R-expressing VSNs express a member of the V2RC 

family, plus one from another V2R family (A,B or D), meaning that all basal cells express at 
least two V2R proteins, one from the C family and one from the A, B or D family.  (Francia 
et al., 2015; Ishii and Mombaerts, 2011; Silvotti et al., 2007). V2RC family is composed by 
7 members (Vmn2r1-7). A detailed evaluation of the V2RC family expression in basal VSNs 
showed two different populations: one expressing Vmn2r1 (called also C1 family); and the 
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other one combinatorially co-expressing the other members of the C family (Vmn2r2-7 or 
C2 family). The two different populations of basal neurons co-express, in non-random 

manner, one member of the other V2R families (A, B or D), showing a multigenic 
expression of V2Rs in basal VSNs (Silvotti et al., 2011). Moreover V2R-expressing VSNs co-

express a family of nine non-classical class I major histocompatibility (MHC) genes, H2-Mv 
genes. H2-Mv expression shows a spatial segregation, with more basal V2R neurons 
expressing H2-Mv while more apical V2R neurons do not express H2-Mv genes (Ishii and 
Mombaerts, 2008; Leinders-Zufall et al., 2014). The functional role of H2-Mv in VSNs is 
linked with pheromone detection. In 2014, Leinders-Zufall and co-workers deleted the 
whole cluster of H2-Mv genes in mouse germline and evaluated the physiological 
response of VSNs to peptides and proteins, the classical ligands for basal VSNs. They 
found that cells which normally express H2-Mv proteins displayed a decreased sensitivity 
to a ligand when H2-Mv genes were deleted, while cells that normally do not express H2-
Mv genes showed no changes in the sensitivity when H2-Mv genes were deleted. 
Furthermore, they found deficits in sexual and aggressive behaviors in mice lacking H2-
Mv genes. They concluded that H2-Mv genes are required for ultrasensitive 
chemodetection by a subset of cells (Leinders-Zufall et al., 2014). 

Some single compounds are known to be V2R agonist. The first ones to be identified were 

the major histocompatibility complex (MHC) class 1 peptides that activates V2R-
expressing VSNs at sub-picomolar concentrations (Leinders-Zufall et al., 2004, 2009, 
2014). V2Rs are also activated by exocrine gland-secreting peptides (ESPs) and major 
urinary proteins (MUPs). The direct proof of V2R chemoresponsivity came mainly from 
two different works. Deletion of the gene coding for V2R1b result in a deficit for sensing 
peptide stimuli, specifically stimulation with MHC class 1 peptides (Leinders-Zufall et al., 
2009). While deletion of the gene coding for V2Rp5 receptor disrupt responses to the 
male-specific ESP1 (Haga et al., 2010). Interestingly, it was shown that cells expressing the 
V2R1b receptor detects MHC peptides and exhibited combinatorial activation with 
overlapping specificities. In a given cell, response to peptides was broad, but very specific, 
being able to distinguish between peptides differing in just one amino acid (Leinders-
Zufall et al., 2009). A given peptide activates a subset of V2R1b-expressing neuron and 
neurons lacking V2R1b were not able to respond to any MHC peptide, indicating that 
V2R1b receptor is necessary to activate the neuron. The diversity in the ligand-response 
observed in VSNs stimulated with peptides from the MHC could be given by the 

combinatorial co-expression of receptor from the V2RC family (Silvotti et al., 2007, 2011).          

1.3.2.3 Formyl peptide receptors FPR 

In 2009 two groups independently identified a new family of chemoreceptors (Liberles et 

al., 2009; Riviere et al., 2009). This family is composed of formyl peptide receptors (FPRs) 
that are seven-transmembrane GPCRs belonging to class A, or rhodopsin-like (Spehr, 

2016). FPRs are found in all mammals and are encoded in mice by seven genes. Through 
quantitative RT–PCR and in situ analysis it was found that Fpr-rs1, Fpr-rs3, Fpr-rs4, Fpr-rs6 

and Fpr-rs7 transcripts were exclusively observed in vomeronasal tissue extracts, in situ 
hybridization showing strong and punctate expression of FPRs in the sensory epithelium. 
Double in situ hybridizations, using a large panel of probes recognizing most 
chemoreceptors expressed by VSNs, failed to find co-expression of FPRs with members of 
other families or other members inside FPR family (Riviere et al., 2009), indicating that 
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FPRs follows the “monogenic rule”, or one cell-one receptor. FPR-rs1 is expressed in Gαo-
expressing neurons (i.e. basal neurons), whereas the other VNO FPRs (3, 4, 6 and 7) are 

expressed in Gαi2-expressing neurons (i.e. apical neurons). Stimulation of vomeronasal 
sensory epithelium with FPRs agonist formyl peptide fMLF, uPAR, or lipoxin A4 showed an 

increase in intracellular calcium concentration, indicating that VSNs can sense these 
compounds which are a possible link to pathogens, or to inflammation, which may result 
from an immune response to germs, a new possible role for the VNO (Riviere et al., 2009).  

1.3.2.4  Olfactory receptors in the VNO 

As previously mentioned, for a long time the most accepted view of the mammalian 
olfactory systems was that odorants are detected only in the MOE, whereas pheromones 

are detected in the VNO. Sam and colleagues (2001) first showed that VSNs can be 
activated by volatile compounds, suggesting that certain odorants may act in mammals as 

semiochemicals that influence behavior (Sam et al., 2001). After the report that VSNs can 
detect volatile odorants, Nakahara and colleagues (2016) evaluated the expression of ORs 
in the VNO, using RNA sequencing. They found that three ORs are expressed in the VNO, 
with two of them showing similar or lower expression levels than in the MOE, and one 
being more expressed in the VNO than in the MOE, the Olfr692 gene. Interestingly, 
Olfr692-expressing cells were activated by pup odors, and co-expressed TrpC2, V2R clade 
C, and Gαo transcripts, while they did not express CNGA2, V2R clades ABD nor Gαolf 

transcripts, suggesting that they represent a distinct and novel subpopulation of 
chemosensory cells in the adult mouse vomeronasal system (Nakahara et al., 2016).   

1.4 Ligands for VSNs  
 

1.4.1 Urinary volatiles 

Several primer pheromone effects in laboratory mice are now well known. These include 

the Whitten, Bruce and Vandenbergh effects. These three phenomena are associated 
with the effect of male mouse urine on females. In the Whitten effect, male urine 
promotes a regular four to five day estrous cycle in female mice (Whitten, 1959). In the 
Bruce effect, urine from an unfamiliar male mouse will cause failure of implantation and 
pregnancy in a female recently mated with another male (Bruce, 1959). The Vandenbergh 
effect concerns the acceleration in the onset of puberty and first estrus  in pre-pubertal 
female mice exposed to urine of males (Vandenbergh et al., 1975). Although it was known 
that urine was responsible for those effects, the nature and identity of the specific 
molecule was not known. Identification of diverse volatiles pheromones present in the 
mouse urine was carried by Novotny and colleagues (Jemiolo et al., 1989; Novotny et al., 
1980, 1984, 1986, 1999). They identified, among others, 2-heptanone, α and β farnesenes 
and 2,5-dimethylpyrazine as volatile pheromones regulating animal behavior. Volatile 
pheromones evoked high affinity responses in both MOE and apical VNO sensory neurons 
(Kelliher et al., 2006; Zufall and Leinders-Zufall, 2000) although the relative roles of these 
detection systems are still unclear (Liberles, 2014). 

1.4.2 Major urinary proteins (MUPs) 

Major urinary proteins (MUPs), also named α2 urinary globulins in rat, belong to the 
lipocalin superfamily (Cavaggioni and Mucignat-Caretta, 2000). MUPS are mainly 
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synthesized in the liver and excreted with urine. Male mouse urine contains a higher 
concentration of MUPs than females.  Although MUPs are also expressed in exocrine 

glands such as mammary, parotid, sublingual, submaxillary, lachrymal, nasal, and in 
modified sebaceous glands like preputial and perianal glands, their biological effects have 

been exclusively demonstrated when these proteins were purified from urine or added to 
urine that does not possess pheromonal activity (i.e., of a pre-pubertal or castrated 
mouse) (Chamero et al., 2007; Zhou and Rui, 2010). MUPS were first thought to function 
as transporters or stabilizers of pheromones or other semiochemicals, but now it is 
known that also MUPs themselves can be pheromones. 
 
MUPs have a central cavity, lined with hydrophobic residues  that constitute the site of 
binding of apolar ligands, especially pheromonal molecules. All lipocalins contain a 
tryptophan residue in the position 19 (Trp19) which may contributes to ligand binding but 
also to protein stability (Beynon and Hurst, 2004). The role of the binding of volatile 
pheromones to MUPs could be related with the protection of ligands from degradation, 
and with a slow release of pheromone to the air, allowing the message to persist for a 
longer time in the environment (Beynon and Hurst, 2004).  
MUPs do not only have a role as carriers of pheromones, but also stimulate directly VSNs 
and regulate behavior by themselves. In 2007 Chamero and coworkers, through calcium 

imaging experiments, evaluated the effect of purified MUPs on isolated VSNs. They 
reported an increase in cytosolic calcium and determined that the MUP protein activates 

a sensory neuron subfamily characterized by the expression of the G protein Gαo subunit 
and Vmn2r putative pheromone receptors (V2Rs). Recombinant MUP1 promotes inter-

male aggression in the absence of pheromones. Therefore, MUPs themselves also act as 
non-volatile pheromones in addition to being pheromone carriers (Chamero et al., 2007). 

In addition, Roberts and collaborators (2010) showed that MUP20, or darcin, a single 
atypical male-specific MUP, is involved in female’s fixed sexual attraction to male. The 

recognition of darcing by a female elicits a flexible response, where the animal that enters 
in contact with darcing from a specific male, can learn and memorize the odor and be 

more attracted to it in future encounters, indicating that female sexual attraction is both, 
inherent and learned (Roberts et al., 2010). It has been shown that MUPs are also 
responsible for recognition of self and non-self cues, working in a combinatorial mode 
(Kaur et al., 2014). 
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Figure 4. Mouse vomeronasal receptors.  A. Type I vomeronasal receptors (V1R) repertoire. Unrooted 

phylogenetic tree representing the 137 V1r genes, with 12 families readily distinguishable (From V1Ra to  
V1Rl). B. Type II vomeronasal receptors (V2R) repertoire. Unrooted phylogenetic tree of the mouse V2R 
genes with  4 families (from V2RA to  V2RD). Family-A clades are represented by open and closed circles. The 

number of intact genes of each family or clade is indicated in brackets. C. Formyl peptide receptors (FPRs) 
repertoire. Phylogenetic tree of the mouse FPR genes with 5 families expressed in VSNs. FPR1 are expressed 
in apical neurons while FPR3, 4, 6 & 7 are expressed in basal neurons. [A. modified from (Rodriguez et al., 
2002). B. modified from (Silvotti et al., 2007). C. modified from (Rodriguez, 2016)].  
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1.4.3 Exocrine gland-secreting peptides (ESPs) 

Non-volatile pheromones are present also in tears and saliva. In rodents, some exocrine 
glands, such as extraorbital, Harderian and submaxillary glands, secrete a family of 
peptides called exocrine gland-secreting peptides (ESPs) The ESP family is absent from the 
human genome (Tirindelli et al., 2009). In 2005 it was found that VSNs can be stimulated 
by a male-specific 7-kDa peptide, ESP1, secreted from the extra-orbital lacrimal gland of 
mice. ESP1 is secreted from the eyes of a male and is transferred to the female VNO, 
where it stimulates V2Rp5 expressing VSNs and causes enhancement in lordosis in 
females, which is the typical female sexual receptive behavior (Kimoto et al., 2005, 2007, 
Haga et al. 2010). Interestingly, it has been recently demonstrated that ESP1 is one of the 
key factor responsible for the Bruce effect (pregnancy block)(Hattori et al., 2017). 

ESPs show sexual dimorphism and strain differences in mice. This dimorphism and the 

reception in the VNO suggest that the ESP family can convey information about sex and 
individual identity via the vomeronasal system (Haga et al., 2010; Kimoto et al., 2007). 

ESPs can also carry information about age of the animal. It was shown that ESP22 is 
secreted from the lacrimal gland and released into tears of 2–3 week old mice. Upon 

detection, ESP22 activates high affinity sensory neurons in the VNO, and downstream 
limbic neurons in the medial amygdala. ESP22 works as a powerful inhibitory effect on 

adult male mating behavior, and its effect is lost in mice lacking TRPC2, a key component 
of the vomeronasal signal transduction (see later) (Ferrero et al., 2013) 

1.4.4 Class I major histocompatibility complex peptides (MHC peptides)  

In addition to the well-established role of peptide ligands of the major histocompatibility 
complex (MHC) class I molecules for self-non self-recognition, MHC peptides also work as 
sensory stimuli for VSNs (Leinders-Zufall et al., 2004). This is possible because 
peptide/MHC complexes are not always retained at the cell surface, they are released 
into the extracellular space and appear in the urine and other bodily secretions (Singh et 
al., 1987). In 2004 it was shown that Class I MHC peptides at sub-picomolar concentration 
can directly activate VSNs, specifically basal neurons expressing V2R receptors and Gαo 
protein, and are able to affect the behavior of the mouse (Leinders-Zufall et al., 2004).    

Interestingly, responses to peptides were not altered in TRPC2 KO mice when compared 
with WT mice, suggesting that class I MHC peptides transduction signaling was 

independent of TRPC2 channels, the main channel responsible for signaling transduction 
in VSNs (see later) (Kelliher et al., 2006).       

1.4.5 Sulfated Steroids  

Another group of molecules able to stimulate VSNs are sulfated steroids. Their activity as 
ligands of VRs was described by Nodari and co-workers (Kimoto et al., 2007). They 
fractioned the female urine by chromatography and evaluated the ability of those 
fractions to elicit reproducible responses in VSNs using multi-electrode array (MEA) 
recordings. They found that most of the compounds which activated VSNs had low 
molecular weight, moderate hydrophobicity, low volatility, and a negative electric charge. 
Purification and structural analysis of those compounds revealed the presence of multiple 
sulfated steroids. Interestingly, when the activity of sulfatase-treated urine fractions was 
evaluated, a loss of more than 80% of activity was detected, indicating that sulfated 
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compounds are the most active ligands for VSNs in female mouse urine (Celsi et al., 2012; 
Kimoto et al., 2007). Later, Isogai and co-workers (2011) investigated the detection of a 

mix of synthetic sulfated steroids by the VNO of male mice and found that VSNs 
expressing V1R receptors of the V1Ref and V1Rjk clades were specifically activated. 

Furthermore, they suggested that V1R receptors can distinguish distinct structural classes 
of steroids and that V1Rs may serve as detectors of the physiological status of an animal 
(Isogai et al., 2011).       

1.5 Signaling transduction in VSNs 

The mechanisms of sensory signal transduction in VSNs are still not completely known. 

However, some steps and proteins involved in this process have been described. It has 
been demonstrated that the VSNs respond to stimuli, mainly pheromones, producing a 

depolarization of the membrane potential, an increase of cytosolic calcium and increase 
in firing frequency (Kelliher et al., 2006; Leinders-Zufall et al., 2004; Liman et al., 1999; 

Lucas et al., 2003; Zufall and Leinders-Zufall, 2000). In VSNs, the binding of chemicals with 
vomeronasal receptors occurs in the microvilli, at the apical region of the neuron’s 
dendrite. In rodents, these neurons express one or a few members of three families of G 
protein–coupled receptors: V1Rs, V2Rs, and formyl peptide receptors (FPRs) (Dulac and 
Axel, 1995; Francia et al., 2015; Herrada and Dulac, 1997; Liberles et al., 2009; Martini et 
al., 2001; Matsunami and Buck, 1997; Riviere et al., 2009; Ryba and Tirindelli, 1997). 
Figure 5 shows a schematic view of the putative signal transduction processes in VSNs.  

The binding of the ligand to vomeronasal receptors activates a G protein-regulated and 
cyclic-nucleotide-independent signaling pathway involving phospholipase C activation, 

which leads to the activation of a transient receptor potential canonical 2 (TRPC2) 
channel, highly expressed in the knob microvilli of VSNs, allowing the influx of sodium and 

calcium ions (Liman et al., 1999; Munger et al., 2001; Zufall and Leinders-Zufall, 2000). As 
a secondary event, the rise in calcium is likely boosted by IP3-dependent calcium release 

from internal stores (Kim et al., 2011) and gating of an unknown calcium conductance by 
a polyunsaturated fatty acid metabolite of DAG, probably arachidonic acid (AA) (Spehr et 

al., 2002). As a multifaceted messenger, calcium has been shown to act on several 
targets, including calcium-activated chloride channels, likely TMEM16A and/or TMEM16B 
(Billig et al., 2011), calcium-activated cation channels (CAN) (Liman, 2003; Spehr et al., 
2009), and calcium-dependent potassium channels (BK, SK) (Kim et al., 2012; Zhang et al., 
2008).  
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Figure 5 Signal transduction mechanisms involved in vomeronasal signaling. A. Schematic view of putative 

signal transduction pathways implemented in the mouse vomeronasal organ. Four general “receptor 
identities” are found in vomeronasal sensory neurons (VSNs): V1R- and G protein a-subunit (Gai2)-
expressing neurons, VSNs coexpressing two V2Rs and Gao. This neuronal population is subdivided into cells 

either expressing a family-A, -B, or -D receptor together with a broadly expressed member of the V2RC 
subfamily, or neurons coexpressing a family-A and family-C V2R in concert with  a nonclassical major 
histocompatibility complex protein (H2-Mv; associated with b2-microglobulin) as well as formyl peptide 
receptor (FPR)-rs-expressing VSNs that, depending on the specific receptor type, coexpress either Gai2 or 

Gao. B. Downstream receptor activation, current models presume G protein-dependent activation of 
phospholipase C (PLCβ), cleavage of phosphatidylinositol-4,5-bisphosphate (PIP2) into soluble inositol-1,4,5-
trisphosphate (IP3) and membrane-bound diacylglycerol (DAG), eventually resulting in gating of primary 

transduction channels that are formed, in part, by the transient receptor potential channel TRPC2. As a  
secondary event, the rise in calcium is likely boosted by IP3-dependent calcium release from internal stores 
and gating of an unknown calcium conductance by a polyunsaturated fatty acid metabolite of DAG, 
probably arachidonic acid (AA). As a multifaceted messenger, calcium has been shown to act on several 

targets, including calcium-activated chloride channels, likely TMEM16A and/or TMEM16B, calcium-activated 
cation channels (CAN), and calcium-dependent potassium channels (BK, SK). Microvillar membranes are 
indicated by yellow lipid polar head groups (filled circles), whereas putative soma/dendritic membranes are 
marked by open circles [Taken from (Spehr, 2016)]. 

1.5.1 G proteins 

For many years the demonstration of the involvement of G protein activation after ligand 
binding with vomeronasal receptors was missing. G protein activation was hypothesized 
on the basis of the specific co-expression, in the VSN knob/microvilli, of G-protein α-
subunits (Gαo and Gαi2) and V1R and V2R receptors (Berghard and Buck, 1996). The 
direct proof that Gαo is important for the chemoreception process in VSNs arrived in 
2014 when a conditional knockout mouse for Gαo protein was created. These mice show 
a striking reduction in the sensory response of V2R-positive VSNs to specific stimuli as 
MHC class 1 peptides, MUPs and ESP1, while the response to mitochondrial formyl 
peptide, activating Gαi2-expressing neurons, were not affected in the Gαo null mice, 
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indicating that Gαo is essential for signaling, subsequent membrane depolarization, and 
calcium influx in basal VSNs (Oboti et al., 2014).  

Concerning the role of Gαi2 protein in VNO chemoreception, in 2003 it was shown that 
deletion of this protein produce alterations in behaviors for which an intact VNO is known 
to be important (Norlin et al., 2003). But it is important to notice that no functional 
measurements in single VSNs were performed in this study. Furthermore, a global 
deletion of a widely expressed protein, as Gαi2, could induce a great variety of defects. 
Direct evidence of the functional role of Gαi2 in V1R-expressing neurons is still lacking 

(Spehr, 2016). One G protein β-subunit (Gβ2) and two γ-subunits (Gγ2 and Gγ8) have 
been identified in the VNO (Rünnenburger et al., 2002; Ryba and Tirindelli, 1997; Tirindelli 

and Ryba, 1996). Gγ2 immunoreactivity is localized to the apical layer of the VNO, while 
Gγ8-expressing neurons are preferentially restricted to the basal layer. In 2013 Montani 

and co-workers showed that deletion of Gγ8 protein in mice, produce a slow but 
remarkable loss of basal VSNs starting from the fourth postnatal week, with a 40% 

reduction of cells at 2 months and 70% at 1 year. Interestingly, Gγ8 deletion specifically 
leads to a reduced pheromone-mediated aggressiveness in both males and females, 

defining the important role of Gγ8 in the maintenance of the VSNs population and in the 
mechanism of pheromone signaling that regulates aggressive behaviors (Montani et al., 

2013). 

1.5.2 Phospholipase C (PLC) 

Different pharmacological and biochemical data showed that some responses of VSNs to 
stimuli are mediated by PLC activation. Indeed, Holy and colleagues (2000) measured the 
electrical activity of mouse VSNs in response to urine using multielectrode array 
recordings and showed that the PLC inhibitor U73122 blocked spiking responses to urine, 
whereas the inactive structural analogous U73343 did not produce a measurable effect. 
Similar results were obtained by Spehr and colleagues (2002) monitoring the activity of 
rat VSNs upon urine stimulation using calcium imaging. PLC hydrolyzes 
phosphatidylinositol-4,5-bisphosphate (PIP2) into inositol-1,4,5-trisphosphate (IP3) and 
diacylglycerol (DAG). Additional evidence of the involvement of PLC in the transduction 
cascade comes from biochemical studies showing that stimulation of VSNs with urine 
induced the production of IP3 in several species (Krieger et al., 1999; Kroner et al., 1996; 
Sasaki et al., 1999; Thompson et al., 2004). More recently RNA-seq data showed that 
different PLCβ isoforms were expressed by VSNs. Interestingly, it seems that the different 
PLCβ isoforms are responsible for the response to different stimuli. Indeed, PLCβ2 is 

directly involved in the response to MUPs while others isoforms, mainly PLCβ4, are 
involved in non-MUPs stimuli (Dey et al., 2015; Spehr, 2016).  

Activation of PLCβ promotes cleavage of PIP2 into IP3 and diacylglycerol (DAG), but the 
role of the products of PLCβ activation is still under debate. Several different roles have 
been attributed, including activation of calcium release from internal stores by IP3 (Kim et 
al., 2011), activation of a DAG-gated channel (Lucas et al., 2003), activation of an 

arachidonic acid-gated channel (Spehr et al., 2002), and others. However, the role of IP3 
in signal transduction is not clear. Indeed, urine-stimulated calcium increase in rat VSNs 
was not affected by the block of IP3 receptor (Spehr et al., 2002), although the presence 
of IP3 in the patch pipette induced a nonselective cation current in about 50% of the 

recorded rat VSNs (Inamura et al., 1997). Recently, Chamero and coworkers (2017) 
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showed that VSNs can still be activated in type-3 IP3 receptor null mice (Chamero et al., 
2017), increasing the evidence that IP3 signaling could be involved in secondary signaling 

process, as adaptation or activation of other channels. As mentioned before, a general 
characteristic of VSN activation is the internal increase in cytosolic calcium that can play 

many roles in the signal transduction process.  

1.5.3 Transient receptor potential canonical 2 (TRPC2) channel in VSNs.  

The activation of the sensory transduction in the olfactory epithelium leads to the 
activation and opening of a cyclic nucleotide-gated channel (CNG channel) as described 

before. During some time researchers tried to find a cyclic nucleotides -gated current in 
VSNs to elucidate the signaling pathway in VSNs. Excised patches from dendritic knob of 

VSNs perfused with cAMP or cGMP at saturating concentration failed to develop any 
current. The same results were found dialyzing the neurons with cyclic nucleotides in 

whole cell configuration (Liman and Corey, 1996). The impossibility of finding any current 
activated by cyclic nucleotides in VSNs lead to the proposal of a different signaling 
pathway involving activation of TRP ion channels VSNs (Holy et al., 2000; Liman et al., 
1999). In 1999 Liman et al found that the mRNA coding for the TRPC2 member of the TRP 
channels is present in all the VSNs and that the protein is highly expressed in the 
microvilli, proposing for the first time that TRP channels are the responsible for the 
depolarizing current after stimulation in VSNs (Liman et al., 1999). After TRPC2 was 

proposed as a candidate for the channel activated during signaling transduction in VSNs, 
the knockout mice for TRPC2 was generated and it was shown that the VSNs lose the 

capability to respond to urine stimulation (Stowers et al., 2002). In addition to the loss of 
responsiveness to urine in the TRPC2 KO, it was shown that the channel is important for 

the survival of the cell during maturation, since more than the 50% of cells were lost in 1 
month old KO mice. As expected, behavioral disorders were also observed in the TRPC2 

KO mice; but mating behavior was not affected by the mutation. The pheromone male-
male aggression behavior was completely abolished, as well as the lack in sex 

discrimination for mating behavior (Stowers et al., 2002). TRPC2 protein is highly enriched 
in the VNO sensory microvilli, but early notions of strict VNO specificity have recently 

been challenged. Expression of TRPC2 in VNO was first described in rats by Liman in 1999 
(Liman et al., 1999) showing the specificity of the channel for VNO system. But TRPC2 

expression was not evaluated in mice, the species that was subject to gene knockout 
experiments (Stowers et al., 2002). Surprisingly when Omura and Mombaerts evaluated 

the expression of TRPC2 in mice, they found that it is expressed also in mouse MOE 
(Omura and Mombaerts, 2014), necessitating the reinterpretation of the conventional 
VSN-specific version of the behavioral phenotypes of TRPC2-KO mice.  

Besides the possible interpretations of behavioral experiments and effects of knocking 
out the TRPC2 channels in mice, something that is largely accepted is the main role that 

TRPC2 is playing in vomeronasal chemoreception. The activation mechanism of TRPC2 in 
mice was resolved in 2003 by Lucas and colleagues; they reported a DAG-gated calcium 

permeant cationic current, activated independently of calcium or protein kinase C. They 
also demonstrate that ablation of the TRPC2 gene causes a severe deficit in the DAG-
gated channel, indicating that TRPC2 encodes a principal subunit of this channel and that 
the primary electrical response to pheromones depends on DAG but not Ins(1,4,5)P, 
calcium stores, or arachidonic acid (Lucas et al., 2003). 
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1.5.4 Calcium-activated chloride channels in VSNs 

The opening of the cationic channel TRPC2 in VSNs leads to the depolarization of the 
membrane potential and the increase of cytosolic calcium concentration. The increase in 
cytosolic calcium plays several roles in signaling transduction involving the activation of 
other ion channels and enzymes. In 2010, Yang & Delay tested the presence of calcium-
activated chloride currents in dissociated VSNs during the response to urine stimulation, 
using perforated patch clamp with gramicidin to prevent alterations of t he internal 
chloride concentration. During urine stimulation the cells developed an inward current 
with reversal potential near -20 mV. This current was reduced to near 25% in the 
presence of the typical chloride channels blocker DIDS at 30 µM, and to near 30% in the 
presence of niflumic acid at 300 µM. When they changed the external chloride 
concentration, a change in the reversal potential of the current was measured, confirming 
the involvement of chloride channels in response to urine stimulation. To confirm if the 
current was elicited by the increase of intracellular calcium, and considering the 
permeability of TRPC2 channels to calcium, they measured the current in the absence of 
extracellular calcium and they found that the DIDS-sensible current was eliminated, 
indicating that it is generated by the increase of calcium coming from outside the neuron 
and not from internal stores. It was the first time that it was proposed that calcium-
activated chloride currents amplify the urine responses in VSNs (Yang and Delay, 2010). In 

contrast with Yang and Delay results, another study showed that calcium-activated 
chloride currents can be activated both by calcium entry through TRPC2 channels and 
calcium released from internal stores (Kim et al., 2011). In addition of the source of 
calcium activating the chloride currents, Kim and colleagues also showed that a TRPC2-
independent pathway requiring calcium-activated chloride currents is activated during 
urine stimulation, indicating that calcium-activated chloride channels are working not 
only as amplifier of transduction currents but also as an independent pathway. In the 
works form Yang and Delay (2010) and Kim et al., (2011) the activation of calcium-
activated chloride currents was studied using indirect ways to activate channels, as the 
increase in cytoplasmic calcium concentration was a secondary effect of urine 
stimulation. The presence of calcium-activated chloride channels in the apical portion of 
VSNs was confirmed by Dibattista and co-workers in 2012 (Dibattista et al., 2012). To 
investigate the physiological role played by the increase in intracellular calcium 
concentration in the apical region of VSNs, they produced localized, rapid, and 
reproducible increases in calcium concentration with flash photolysis of cag ed calcium 

and measured calcium-activated currents with the whole cell voltage-clamp technique. 
They provided a direct demonstration that a large chloride current can be directly 

activated by calcium in the apical region of mouse VSNs using a method that p rovides a 
temporal and spatial control of calcium release, such as photolysis of caged calcium 

(Dibattista et al., 2012).  

1.5.5 Other ion channels 

The second messengers in the VSNs signaling pathway can elicit a great variety of 
regulatory effects in the neurons, e.g. activation of other ionic channels. Calcium-

activated cationic channels (ICAN) were first reported in hamster VSNs, showing a half 
activation with near 500 µM of calcium concentration at negative potentials (Liman, 

2003). Later calcium-activated cationic currents were reported in excised patches from 
the knob of about 12% mouse VSNs (Spehr et al., 2009), being activated with 50 µM 
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calcium concentration. An interesting open question is the possible role of arachidonic 
acid (AA) in sensory transduction. Spehr and colleagues (2002) first showed that AA was 

able to produce an increase in intracellular calcium concentration in rat VSNs. Zhang and 
colleagues (2010) reported that AA was able to activate a calcium-dependent calcium 

permeable channel in inside-out patches excised from dendritic knob of mouse VSNs that 
is independent of TRPC2. Moreover, pharmacological blockage of DAG lipase, an enzyme 
necessary to the production of AA upon PLC activation, induced a reduction of urine-
induced current (Zhang et al., 2010), although another report failed to detect any effect 
of DAG lipase inhibition (Lucas et al., 2003). In 2012, Kim et al., (Kim et al., 2012) found 
that also potassium ions play an active role during signaling transduction in VSNs after 
stimulus presentation. Urine stimulation of VSNs, from TRPC2 KO mice, in absence of 
chloride ions showed a current carried by potassium ions. They found that two potassium 
channels were highly expressed in VSNs, the small conductance calcium-activated 
potassium channel (SK); and the G protein–activated inwardly rectifying potassium 
channel (GIRK). Later, through a pharmacological approach and using KO mice they 
showed that those two channels were activated after urine stimulation. Paradoxically, 
they found a depolarizing role of those potassium currents after urine stimulation, given 
the high potassium concentration (50mM) in the mucus filling the VNO (Kim et al., 2012). 
Another potassium channel that was reported to be involved in signaling transduction in 

VSNs was the large conductance calcium-activated potassium channels (BK). It was found 
that BK channel was activated via AA production and that repetitive applications of AA 

potentiated BK activation. It has been proposed that BK channels play a role in urine 
adaptation in VSNs, preventing the rapid and repetitive firing of action potentials (Zhang 

et al., 2008).  

Another channel has been reported to play a possible role in the membrane properties 
and excitability regulation of the VSNs, the hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels (Cichy et al., 2015; Dibattista et al., 2008). As described previously 
(see 1.5), VSNs use mainly a DAG/IP3 second messenger cascade for signal transduction  
but it has been shown that also the level of cAMP in VSNs changes after pheromone 
stimulation (Luo et al., 1994; Rössler et al., 2000). Dibattista et al., (Dibattista et al., 2008) 
performed an electrophysiological characterization and evaluated the physiological role 
of the inward rectifying currents (Ih) in mouse VSNs. They described that Ih currents in 
VSNs are modulated by cAMP and that Ih can modulate the resting membrane potential 

and the neuron excitability. Furthermore, they found that VSNs express HCN2 and HCN4 
isoforms that are possibly the responsible for Ih currents in VSNs (Dibattista et al., 2008). 
A physiological role for HCN channels was proposed by Cichy et al., (Cichy et al., 2015). 
They reported the modulation of VSNs excitability by extracellular pH, where extracellular 
acidification is a potent activator of vomeronasal Ih and suggested that HCN channels can 
control the gain of signal transduction in VSNs (Cichy et al., 2015).             

1.5.6 Sensory adaptation in VSNs   

Another role of the cytosolic increase of calcium during signal transduction is the 
adaptation of the system and sensitivity regulation given by calcium-calmodulin. The 

TRPC2 channel has a calmodulin binding domain in the amino terminal of the protein and 
the binding process is calcium dependent (Yildirim et al., 2003). Since TRPC2 plays a 

primary role during the signaling transduction in VSNs, Spehr et al. (2009) specifically 
evaluated the role of calmodulin in VSNs. It was found that calmodulin was able to 
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modulate a diacylglycerol-analog SAG activated current recorded directly from excised 
patch from the knob of VSNs, the SAG-activated current was probably TRPC2 current due 

to its similarities. The calcium-calmodulin regulation of the current was then evaluated 
directly in VSNs activated with different stimuli such as urine, 2-heptanone and MHC-

peptides. The adaptation process in the presence of a prolonged stimulation, or during 
paired stimulation, was eliminated by the commonly used calmodulin’s antagonist 
ophiobolin A and CALP2. All these results revealed that calcium-calmodulin plays an 
important role in VSN adaptation (Spehr et al., 2009).          

1.5.7 Internal chloride concentration in VSNs 

As described above, several studies pointed out the presence and importance of calcium-

activated chloride currents in VSNs (Dibattista et al., 2012; Kim et al., 2011; Yang and 
Delay, 2010). The possible role of calcium-activated chloride currents in vomeronasal 

signal transduction is directly linked with the internal and external concentration of 
chloride ions. Depending on the equilibrium potential for chloride ions, the current 

generated by calcium could be depolarizing, amplifying the signal, or hyperpolarizing, 
reducing the signal. In 2015 Yu and colleagues (Kim et al., 2015), using the fluorescent ion 

indicator N-[ethoxycarbonylmethyl]-6-methoxy-quinolinium bromide (MQAE) measured 
the internal chloride concentration in the soma of VSNs, founding that it was near 85 mM, 

which, assuming a high external chloride concentration between 55 and 84mM (chloride 
concentration in mucus from MOE) (Billig et al., 2011; Reuter et al., 1998), gives a 
depolarizing role to the calcium-activated chloride currents. After urine stimulation, a 
decrease was observed in the internal chloride concentration arriving to near 60 mM, 
confirming the efflux of chloride after VSN stimulation. The decrease in chloride 

concentration was unexpectedly high; the current necessary to change the ionic 
concentration of an ion in a cell with a diameter near 10 µm by 20 mM, would be about 1 

ampere. If we consider the high membrane resistance in VSNs, being typically few 
Gigaohms (Dibattista et al., 2008; Ghiaroni et al., 2003; Liman and Corey, 1996; Shimazaki 

et al., 2006; Ukhanov et al., 2007), that current would produce a very huge change in 
membrane potential, at the level of Gigavolts, something not very plausible in a common 

signal transduction process. If the real change in chloride concentration is around 20 mM 
after urine stimulation it could indicate the presence of another mechanism to regulate 

the internal chloride concentration.  

Given that the transduction machinery, including the calcium-activated chloride channels, 
is mainly expressed in the microvilli of the dendritic knob, it is more accurate to measure 

the cytosolic chloride concentration directly in the knob. In 2016, Spehr and colleagues 
(Untiet et al., 2016) measured the cytosolic chloride concentration directly from the 

dendritic knob using quantitative fluorescence lifetime imaging microscopy (FLIM) of 
MQAE. They reported an internal chloride concentration near 42 mM, a lower value than 

80 mM measured in the soma by (Kim et al., 2015), but still giving a depolarizing role to 
the chloride current after calcium activation, if it is assumed that the external chloride 

concentration is between 55 and 84 mM, similar to the concentration found in the mucus 
of the MOE (Billig et al., 2011; Reuter et al., 1998). In addition, it was found that chloride 

shows a concentration gradient along the VSN apico-basal dendritic axes, indicative of 
active chloride accumulation in VSN knobs (Untiet et al., 2016). The internal chloride 

accumulation could be caused by the activity of diverse Na–K–Cl (NKCC) cotransporter 
and/or K–Cl (KCC) cotransporters that are expressed in VSNs (Untiet et al., 2016; Yang and 
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Delay, 2010). Expression of NKCCs and KCCs chloride co-transporters in VSNs has been 
examined using RT-PCR, transcriptome-wide single neuron analysis and 

immunocytochemistry (Untiet et al., 2016; Yang and Delay, 2010). Specifically, it has been 
found that NKCC1 was the chloride transporter most prevalently expressed across VSNs 

and most abundantly expressed within VSNs (Untiet et al., 2016; Yang and Delay, 2010). 
NKCC1 is also abundantly expressed in the main olfactory epithelium and involved in 
olfactory neuron chloride accumulation (Kaneko et al., 2004; Reisert et al., 2005). KCC3 
and KCC4 transporters have been shown to be also expressed in the majority of VSNs 
(Untiet et al., 2016), indicating that either or both chloride cotransporter(s) could add to 
chloride accumulation in VSN knobs. 

1.6 Axonal projection of VSNs 

As described in previous sections, VSNs inside the sensory epithelium can be divided in at 
least two populations, basal and apical neurons, with apical neurons expressing receptors 

of the V1R-family and basal neurons expressing receptors of the V2R-family (Dulac and 
Axel, 1995; Herrada and Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli, 
1997). The segregated localization of V1R- and V2R-expressing VSN cell bodies in the VNO 
is maintained at the level of their axonal projections to the accessory olfactory bulb 
(AOB). V1R-expressing VSNs that have their cell bodies in the apical layer of the VNO 
project axons to the anterior portion of the AOB, whereas basally located V2R-expressing 
VSNs innervate the posterior region of the AOB (Fig 6A-B) (Belluscio et al., 1999; Brignall 
and Cloutier, 2015; Halpern, 1987; Liberles et al., 2009; Riviere et al., 2009; Rodriguez et 
al., 1999; Wagner et al., 2006). In rodents, both the MOB and the AOB have a similar 
laminar organization with a superficial nerve layer formed by the axonal projections of 
the chemosensory neurons, a layer of neuropil structures termed glomeruli that 
represents the first order synaptic region between sensory neurons and mitral cell 
dendrites, and the external and internal plexiform layers that are regions where soma of, 
respectively, mitral/tufted and granule cells reside (Fig 6C) (Meisami and Bhatnagar, 
1998). The wiring pattern of apical neurons/anterior AOB and basal neurons/posterior 
AOB is not maintained at the level of mitral cell projections, which directly innervate 

multiple nuclei of the limbic system, bypassing cortical structures (Halpern, 1987; Kang et 
al., 2006; Martínez-Marcos and Halpern, 1999; Mohedano-Moriano et al., 2008; Salazar 

and Brennan, 2001; Scalia and Winans, 1975; Von Campenhausen and Mori, 2000; 
Winans and Scalia, 1970). Neurons located in nuclei innervated by mitral cells project to 

multiple areas of the hypothalamus that are linked to aggression, parental behavior, and 
reproduction, including the ventromedial hypothalamus (Brignall and Cloutier, 2015; 
Newman and Winans, 1980; Scalia and Winans, 1975; Von Campenhausen and Mori, 
2000). 

In the AOB, glomeruli are very diffusely organized, surrounded by a small number of 
periglomerular cells, and highly variable in size (10-30 μm of diameter in mice). Neurons 

expressing the same receptor coalesce into 10–30 glomeruli. Moreover, the capacity to 
converge and to form these glomeruli depends on the possibility to express a specific 

vomeronasal receptor gene, deletion of VRs leads to the improper axon connections to 
glomeruli in the AOB, suggesting that the receptor proteins themselves play a role in 

axonal wiring to the bulb (Belluscio et al., 1999; Rodriguez et al., 1999). An additional 
layer of axonal organization has been proposed to exist within the posterior region of the 
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AOB (Fig 6B). A subset of basal VSNs expresses members of a family of non-classical class I 
major histocompatibility Mhc genes, known as H2-Mv genes, which have been shown to 

regulate VRs cell surface expression (Ishii and Mombaerts, 2008, 2011).  

Mitral cells located in either the anterior or posterior half of the external plexiform layer 
(EPL) of the AOB project their apical dendrites to glomeruli located in the homonymous 
half of the AOB (Fig 6C) (Brignall and Cloutier, 2015; Larriva-Sahd, 2008; Yonekura and 
Yokoi, 2008), suggesting that the spatial segregation of V1R and V2R glomerular inputs 
along the anterior–posterior axis of the AOB may be maintained at the level of the mitral 

cell layer. However, a subset of mitral cells located at the anterior–posterior border of the 
AOB has been reported to project their apical dendrites to the opposite half of the AOB 

(Fig 6C-II) (Yonekura and Yokoi, 2008). Mitral cells can project their dendrites to glomeruli 
expressing the same VR (homotypic) or different VRs (heterotypics ) (Fig 6C I-III) (Del 

Punta et al., 2002b).  

Axonal projection of apical and basal neurons to the anterior and posterior region, 
respectively, of the AOB is regulated by the expression of several adhesion molecules. The 
semaphoring-neuropilin complex is one of the ligand–receptor pairs that contribute to 
this process. The class 3 semaphorin receptor Nrp-2 is selectively expressed in apical VSNs 
axons, which are repelled in vitro by explants of the posterior half of the AOB, suggesting 
that this region secretes a chemorepellent capable of preventing entry of apical axons 

into the posterior AOB (Cloutier et al., 2002). In addition to apical VSN axons being 
repelled from the posterior AOB due to Nrp-2 activity, apical VSN axons also respond to 

an attractive signal in the anterior region of the AOB which involves ephirin-A5 and 
EphA6. Apical axons express ephrin-A5 at their surface, while the EphA6 receptor is more 

highly expressed in the anterior region of the AOB. A subset of EphrinA5 knockout mice 
exhibits apical VSN axon mistargeting to the posterior AOB defining a requirement for 

ephrinA5 in VSN axon targeting (Knoll et al., 2001). Basal VSN axons, which do not express 
Nrp-2, express Robo-2, a receptor for the Slit family of secreted chemorepulsive axon 

guidance cues, and deletion of Robo-2 lead to a mistargeting of basal axons to the 
anterior AOB (Knöll et al., 2003; Prince et al., 2009)    
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Figure 6. Axonal projection of the mouse vomeronasal system. A. VSNs project axons to the AOB located 

on the caudal region of the OB. The sensory epithelium of the VNO is divided into apical (green), and basal 
(purple) regions. The AOB is also subdivided into two regions, the anterior (green) and posterior (purple) 
sections. B. Apical VSNs express V1R receptors and project their axons to the anterior region of the AOB 

(green). In  contrast, basally  VSNs express V2R receptors and innervate the posterior region of the AOB 
(purple). A third population of VSNs located in the basal region of the VNO expresses both V2Rs and H2-Mvs 
(blue). This population of VSNs projects its axons to a posterior subdomain within  the posterior region of the 
AOB. C. VSN axons entering the AOB synapse onto dendrites of mitral cells whose cells bo dies are located 

within the external plexiform layer (EPL) of the AOB. Mitral cells project their dendrites to multiple glomeruli 
in the AOB to form both homotypic (III), if they are connected with glomeruli expressing a given VR, and 
heterotypic (I) connections, if they project dendrites to multiple glomeruli innervated by populations of VSN 

axons expressing different VRs. Some mitral cells located near the anterior–posterior border of the AOB can 
project their dendrites to the opposite half of the glomerular layer (II) . AOB accessory olfactory bulb, OB 
olfactory bulb, OE olfactory epithelium, VNO vomeronasal organ [taken from (Brignall and Cloutier, 2015)]. 
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1.7 TMEM16 channels  

 
1.7.1 TMEM16 proteins as calcium-activated chloride channels. 

Calcium-activated chloride channels are fundamental mediators in numerous 

physiological processes including trans-epithelial secretion, cardiac and neuronal 
excitation, sensory transduction, smooth muscle contraction and fertilization. All the 

calcium-activated chloride channels involved in those physiological process share 
common characteristics such as voltage dependence of calcium activation and a 

preference for permeating large anions (Duran et al., 2010; Hartzell et al., 2004; Huang et 
al., 2012). Surprisingly, the identity of the genes coding for the calcium-activated chloride 
channels was hidden for a long time and some candidates were proposed; ClC family, 
bestrophin family or tweety, but none of them fitted completely the physiological 
characteristics of native calcium-activated chloride channels (Hartzell et al., 2004). 
Specifically, calcium-activated chloride currents were first described in frog OSNs (Kleene 
and Gesteland, 1991), and later in OSNs from many other animals (Schild and Restrepo, 
1998). Bestrophin-2 was proposed as the calcium-activated chloride channel in OSNs, but 
it was shown that calcium-activated chloride currents were not affected by the deletion 
of bestrophin-2 (Pifferi et al., 2009a). 

In 2008 three different groups reported the molecular identity of calcium-activated 

chloride channels. These laboratories from three continents took different approaches 
but all reported the same protein, TMEM16A, as a bona fide calcium-activated chloride 

channel (Caputo et al., 2008; Schroeder et al., 2008; Yang et al., 2008). Later studies 
indicated that at least two members of the TMEM16 family, TMEM16A and TMEM16B, 

are calcium-activated chloride channel (Pifferi et al., 2009b; Stephan et al., 2009; Stöhr et 
al., 2009). Given the eight putative transmembrane domains of TMEM16 members and 

the ability of TMEM16A to form calcium-activated chloride channels, Yang and coworkers 
called this family Anoctamin family (from anionic and eight transmembrane domains). 
The term Anoctamin, or ANO to identify a single member (e.g. ANO1 for TMEM16A), is 
not correct for two main reasons: 1) not all the family members code for chloride 
channels, as for example TMEM16F which works as a phospholipid scramblase (Suzuki et 
al., 2010), and 2) the recent X-ray structure of a TMEM16 homologue from Nectria 
haematococca (nhTMEM16) shows it has ten transmembrane domains (Brunner et al., 

2014). Given these recent results, I am going to avoid the use of Anoctamin or ANO to 
refer to TMEM16 proteins. The TMEM16 family is composed by 10 members, 2 of them 

are calcium-activated chloride channels (members A and B), and some other members 
have been shown to work as lipid scramblases combined with ion channel activity 

(Benarroch, 2017; Whitlock and Hartzell, 2017).                  

1.7.2 TMEM16B in MOE   

In vertebrate OSNs, signaling by a calcium-activated chloride conductance in the cilia is 
the final step of a well-characterized signal transduction pathway (Firestein, 2001; Kleene, 

2008). When odors bind to receptor proteins in the ciliary membrane, a G protein 
signaling cascade is activated, producing an increase in the internal cAMP concentration 
through the activation of adenylyl cyclase. The open probability of CNG channels 
increases causing an influx of calcium and sodium. The rise in cytosolic calcium 
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concentration due to calcium influx through the CNG channels activates calcium-activated 
chloride channels on the cilia. The chloride current at the cilia of ORNs is inward, hence 

excitatory, carrying up to 80% of the odorant-induced receptor current in rodents, 
studied under voltage clamp condition (Firestein, 2001; Reisert et al., 2005). Although, the 

calcium-activated chloride currents were found, characterized and their role in olfactory 
transduction was studied thoroughly in the early 90’s, the molecular identity of the 
protein responsible for the current was not known for a long time. In 2009 Stephan and 
colleagues identified TMEM16B in a proteomic screen of OSN ci lia membranes and 
provided molecular and electrophysiological evidence indicating that TMEM16B 
constitutes the long-sought olfactory calcium-activated chloride channel that may 
mediate signal amplification (Stephan et al., 2009). Later it was shown, by 
immunohistochemistry, that TMEM16B protein is expressed in the OSN cilia (Hengl et al., 
2010; Rasche et al., 2010; Sagheddu et al., 2010). Confirmation that TMEM16B is the 
channel responsible for calcium-activated chloride currents in OSN arrived with the 
TMEM16B KO mouse. Billig et al. (2011) reported that by eliminating TMEM16B the 
calcium-activated chloride currents were completely eliminated in OSNs. Surprisingly, 
they found that electro-olfactogram (EOG) recordings of TMEM16B KO mice were 
reduced by only up to ~40%, and TMEM16B KO mice were able to smell normally (Billig et 
al., 2011). Recently, Pietra et al. (2016) reexamined the role of the TMEM16B channel in 

OSNs by further extending the experimental analysis and comparing additional aspects of 
olfactory function in TMEM16B KO versus WT mice. It was found that TMEM16B plays an 

important role in several aspects in the olfactory system. OSNs from TMEM16B KO 
showed a different firing pattern when compared with WT; spontaneous activity was 

reduced; and when OSNs from TMEM16B KO were stimulated by odors they responded 
with a higher firing activity than those from WT mice; the axonal targeting to the olfactory 

bulb was also affected by the loss of TMEM16B protein, with the appearance of more 
glomeruli for one specific receptor. Interestingly, TMEM16B KO mice showed an olfactory 

defect when evaluated through behavioral tests, showing a reduction in the ability to find 
previously unknown buried food. Altogether, these results showed that TMEM16B is 

relevant for the normal development and function of the olfactory system (Dibattista et 
al., 2017; Pietra et al., 2016).   

OSNs express two variants of the tmem16b gene, isoform A and Isoform B, differing in its 
N-terminus length (Ponissery Saidu et al., 2014). In addition, TMEM16B expressed in the 

olfactory epithelium presents alternative splicing at exon 4, generating TMEM16B 
variants either with or without exon 4. The exon 4–containing transcripts are present in 
greater abundance than the exon 4–lacking transcripts. The N-terminus variants showed 
different calcium sensitivity while the exon 4 is required for channel function in a 
heterologous system (Ponissery Saidu et al., 2014).   

1.7.3 TMEM16 proteins in VSNs  

As shown before, the study of calcium-activated chloride currents in VNO started just few 

years ago with the works of Yang and Delay, Kim et al, and Dibattis ta et al (Dibattista et 
al., 2012; Kim et al., 2011; Yang and Delay, 2010). Furthermore, the presence of calcium-
activated chloride channels in the apical portion of VSNs was confirmed by local 
photorelease of caged calcium (Dibattista et al., 2012). As at the beginning for the MOE, 
the molecular identity of the protein responsible for the currents in the VNO was not 
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known. Some studies reported that two members of the TMEM16 family, TMEM16A and 
TMEM16B, are expressed in the VNO and specifically in the microvilli of the VSNs (Billig et 

al., 2011; Dauner et al., 2012; Dibattista et al., 2012; Rasche et al., 2010). Although both 
channels are co-expressed in VSNs microvilli and calcium-activated chloride currents have 

been reported in VSNs, a clear electrophysiological characterization of those currents is 
still missing, as well as the identity of the channel. Billig et al. (2011) reported that 
calcium-activated chloride currents were eliminated in the TMEM16B KO mouse (Billig et 
al., 2011). However, it is important to notice that Billig et al. (2011) compared a very small 
number of cells (WT n=7, TMEM16B KO n=5) and reported that a residual current was still 
present in some neurons.        
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2. AIMS 

The specific aims of this work were:  

• To provide an electrophysiological characterization of calcium-activated chloride 

currents in mouse VSNs.  

• To identify the molecular identity of the channels mediating calcium-activated 
chloride currents in VSNs.  

• To determine the effect of eliminating calcium-activated chloride currents on 

spontaneous and evoked activity in VSNs. 
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3. MATERIALS AND METHODS. 
 
 
 

3.1 Animals.  

Mice were handled in accordance with the guidelines of the Italian Animal Welfare Act 

and European Union guidelines on animal research, under a protocol approved by the 
ethic committee of SISSA. 2–3-mo-old mice were anaesthetized by CO2 inhalation and 

decapitated before VNO removal. 

To obtain mice in which TMEM16A expression was specifically eliminated in mature 
vomeronasal sensory neurons, we crossed floxed TMEM16Afl/fl mice, whose generation 
has been previously described in detail [(Faria et al., 2014; Schreiber et al., 2015); 
provided by J. Rock, University of California, School of Medicine, San Francisco], with mice 
expressing Cre recombinase under the control of the olfactory marker protein (OMP) 
promoter [OMP-Cre mice; (Li et al., 2004); provided by P. Mombaerts, Max Planck 
Research Unit for Neurogenetics, Frankfurt, Germany]. Our conditional TMEM16A 
knockout mice (TMEM16A cKO) were homozygous for the floxed TMEM16A alleles and 

heterozygous for Cre and OMP. C57BL/6 or TMEM16Afl/fl mice were used as controls.  

3.2 Dissociation of mouse vomeronasal sensory neurons 

The vomer capsule containing the VNO was removed as described previously (Arnson and 
Holy, 2011; Dean et al., 2004; Liman and Corey, 1996; Shimazaki et al., 2006). 
Vomeronasal sensory neurons were dissociated from the VNO with the enzymatic-
mechanical dissociation protocol described in Dibattista et al. (Dibattista et al., 2008, 
2012), or with the following slight modifications. In brief, the removed vomer capsule was 

put into a Petri dish containing divalent-free PBS (Sigma-Aldrich) solution where the VNO 
was extracted and transferred to a tube containing PBS with 1 mg/ml collagenase (type 

A), incubated at 37°C for 20 min, and transferred twice to Ringer’s solution with 5% fetal 
bovine serum for 5 min. The tissue was then cut into small pieces with tiny scissors and 

gently triturated with a fire-polished Pasteur pipette. Neurons were plated on Petri dishes 
(WPI) coated with concanavalin A (type V; Sigma-Aldrich) and stored at 4°C. 

3.3 Patch-clamp recordings and ionic solutions in isolated VSNs. 

Dissociated VNSs were viewed using an inverted microscope (IMT-2 or IX70; Olympus) 

with 20× or 40× objectives and identified by their bipolar shape, as illustrated in Fig. 1 of 
Dean et al. (Dean et al., 2004). Patch pipettes, pulled from borosilicate capillaries (WPI) 

with a PC-10 puller (Narishige), had a resistance of 3–6 MΩ for whole-cell and 6–8 MΩ for 
excised patch recordings. 

Currents were recorded with an Axopatch 1D, 200B or 700B amplifier controlled by 
Clampex 9 or 10 via a Digidata 1332A or 1440 (Molecular Devices). Data were low-pass 
filtered at 2 or 5 kHz and sampled at 10 kHz. Experiments were performed at room 
temperature (20–25°C). For whole-cell recordings, the standard extracellular mammalian 
Ringer’s solution contained (mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, 
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and 1 sodium pyruvate, pH 7.4. The intracellular solution filling the patch pipette 
contained (mM): 140 CsCl, 10 HEPES, and 10 HEDTA, adjusted to pH 7.2 with CsOH, and 

no added calcium for the nominally 0-calcium solution, or various added calcium 
concentrations, as calculated with the program WinMAXC (C. Patton, Stanford University, 

Stanford, CA), to obtain free calcium in the range between 0.5 and 13 μM (Patton et al., 
2004), as described previously (Pifferi et al., 2006, 2009a). The composition of the 
intracellular solutions containing 2 mM calcium was (mM) 140 CsCl, 10 HEPES, 2 CaCl2 or 
145 NaCl, 10 HEPES, and 2 CaCl2, as in Liman (2003). No significant difference was 
observed among currents activated by the two solutions containing 2 mM calcium. For 
ionic selectivity experiments, NaCl in the extracellular mammalian Ringer’s solution was 
replaced with equimolar choline chloride, Na-gluconate, or NaSCN. Niflumic acid (NFA), 
CaCCinh-A01 (Tocris Bioscience), and anthracene-9-carboxylic acid (A9C) were prepared 
in DMSO as stock solutions at 200 mM, 20 mM, or 1 M, respectively, and diluted to the 
final concentrations in Ringer’s solution. A gravity perfusion system was used to exchange 
solutions. 

In most whole-cell recordings, we applied voltage steps from a holding potential of 0 mV 

ranging from -100 to 100 (or 160 mV), followed by a step to -100 mV. A single-exponential 
function was fitted to instantaneous tail currents to extrapolate the current value at the 

beginning of the step to -100 mV. For inside-out recordings, the solution in the patch 
pipette contained (mM): 140 NaCl, 10 HEDTA, and 10 HEPES, pH 7.2. The bathing solution 
at the intracellular side of the patch contained (mM): 140 NaCl, 5 EGTA or 10 HEDTA, and 
10 HEPES, pH 7.2, and no added calcium for the nominally 0-calcium solution, or various 
added calcium concentrations, as calculated with the program WinMAXC (C. Patton, 
Stanford University, Stanford, CA), to obtain free calcium in the range between 0.18 and 
100 μM (Patton et al., 2004). 

Rapid solution exchange in inside-out patches was obtained with the perfusion Fast-Step 
(SF-77B; Warner Instruments). For I-V relations of calcium-activated currents, a double 

voltage ramp from -100 to 100 mV and back to -100 mV was applied at 1 mV/ms. The two 
I-V relations were averaged, and leak currents measured with the same ramp protocol in 

calcium-free solutions were subtracted. For dose–response experiments, a patch was 
exposed for 1 s to solutions with increasing calcium concentration. The bath was 

grounded through a 3 M KCl agar bridge connected to an Ag/AgCl reference electrode. 
Liquid junction potentials were calculated using Clampex’s Junction Potential Calculator 

(Molecular Devices), based on the JPCalc program developed by Barry (1994), and applied 
voltages were corrected offline for the calculated values. 

3.4 Preparation of acute slices of mouse vomeronasal organ   

Acute slices of mouse VNO were prepared as described previously (Shimazaki et al., 

2006). In brief, the VNO was removed and transferred to ice-cold artificial cerebrospinal 
fluid (ACSF). The capsule and all cartilaginous tissues were carefully removed and the two  

halves of the VNO were isolated from the vomer bone. Each half of the VNO was then 
separately treated. The VNO was embedded in 3% low-grade agar (A7002 Sigma) 

prepared in ACSF once the agar had cooled to 38°C. Upon solidification, the agar block 
was fixed in a glass Petri dish and sliced with a vibratome (Vibratome 1000 Plus Sectioning 
System) at 200 -250 µm in oxygenated ACSF solution. Slices were then left to recover for 
>30 min before electrophysiological experiments were initiated.  
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3.5 Patch clamp recording in VSNs from acute slices  

For whole-cell recordings, the intracellular solution filling the patch pipette contained 
(mM): 110 K-Gluconate, 30 KCl, 10 NaCl, 1 MgCl2, 0.023 CaCl2, 10 HEPES, and 10 EGTA, 

adjusted to pH 7.2 with KOH. The cell was kept at a holding potential of -70 mV from 
where 10 mV steps were applied from -100 mV to +40 mV. To test the membrane 

resistance a -10 mV step was applied from the holding potential and the steady-state 
current was measured to calculate the membrane resistance. Series resistance was not 
compensated. Resting membrane potential was measured in current clamp mode under 
I=0 configuration, shortly after obtaining the whole-cell configuration. 

Slices were viewed with an upright microscope (Olympus BX51WI) by infrared differential 
contrast optics with water immersion 20X or 60X objectives. The murine slice preparation 

maintained the VNO cross-sectional structure, many individual vomeronasal sensory 
neurons (VSNs) could be clearly distinguished by their morphology. Patch pipettes, pulled 

from borosilicate capillaries (WPI) with a PC-10 puller (Narishige), had a resistance of 3–6 
MΩ for whole-cell and loose-patch recordings. Currents were recorded with a Multiclamp 
700B amplifier controlled by Clampex 10 via a Digidata 1440 (Molecular Devices). Data 
were low-pass filtered at 2 kHz and sampled at 10 kHz. Experiments were performed at 
room temperature (20–25°C). The recording chamber was continuously perfused with 
oxygenated (95% O2, and 5% CO2) artificial cerebrospinal fluid (ACSF) contained (mM): 
120 NaCl, 20 NaHCO3, 3 KCl, 2 CaCl2, 1 MgSO4, 10 HEPES, 10 glucose pH 7.4 by gravity 
flow. The slice was anchored to the base of the recording chamber using a home-made U-
shaped silver wire, holding down the agar support without touching the slice itself. 

3.6 Loose-patch extracellular recording in VSNs from acute slices  

Extracellular recordings from the soma of VSNs were obtained in the loose-patch 
configuration with seal resistances of 40-100 MΩ. Pipette solution was ACSF, as the bath 

solution, and the recordings were made in voltage-clamp mode with a holding potential 
of 0 mV. Data were low-pass filtered at 2 kHz and sampled at 10 kHz. Stimulation was 
focally delivered through a multi-barrelled stimulation pipettes system (ALA-VM8, ALA 
Scientific Instruments) working with gravity pressure. The tip of the perfusion head, with 
a diameter of 360 μm, was placed ~500 μm away from the slice. The time delay of the 
stimulus was measured using high-potassium solution. It took around 300 ms from the 
opening of the valve to the start of the activity in the neuron. To avoid mechanical 
artifact, the slice was constantly perfused with ACSF and the flow out of the pipette was 
switched between ACSF and stimulus solutions, resulting in a constant flow across the 
epithelium and sharp concentration transients, undiluted by the bath ACSF. It was 
possible to record from single VSNs, just in few cases two neurons were recorded at the 
same time from a single electrode but the single action potentials of the two different 
cells were clearly different in size and shape. 

3.7 Urine collection and solutions for VSNs stimulation.   

Urine was collected from both sexes of adult (>2 months) C57BL/6 mice, filtered with a 
0.2-μm filter and frozen at -80°C. Before use, male and female urines were mixed in 1:1 
ratio and the mixture was diluted to 1:50 in ACSF (pH 7.4). Mouse urine contains urea and 
potassium ions, which could potentially cause neurons to fire by direct membrane 
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depolarization. As a negative control we used artificial urine diluted 1:50 (Holy et al., 
2000), artificial urine contains (mM): 100 NaCl; 40 KCl; 20 NH4OH; 4 CaCl2; 2.5 MgCl2; 15 

NaH2PO4; 20 NaHSO4; 333 urea; pH 7.4 adjusted with NaOH. As a positive control we used 
high-potassium solutions (25 mM KCl) by substituting equimolar quantities of KCl for 

NaCl. Urine and artificial urine were presented in 10-seconds pulses, the inter-stimulus 
interval was at least 4 minutes to avoid desensitization or adaptation process (Spehr et 
al., 2009). High-potassium was presented in 3 or 5-seconds pulses. 

3.8 Chemicals 

All compounds and chemicals were obtained from Sigma-Aldrich, unless otherwise stated. 

3.9 Analysis of electrophysiological data 

IgorPro software (WaveMetrics) and Clampfit (Molecular Devices) were used for data 
analysis and figure preparation. Data are presented as mean ± SEM. Because most of the 
data were not normally distributed (Shapiro–Wilk test), statistical significance was 
determined using Wilcoxon-Mann Whitney test or Kolmogorov-Smirnov test. p-values of 
<0.01 were considered statistically significant. For data normally distributed t-test was 
used (Fig 1D). 

For spike detection, recordings were filtered offline with a high-pass filter at 2 Hz to 

eliminate slow changes in the baseline. Individual action potentials were identified by an 
event detection using an arbitrary threshold, and each event was confirmed by shape 

inspection. The start time of each event was taken as the time for that individual action 
potential. Mean spontaneous firing frequency was calculated as the number of spikes 

divided by the duration of the recording. Inter-spike interval (ISI) was calculated 
measuring the time between consecutive spikes (second to first, third to second, and so 

forth). To construct the ISI distribution during spontaneous activity we calculated the ISI 
for all spikes in 158 recordings of 90 s each from 20 WT VSNs, and 161 recordings of 90 s 

each from 22 TMEM16A cKO VSNs. Then we grouped the ISIs in 5 ms bins and divided the 
value of each bin by the total number of calculated ISIs for each group. The y-axes value 
in Fig 2C represents the percentage of spikes in each bin, the area under the curve is 100 

%. ISI distribution during odor-evoked activity was calculated from the spikes during the 
10 s stimulus presentation and calculating the ISI as described for spontaneous activity 

but with 10 ms bins (Fig 4D). Average firing rate (Fig 3 bottom) was calculated dividing 
each recording (Fig 3 Middle) in 1 s bins and counting the number of spikes per bin. The 

histogram represents the mean ± SEM of all repeats for one single VSN.    

As VSNs usually shows spontaneous activity in bursts (Arnson and Holy, 2011), it was 
difficult to identify a urine response from a single recording. To avoid false positives we 
applied at least 4 repetitive stimulations. Each recording was 90 s long divided in: 40 s of 
pre-stimulus, 10 s of stimulus, and 40 s of post-stimulation. To analyze the response to 
urine for a single cell we took the basal period (40 s pre-stimulation) and stimulus period 
(10 s of stimulation), and we calculated the basal and stimulation frequency for each 
trace. We defined a threshold level as: BF + 2*σ2; where BF is the average of basal 
frequency for all the traces and σ2 is the standard deviation of the basal frequency. A cell 

was considered responsive to urine if: 1) the average spike frequency during the 
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stimulations (SF) was higher than the threshold and 2) there was not response in artificial 
urine. 

3.10 Immunohistochemistry 

VNO sections and immunohistochemistry were obtained as described previously 
(Dibattista et al., 2012). The following primary antibodies were used: rabbit anti-
TMEM16A (1:50; Abcam), goat anti-TMEM16A (1:50; Santa Cruz Biotechnology, Inc.), 
rabbit anti-TMEM16B (1:100; Santa Cruz Biotechnology, Inc.), and goat anti-TRPC2 (1:50; 
Santa Cruz Biotechnology, Inc.). The following secondary antibodies obtained from 
Invitrogen were used: donkey anti–rabbit Alexa Fluor 488 (1:500) and donkey anti–goat 

Alexa Fluor 594 (1:500). Immunoreactivity was visualized with a confocal microscope (TCS 
SP2; Leica). Images were acquired using Leica software (at 1,024 × 1,024–pixel resolution) 

and were not modified other than to balance brightness and contrast. Nuclei were 
stained by DAPI (1:500), and signals were enhanced for better visualization of the 

vomeronasal epithelium. Control experiments without the primary antibodies gave no 
signal. 
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I N T R O D U C T I O N

Chemosensation is used by animals to obtain informa-
tion from the environment and to regulate their behavior. 
In most mammals, both the main olfactory epithelium 
and the vomeronasal epithelium are involved in chemo-
detection (Brennan, 2009; Tirindelli et al., 2009; Touhara 
and Vosshall, 2009). Sensory neurons in these epithe-
lia detect chemicals and, through different second  
messenger–mediated transduction pathways, generate 
action potentials that are transmitted to different regions 
of olfactory bulbs. In vomeronasal sensory neurons, the 
binding of chemicals with vomeronasal receptors occurs 
in the microvilli, at the apical region of the neuron’s den-
drite. In rodents, these neurons express one or a few mem-
bers of three families of G protein–coupled receptors: 
V1Rs, V2Rs, and formyl peptide receptors (FPRs) (Dulac 
and Axel, 1995; Herrada and Dulac, 1997; Matsunami 
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formyl peptide receptor; NFA, niflumic acid; OMP, olfactory marker protein; 
TRPC2, transient receptor potential canonical 2; VNO, vomeronasal organ.

and Buck, 1997; Ryba and Tirindelli, 1997; Martini et al., 
2001; Liberles et al., 2009; Rivière et al., 2009; Francia  
et al., 2014). The binding of molecules to vomeronasal 
receptors activates a phospholipase C pathway, which 
leads to the influx of Na+ and Ca2+ ions mainly through 
the transient receptor potential canonical 2 (TRPC2) 
channel present in the microvilli (Liman et al., 1999; 
Zufall et al., 2005; Munger et al., 2009), and/or to Ca2 + 
release from intracellular stores (Kim et al., 2011).

The vomeronasal organ (VNO) plays an important 
role in the detection of pheromones. Stimulation of  
the VNO with urine, which contains a rich blend of 
pheromones, or with individual pheromones, produces a  
transient increase in intracellular Ca2+ concentration in 
vomeronasal sensory neurons (Holy et al., 2000; Leinders-
Zufall et al., 2000, 2004, 2009; Chamero et al., 2007, 
2011; Haga et al., 2010; Kim et al., 2011; Celsi et al., 
2012). The intracellular Ca2+ increase has several physi-
ological effects, including activation of ion channels 
(Liman, 2003; Spehr et al., 2009; Yang and Delay, 2010; 
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Pheromones are substances released from animals that, when detected by the vomeronasal organ of other indi-
viduals of the same species, affect their physiology and behavior. Pheromone binding to receptors on microvilli on 
the dendritic knobs of vomeronasal sensory neurons activates a second messenger cascade to produce an increase 
in intracellular Ca2+ concentration. Here, we used whole-cell and inside-out patch-clamp analysis to provide a func-
tional characterization of currents activated by Ca2+ in isolated mouse vomeronasal sensory neurons in the absence 
of intracellular K+. In whole-cell recordings, the average current in 1.5 µM Ca2+ and symmetrical Cl was 382 pA 
at 100 mV. Ion substitution experiments and partial blockade by commonly used Cl channel blockers indicated 
that Ca2+ activates mainly anionic currents in these neurons. Recordings from inside-out patches from dendritic 
knobs of mouse vomeronasal sensory neurons confirmed the presence of Ca2+-activated Cl channels in the knobs 
and/or microvilli. We compared the electrophysiological properties of the native currents with those mediated by 
heterologously expressed TMEM16A/anoctamin1 or TMEM16B/anoctamin2 Ca2+-activated Cl channels, which 
are coexpressed in microvilli of mouse vomeronasal sensory neurons, and found a closer resemblance to those of 
TMEM16A. We used the Cre–loxP system to selectively knock out TMEM16A in cells expressing the olfactory 
marker protein, which is found in mature vomeronasal sensory neurons. Immunohistochemistry confirmed the 
specific ablation of TMEM16A in vomeronasal neurons. Ca2+-activated currents were abolished in vomeronasal 
sensory neurons of TMEM16A conditional knockout mice, demonstrating that TMEM16A is an essential compo-
nent of Ca2+-activated Cl currents in mouse vomeronasal sensory neurons.
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(no. 86/609/EEC). 2–3-mo-old mice were anaesthetized by CO2 
inhalation and decapitated before VNO removal.

To obtain mice in which TMEM16A expression was specifically 
eliminated in mature vomeronasal sensory neurons, we crossed 
floxed TMEM16Afl/fl mice, whose generation has been described 
in detail (Faria et al., 2014; Schreiber et al., 2014), with mice ex-
pressing Cre recombinase under the control of the olfactory 
marker protein (OMP) promoter (OMP-Cre mice; Li et al., 2004; 
provided by P. Mombaerts, Max Planck Institute of Biophysics, 
Frankfurt, Germany). Our conditional TMEM16A knockout mice 
(TMEM16A cKO) were homozygous for the floxed TMEM16A al-
leles and heterozygous for Cre and OMP. C57BL/6 or TMEM16Afl/fl 
mice were used as controls. In the following, WT mice correspond 
to C57BL/6 mice.

Dissociation of mouse vomeronasal sensory neurons
The vomer capsule containing the VNO was removed as described 
previously (Liman and Corey, 1996; Dean et al., 2004; Shimazaki 
et al., 2006; Arnson et al., 2010). Vomeronasal sensory neurons 
were dissociated from the VNO with the enzymatic-mechanical 
dissociation protocol described in Dibattista et al. (2008, 2012), 
or with the following slight modifications. In brief, the removed 
vomer capsule was put into a Petri dish containing divalent-free 
PBS (Sigma-Aldrich) solution where the VNO was extracted and 
transferred to a tube containing PBS with 1 mg/ml collagenase 
(type A), incubated at 37°C for 20 min, and transferred twice to 
Ringer’s solution with 5% fetal bovine serum for 5 min. The tissue 
was then cut into small pieces with tiny scissors and gently tritu-
rated with a fire-polished Pasteur pipette. Neurons were plated on 
Petri dishes (WPI) coated with poly-l-lysine and concanavalin A 
(type V; Sigma-Aldrich) and stored at 4°C.

Patch-clamp recordings and ionic solutions
Vomeronasal sensory neurons were viewed using an inverted mi-
croscope (IMT-2 or IX70; Olympus) with 20× or 40× objectives 
and identified by their bipolar shape, as illustrated in Fig. 1 of 
Dean et al. (2004). Patch pipettes, pulled from borosilicate capil-
laries (WPI) with a PC-10 puller (Narishige), had a resistance of 
3–6 M for whole-cell and 6–8 M for excised patch record-
ings. Currents were recorded with an Axopatch 1D or 200B ampli-
fier controlled by Clampex 9 or 10 via a Digidata 1332A or 1440 
(Molecular Devices). Data were low-pass filtered at 2 or 5 kHz and 
sampled at 10 kHz. Experiments were performed at room tem-
perature (20–25°C).

For whole-cell recordings, the standard extracellular mamma-
lian Ringer’s solution contained (mM): 140 NaCl, 5 KCl, 2 CaCl2, 
1 MgCl2, 10 HEPES, 10 glucose, and 1 sodium pyruvate, pH 7.4. 
The intracellular solution filling the patch pipette contained (mM): 
140 CsCl, 10 HEPES, and 10 HEDTA, adjusted to pH 7.2 with 
CsOH, and no added Ca2+ for the nominally 0-Ca2+ solution, or 
various added Ca2+ concentrations, as calculated with the program 
WinMAXC (C. Patton, Stanford University, Stanford, CA), to ob-
tain free Ca2+ in the range between 0.5 and 13 µM (Patton et al., 
2004), as described previously (Pifferi et al., 2006, 2009b). The 
composition of the intracellular solutions containing 2 mM Ca2+ 
was (mM) 140 CsCl, 10 HEPES, 2 CaCl2 or 145 NaCl, 10 HEPES, 
and 2 CaCl2, as in Liman (2003). No significant difference was 
observed among currents activated by the two solutions contain-
ing 2 mM Ca2+. For ionic selectivity experiments, NaCl in the 
extracellular mammalian Ringer’s solution was replaced with 
equimolar choline chloride, Na-gluconate, or NaSCN. Niflumic 
acid (NFA), CaCCinh-A01 (Tocris Bioscience), and anthracene-9-
carboxylic acid (A9C) were prepared in DMSO as stock solutions 
at 200 mM, 20 mM, or 1 M, respectively, and diluted to the final 
concentrations in Ringer’s solution. A gravity perfusion system 
was used to exchange solutions.

Kim et al., 2011, 2012; Dibattista et al., 2012) and modu-
lation, through binding to calmodulin, of sensory adap-
tation (Spehr et al., 2009).

Previous studies in vomeronasal sensory neurons 
identified the presence of Ca2+-activated currents; some 
studies found Ca2+-activated nonselective cation currents 
(Liman, 2003; Spehr et al., 2009), whereas other studies 
found Ca2+-activated Cl currents (Yang and Delay, 
2010; Kim et al., 2011; Dibattista et al., 2012). In ham-
ster vomeronasal sensory neurons, Liman (2003) mea-
sured Ca2+-activated nonselective cation currents with 
half-activation occurring at 0.51 mM Ca2+ at 80 mV. 
In mouse vomeronasal sensory neurons, Spehr et al. 
(2009) showed that 50 µM Ca2+ activated nonselective 
cation currents in patches from dendritic knobs from a 
small population of neurons (12.5%; 7 out of 56). Other 
recent studies showed that Ca2+-activated Cl channels 
contribute to the response of mouse vomeronasal neu-
rons to urine (Yang and Delay, 2010; Kim et al., 2011). 
Furthermore, the presence of Ca2+-activated Cl chan-
nels in the apical portion of vomeronasal sensory neu-
rons was confirmed by local photorelease of Ca2+ from 
caged Ca2+ (Dibattista et al., 2012) and by the expres-
sion of TMEM16A and TMEM16B (Dibattista et al., 
2012), two proteins forming Ca2+-activated Cl chan-
nels (Caputo et al., 2008; Schroeder et al., 2008; Yang  
et al., 2008; Pifferi et al., 2009a; Stephan et al., 2009; 
Stöhr et al., 2009; Scudieri et al., 2012; Pedemonte and 
Galietta, 2014). The aim of this study was to further char-
acterize the ionic nature (in the absence of intracellular 
K+ to avoid the contribution of Ca2+-activated K+ currents) 
of Ca2+-activated currents in mouse vomeronasal sen-
sory neurons and to identify the molecular identity of 
the channels mediating these currents. We performed 
recordings both in whole-cell and in inside-out patches 
from dendritic knobs/microvilli of mouse vomeronasal 
neurons, and we measured only Ca2+-activated Cl cur-
rents with biophysical properties more similar to those 
of TMEM16A than of TMEM16B. To investigate the 
role of TMEM16A in vomeronasal neurons, we gener-
ated conditional knockout mice for TMEM16A, as the 
constitutive TMEM16A knockout mice die soon after 
birth (Rock et al., 2008). Our results demonstrate the 
presence of Ca2+-activated Cl currents in the apical 
portion of vomeronasal sensory neurons of WT mice, 
confirm that TMEM16A is expressed in mature neurons, 
and show that TMEM16A is a necessary component of 
Ca2+-activated Cl channels in mouse vomeronasal sen-
sory neurons.

M A T E R I A L S  A N D  M E T H O D S

Animals
Mice 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 

on M
ay 24, 2017

D
ow

nloaded from
 

Published March 16, 2015



� Amjad et al. 287

Analysis of electrophysiological data
IGOR Pro software (WaveMetrics) was used for data analysis and 
figures. Data are presented as mean ± SEM and the number of 
neurons (n). Because most of the data were not normally distrib-
uted (Shapiro–Wilk test), statistical significance was determined 
using Wilcoxon Signed Rank test or Krustal–Wallis test. When a 
statistically significant difference was determined with Krustal–
Wallis analysis, Dunn–Hollander–Wolfe test was done to evaluate 
which data groups showed significant differences. P-values of <0.05 
were considered statistically significant. For the sake of clarity,  
capacitive transients were trimmed in some traces.

Immunohistochemistry
VNO sections and immunohistochemistry were obtained as de-
scribed previously (Dibattista et al., 2012). The following primary 
antibodies were used: rabbit anti-TMEM16A (1:50; Abcam), goat 
anti-TMEM16A (1:50; Santa Cruz Biotechnology, Inc.), rabbit 
anti-TMEM16B (1:100; Santa Cruz Biotechnology, Inc.), and goat 
anti-TRPC2 (1:50; Santa Cruz Biotechnology, Inc.). The following 
secondary antibodies obtained from Invitrogen were used: don-
key anti–rabbit Alexa Fluor 488 (1:500) and donkey anti–goat 
Alexa Fluor 594 (1:500). Immunoreactivity was visualized with  
a confocal microscope (TCS SP2; Leica). Images were acquired 
using Leica software (at 1,024 × 1,024–pixel resolution) and were 
not modified other than to balance brightness and contrast. Nu-
clei were stained by DAPI, and signals were enhanced for better 
visualization of the vomeronasal epithelium. Control experiments 
without the primary antibodies gave no signal.

In most whole-cell recordings, we applied voltage steps from a 
holding potential of 0 mV ranging from 100 to 100 (or 160 mV), 
followed by a step to 100 mV. A single-exponential function was 
fitted to instantaneous tail currents to extrapolate the current value  
at the beginning of the step to 100 mV.

For inside-out recordings, the solution in the patch pipette 
contained (mM): 140 NaCl, 10 HEDTA, and 10 HEPES, pH 7.2. 
The bathing solution at the intracellular side of the patch con-
tained (mM): 140 NaCl, 5 EGTA or 10 HEDTA, and 10 HEPES, 
pH 7.2, and no added Ca2+ for the nominally 0-Ca2+ solution, or 
various added Ca2+ concentrations, as calculated with the program 
WinMAXC (C. Patton, Stanford University, Stanford, CA), to obtain 
free Ca2+ in the range between 0.18 and 100 µM (Patton et al., 2004).

Rapid solution exchange in inside-out patches was obtained 
with the perfusion Fast-Step (SF-77B; Warner Instruments). For I-V 
relations of Ca2+-activated currents, a double voltage ramp from 
100 to 100 mV and back to 100 mV was applied at 1 mV/ms. 
The two I-V relations were averaged, and leak currents measured 
with the same ramp protocol in Ca2+-free solutions were sub-
tracted. For dose–response experiments, a patch was exposed for 
1 s to solutions with increasing Ca2+ concentration.

The bath was grounded through a 3-M KCl agar bridge con-
nected to a Ag/AgCl reference electrode. Liquid junction poten-
tials were calculated using Clampex’s Junction Potential Calculator 
(Molecular Devices), based on the JPCalc program developed by 
Barry (1994), and applied voltages were corrected offline for the 
calculated values.

Chemicals, unless otherwise stated, were purchased from 
Sigma-Aldrich.

Figure 1.  Ca2+-activated currents in mouse vomeronasal sensory neurons. (A) Representative whole-cell currents recorded from differ-
ent neurons with a pipette solution containing the indicated [Ca2+]i (for the trace in 2 mM Ca2+, the intracellular solution contained 140 mM 
NaCl). The holding voltage was 0 mV and voltage steps from 100 to 100 mV with 20-mV increments, followed by a step to 100 mV, 
were applied as indicated in the top part of the panel. (B) Average steady-state I-V relationships from several neurons at the indicated 
[Ca2+]i (n = 3–28). (C) Average ratios between steady-state currents measured at 100 and 100 mV at various [Ca2+]i (n = 3–28). Data in B 
and C are represented as mean ± SEM.
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voltage dependence in the range between 80 and 160 mV  
(not depicted).

We examined the deactivation kinetics by measuring 
the decay of the instantaneous current after a step from 
100 to 100 mV (Fig. 2, A, B, and D). The best fit of the 
current decay was obtained with two exponential func-
tions with average deact1 = 4.1 ± 0.7 ms and deact2 = 50 ± 
4 ms (n = 7) at 0.5 µM Ca2+. Increasing [Ca2+]i to 1.5 µM 
produced a slower decay of the current, with average 
deact1 = 7 ± 1 ms and deact2 = 100 ± 11 ms (n = 5).

These results show that an increase in [Ca2+]i acceler-
ates activation and slows deactivation.

R E S U L T S

Ca2+-activated Cl currents in isolated mouse vomeronasal 
sensory neurons
We first studied Ca2+-activated currents in isolated 
mouse vomeronasal sensory neurons using the whole-
cell voltage-clamp configuration with intracellular so-
lutions containing different amounts of free [Ca2+]i, 
ranging from nominally 0 Ca2+ up to 2 mM Ca2+. To 
avoid contributions from Ca2+-activated K+ currents, the 
intracellular monovalent cation was Cs+ (or Na+ in some 
experiments in the presence of 2 mM Ca2+).

Fig. 1 A shows currents activated by voltage steps be-
tween 100 and 100 mV from a holding voltage of 0 mV. 
The average current in the presence of nominally 0 Ca2+ 
was 82 ± 9 pA at 100 mV and 20 ± 7 pA at 100 mV 
(n = 6). When neurons were dialyzed with a solution 
containing 0.5 µM Ca2+, large currents were recorded 
in several neurons at positive voltages, with an average 
value at steady state of 545 ± 96 pA (range of 133 to 
1,060 pA) at 100 mV, and 50 ± 17 pA (range of 21 
to 163 pA) at 100 mV (n = 10). Further increases in 
[Ca2+]i produced currents of higher amplitudes, reach-
ing the average of 1,503 ± 146 pA (range of 615 to 3,530 
pA) at 100 mV (n = 28) in the presence of 1.5 µM Ca2+. 
The average current amplitude did not further increase 
for [Ca2+]i up to 2 mM.

The I-V relations measured at steady state were out-
wardly rectifying (Fig. 1, B and C), and the rectification 
index, calculated as the ratio between current at 100 
and 100 mV, decreased from 16 ± 7 at 0.5 µM Ca2+ to 
5.5 ± 0.6 at 1.5 µM Ca2+ and 3.2 ± 0.3 at 2 mM Ca2+, show-
ing that the I-V relation is Ca2+ dependent and becomes 
more linear as [Ca2+]i increases.

All together, we tested 178 neurons with various 
[Ca2+]i and found that 70% of the neurons (124 out of 
178) had a Ca2+-activated current. The remaining 30% 
of the neurons (54 out of 178) did not have Ca2+-acti-
vated currents but showed transient voltage-gated inward 
currents (likely Na+ currents) in response to a depolar-
izing step to 0 mV from a holding potential of 100 mV.

In the presence of Ca2+, voltage steps induced currents 
composed of an instantaneous component and a time-
dependent relaxation (Figs. 1 A and 2, A and B). The 
instantaneous component is related to channels open at 
the holding potential of 0 mV, whereas the time-depen-
dent component is the result of the activation of the chan-
nel at a given voltage step, indicating that these channels 
are regulated both by Ca2+ and by voltage.

The time-dependent component was fit by a single-
exponential function to calculate the time constant of ac-
tivation, act. At 100 mV, act in the presence of 0.5 µM 
Ca2+ was 235 ± 29 ms (n = 7), decreased to 156 ± 15 ms 
(n = 8) at 0.8 µM Ca2+, and to 46 ± 6 ms (n = 6) at 1.5 µM 
Ca2+ (Fig. 2, A–C). At all the tested intracellular Ca2+ 
concentrations, the activation kinetics did not show  

Figure 2.  Activation and deactivation kinetics of Ca2+-activated 
currents. (A and B) Representative currents with 0.5 and 1.5 µM 
[Ca2+]i, respectively. The voltage was stepped from 0 to 100 mV 
and then to 100 mV. Dashed lines are the fit of activation or 
deactivation time constants obtained, respectively, with a single- 
or double-exponential function. (C and D) Average activation 
(from 0 to 100 mV) or deactivation (from 100 to 100 mV) time 
constants at the indicated [Ca2+]i (n = 5–7). Data in C and D are 
represented as mean ± SEM (*, P < 0.05; Dunn–Hollander–Wolfe 
test after Krustal–Wallis analysis between 0.5 and 1.5 µM).
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of nH and K1/2. A decline of currents at high Ca2+ concen-
trations has been described previously in some native 
Ca2+-activated Cl currents (Kuruma and Hartzell, 2000; 
Qu et al., 2003), as well as in some splice variants of 
TMEM16A (Ferrera et al., 2009; Yang et al., 2014).

To estimate the voltage dependence of channel ac
tivation (G-V relation), we increased the amplitude of 
voltage steps to 160 mV and calculated instantaneous 
tail currents at 100 mV. G-V relations were fit by the 
Boltzmann equation:

	 G G z V V= + −( ) { }max 1 21 exp F RT/ , 	  (2)

where G is the conductance, Gmax is the maximal con-
ductance, z is the equivalent gating charge associated 
with voltage-dependent channel opening, V is the mem-
brane potential, V1/2 is the membrane potential produc-
ing 50% of Gmax, F is the Faraday constant, R is the gas 
constant, and T is the absolute temperature.

Fig. 4 A shows the average G-V relations at the indi-
cated [Ca2+]i. Continuous lines were obtained from a 
global fit of the average G-V relations with the same 
Gmax. The average V1/2 was 197 ± 39 mV (n = 4) at 0.5 µM 

To analyze the Ca2+ dependence of current activa-
tion, we measured dose–response relations by calculat-
ing instantaneous tail currents at 100 mV after prepulses 
ranging from 100 to 100 mV with a duration between 
200 and 800 ms (Fig. 3 A). The average instantaneous 
tail currents were plotted versus [Ca2+]i and fit at each 
voltage by the Hill equation:

	 I I K=     +( )+ +
max

2

i

nH 2

i

nH

1 2
nHCa Ca / , 	  (1)

where I is the current, Imax is the maximal current, 
K1/2 is the [Ca2+]i producing 50% of Imax, and nH is the 
Hill coefficient.

Fig. 3 B shows that K1/2 decreased with membrane 
depolarization from 0.97 µM at 100 mV to 0.58 µM at 
100 mV. The Hill coefficient was not voltage dependent 
with a value ranging between 3 and 4. These results show 
that Ca2+ sensitivity is slightly voltage dependent and that 
binding of more than 3 Ca2+ ions is necessary to open the 
channel. It should be noted, however, that the current 
amplitudes at high Ca2+ concentrations were sometimes 
smaller than those at 1.5 µM Ca2+ (Fig. 3 A), and that this 
current decrease may have slightly affected the estimation 

Figure 3.  Ca2+ sensitivity. (A) Av-
erage instantaneous tail currents  
measured at 100 mV after a 
prepulse varying from 100 to 
100 mV plotted versus [Ca2+]i 
(n = 4–8). The continuous lines 
are the fit with the Hill equation 
(Eq. 1). (B) K1/2 values plotted 
versus the prepulse voltage. Data in 
A are represented as mean ± SEM.

Figure 4.  Voltage dependence 
of Ca2+-activated currents. (A) Av
erage conductances at the in-
dicated [Ca2+]i measured from 
instantaneous tail currents at 
100 mV after prepulses from 
100 to 160 mV plotted versus 
the prepulse voltage (n = 4–8). 
The continuous lines are the  
fit with the Boltzmann equation 
(Eq. 2). (B) Average V1/2 values 
plotted versus [Ca2+]i (n = 4–8). 
Data are represented as mean  
± SEM.
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depends both on [Ca2+]i and voltage, and depolarization 
can activate more channels as [Ca2+]i is increased.

To investigate if the Ca2+-activated currents are caused 
by cation channels, we first substituted Na+ in the Ring-
er’s solution with choline, as this large organic cation is 

Ca2+ and became 70 ± 25 mV (n = 6) at 1.5 µM Ca2+ 
(Fig. 4 B), whereas the equivalent gating charge was not 
largely modified (z = 0.39 and 0.34, respectively).

These results show that an increase in [Ca2+]i caused a 
leftward shift of the G-V relation. Thus, the conductance 

Figure 5.  Ionic selectivity of Ca2+-activated currents. Representative whole-cell recordings obtained with an intracellular solution con-
taining 1.5 µM Ca2+. Voltage protocol as in Fig. 1 A. Each neuron was exposed to a Ringer’s solution containing NaCl, choline-Cl (A), 
Na-gluconate (B), or NaSCN (C), followed by washout in Ringer’s solution with NaCl. Dashed lines indicate zero current. Steady-state 
I-V relationships measured at the end of the voltage steps are shown at the right of each set of recordings. (D) Average reversal potential 
shift upon substitution of extracellular NaCl with choline-Cl, Na-gluconate, or NaSCN in 1.5 µM (closed bars; n = 5–10) or 2 mM Ca2+ 
(open bars; n = 4). Data in D are represented as mean ± SEM (**, P < 0.01; *, P < 0.05; Wilcoxon Signed Rank test).
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usually impermeant in cation channels (Hille, 2001). 
Fig. 5 A shows representative recordings at 1.5 µM Ca2+ 
in the presence of NaCl, after replacement of Na+ with 
choline, and in NaCl after washout. Steady-state I-V rela-
tions plotted in Fig. 5 B show that the replacement of 
Na+ with choline did not modify the I-V relation. Similar 
results were obtained with 2 mM Ca2+. The average re-
versal potential in choline-Cl was 10 ± 4 mV (n = 5), 
not significantly different from the value of 7 ± 2 mV 
(n = 5) measured in NaCl. The average shift of reversal 
potential in choline-Cl with respect to NaCl was not sig-
nificantly different in 1.5 µM or 2 mM Ca2+ (Fig. 5 D), 
indicating that the Ca2+-activated current at both Ca2+ 
concentrations was not a cation current.

Anion selectivity was then tested by replacing 140 mM 
NaCl with equimolar amounts of Na-gluconate or NaSCN 
(Fig. 5, C and E). When Cl was replaced with gluconate 
in the presence of 1.5 µM Ca2+, we measured an average 
shift of Vrev of 49 ± 3 mV (n = 10), whereas in the pres-
ence of SCN the Vrev shift was 20 ± 3 mV (n = 8). Simi-
lar values were obtained in the presence of 2 mM Ca2+ 
(Fig. 5 D). The average permeability ratios for anions 
(PX/PCl) were: SCN (2.6) > Cl (1.0) > gluconate (0.1).

We investigated whether the more permeant anion 
SCN modifies the voltage dependence of channel acti-
vation and the gating kinetics, as observed in several  

native Ca2+-activated Cl currents (Greenwood and 
Large, 1999; Perez-Cornejo et al., 2004), as well as in 
heterologously expressed TMEM16A and TMEM16B 
(Xiao et al., 2011; Betto et al., 2014). Fig. 6 (A and B) 
shows recordings and I-V relations from a vomeronasal 
neuron in the presence of 0.5 µM Ca2+ when NaCl was 
replaced with NaSCN. The G-V relation was shifted to-
ward more negative potentials when Cl was substituted 
with SCN (Fig. 6 C). The average V1/2 from several neu-
rons significantly changed from 168 ± 6 mV in Cl to 39 
± 14 mV in SCN (n = 3). Moreover, act in the presence 
of 0.5 µM Ca2+ became significantly faster in SCN, with 
an average value at 100 mV of 94 ± 12 ms (n = 3), 
compared with 282 ± 49 ms (n = 3) in Cl (Fig. 6 E). 
Also, the deactivation time constants, measured as in  
Fig. 2 D, were significantly modified upon anion substi-
tution (Fig. 6 F), with average values of deact1 = 4.2 ± 0.9 ms 
and deact2 = 57 ± 2 ms (n = 3) in SCN, slower than the 
values in Cl measured in the same neurons: deact1 = 10 
± 2 ms and deact2 = 183 ± 16 ms (n = 3).

To assess the pharmacological profile of Ca2+-acti-
vated Cl currents in vomeronasal sensory neurons, we 
measured the extracellular blockage properties of 300 µM 
NFA, 10 µM CaCCinh-A01, and 1 mM A9C, commonly 
used blockers of Ca2+-activated Cl currents (De La 
Fuente et al., 2008; Hartzell et al., 2009; Huang et al., 

Figure 6.  Change of voltage dependence in the presence of SCN. (A) Representative whole-cell recordings obtained with an intracel-
lular solution containing 0.5 µM Ca2+. The same neuron was exposed to a Ringer’s solution containing NaCl or NaSCN, followed by 
washout in Ringer’s solution with NaCl. Voltage steps of 800-ms duration were given from a holding voltage of 0 mV to voltages between 
100 and 160 mV in 20-mV steps, followed by a step to 100 mV. Dashed lines indicate zero current. Steady-state I-V relationships 
measured at the end of the voltage steps. (B) Conductances measured from instantaneous tail currents at 100 mV after prepulses from 
100 to 160 mV plotted versus the prepulse voltage. Data from the recordings shown in A. (C) Average V1/2 in Cl or SCN (n = 3). 
(D and E) Average activation and deactivation time constants in Cl or SCN (n = 3). Data in C–E are represented as mean ± SEM 
(*, P < 0.05; Wilcoxon Signed Rank test).
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(Fig. 7 H). At 100 mV, both NFA and CaCCinh-A01 
partially blocked the inward late currents with the follow-
ing percentages: 48 ± 13 for NFA and 46 ± 7 for CaCCinh-
A01 (Fig. 7 G). These values were not significantly different 
when measured as early currents (Fig. 7 H). On the 
contrary, A9C did not significantly affect the inward 
early current at 100 mV but greatly potentiated the 
inward late current with a percentage of 200 ± 55 (Fig. 7, 
G and H).

These results show that, in the presence of 1.5 µM 
Ca2+, 300 µM NFA and 10 µM CaCCinh-A01 produced 

2012). Fig. 7 shows that all three compounds induced a 
reversible block of the outward currents activated by  
1.5 µM Ca2+, whereas inward currents were blocked only 
by NFA and CaCCinh-A01. The percentage of current in 
the presence of each compound relative to control was 
measured both at 2 ms after the voltage step (early cur-
rent) and at the end of the voltage step (late current), as 
shown in Fig. 7 (G and H). At 100 mV, the percentage 
of late currents was 29 ± 5 for NFA, 38 ± 5 for CaCCinh-
A01, and 29 ± 7 for A9C (Fig. 7 G; n = 5–7), and similar 
values were obtained by measuring the early currents 

Figure 7.  Pharmacology of Ca2+-activated currents. Representative whole-cell recordings obtained with an intracellular solution containing 
1.5 µM Ca2+. Voltage protocol as in Fig. 1 A. Each neuron was exposed to a Ringer’s solution to 300 µM NFA (A), 10 µM CaCCihn-A01 (C), 
or 1 mM A9C (E), and again to Ringer’s solution. (B, D, and F) I-V relationships measured at the end of the voltage steps from the re-
cordings shown on the left. (G and H) Average percentages of currents measured in the presence of each compound relative to control 
at the end of the voltage step (G; late current) or 2 ms after the voltage step (H; early current) at 100 or 100 mV (n = 5–7). Data in 
G and H are represented as mean ± SEM.
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Ca2+-activated Cl currents in inside-out excised patches 
from dendritic knob/microvilli of mouse vomeronasal 
sensory neurons
To further characterize Ca2+-activated currents, we ex-
cised membrane patches in the inside-out configura-
tion from dendritic knobs of vomeronasal neurons. 
Membrane patches were excised from the tips of the 
knobs and are likely to contain membranes from both 
the dendritic knob and from microvilli. Fig. 8 A shows 
the change of current at 50 mV when an inside-out 
patch was exposed to 100 µM Ca2+ for 2 s. Upon the ap-
plication of 100 µM Ca2+, the current rapidly reached a 
value of about 40 pA and remained stationary in the 
presence of Ca2+, whereas it rapidly returned to the 
baseline value when Ca2+ was removed. The average cur-
rent from several patches at 50 mV was 16 ± 5 pA 
(range of 6 to 40 pA; n = 7), and the average ratio 
between the current measured 2 s after Ca2+ application 
and the current measured shortly after Ca2+ application 
was 0.96 ± 0.02 (n = 7).

Fig. 8 B shows that the amplitude of Ca2+-activated 
currents in inside-out patches decreased with time after 
patch excision. A similar current rundown has also been 

similar current inhibitions at 100 and 100 mV both 
for early and late currents. 1 mM A9C had an anoma-
lous effect, blocking the current at 100 mV and largely 
potentiating late currents at 100 mV.

Collectively, these results show that the Ca2+-activated 
currents measured in vomeronasal sensory neurons are 
mainly anion currents.

TMEM16A and TMEM16B are coexpressed in micro-
villi of vomeronasal sensory neurons (Dibattista et al., 
2012), and their individual heterologous expression 
shows some similar electrophysiological properties— 
indeed, they cannot be distinguished by their ionic  
selectivity (Adomaviciene et al., 2013) or by their phar-
macological profile (Pifferi et al., 2009a; Bradley et al., 
2014)—as well as some important differences: TMEM16A 
have a higher Ca2+ sensitivity and slower activation ki-
netics than TMEM16B (Caputo et al., 2008; Schroeder 
et al., 2008; Yang et al., 2008; Pifferi et al., 2009a; 
Stephan et al., 2009; Ferrera et al., 2011: Cenedese et al., 
2012; Pedemonte and Galietta, 2014). We found that 
whole-cell properties of Ca2+-activated Cl currents in 
vomeronasal neurons are more similar to those of het-
erologous TMEM16A than TMEM16B.

Figure 8.  Rundown and ionic selectivity of Ca2+-activated currents in inside-out patches from dendritic knob/microvilli of vomeronasal 
sensory neurons. (A) An inside-out patch was exposed to 100 µM Ca2+ for 2 s at the time indicated in the upper trace. Holding potential, 
50 mV. Symmetrical NaCl solutions. (B) I-V relations from a voltage ramp protocol. Leakage currents measured in 0 Ca2+ were sub-
tracted. The number next to each trace indicates the time of Ca2+ application after patch excision. (C) Average ratios between currents 
at 100 mV measured at the indicated times after patch excision and the current measured at patch excision (n = 3–10). Ratios of indi-
vidual patches are in gray. (D and E) I-V relations activated by 100 µM Ca2+ from a voltage ramp protocol after subtraction of the leakage 
currents measured in 0 Ca2+. The patch was exposed to bath solutions containing 140 mM NaCl, Na-gluconate (D), or choline-Cl (E), 
followed by washout with NaCl. Current traces in D and E were from the same patch. (F) Average reversal potential shift upon substitu-
tion of extracellular NaCl with Na-gluconate or choline-Cl (n = 3) (**, P < 0.01; Wilcoxon Signed Rank test). Error bars indicate SEM.
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Collectively, these results demonstrate the presence 
of Ca2+-activated Cl currents in the knob/microvilli of 
mouse vomeronasal sensory neurons. Moreover, the 
range of Ca2+ sensitivity and the absence of inactivation 
in the presence of a constant Ca2+ concentration indi-
cate that properties of native currents are more similar 
to those of TMEM16A than TMEM16B (see also Discus-
sion). Indeed, all isoforms of TMEM16B have been 
shown to inactivate in the continuous presence of Ca2+ 
at negative potentials (Pifferi et al., 2009a; Stephan et al., 
2009; Ponissery Saidu et al., 2013), whereas TMEM16A 
current did not inactivate (Ni et al., 2014; Tien et al., 
2014; Yu et al., 2014).

Conditional knockout of TMEM16A in vomeronasal 
sensory neurons
We have shown previously that TMEM16A and TMEM16B 
are coexpressed in microvilli of mouse vomeronasal sen-
sory neurons (Dibattista et al., 2012), and we showed  
here that Ca2+-activated Cl currents in vomeronasal sen-
sory neurons are more similar to heterologous TMEM16A 
than TMEM16B. As the constitutive TMEM16A knockout 
is lethal soon after birth (Rock et al., 2008), we selectively 
abolished expression of TMEM16A in mature vomero-
nasal sensory neurons by crossing floxed TMEM16Afl/fl 
mice (Faria et al., 2014; Schreiber et al., 2014) with OMP-
Cre mice (Li et al., 2004).

By immunohistochemistry, we confirmed our previ-
ous results that TMEM16A and TMEM16B are expressed 
at the apical surface of the vomeronasal epithelium of 
control WT mice (Fig. 10, A and B), whereas we showed 

observed in other native Ca2+-activated Cl currents, as 
well as in heterologous TMEM16A and TMEM16B cur-
rents (Kuruma and Hartzell, 2000; Qu and Hartzell, 
2000; Reisert et al., 2003; Pifferi et al., 2009a,b; Stephan 
et al., 2009; Yu et al., 2014). Currents underwent an irre-
versible reduction until they reached an almost steady-
state value (Fig. 8, B and C).

To determine the ion selectivity of the Ca2+-activated 
current, we replaced NaCl in the bathing solution with 
Na-gluconate or with choline-Cl and measured the shift 
of reversal potential (Fig. 8, D–F). Currents were acti-
vated by 100 µM Ca2+, and voltage ramps from 100 to 
100 mV were applied. When Cl was replaced with gluco-
nate, we measured an average shift of Vrev of 47 ± 2 mV 
(n = 3), whereas in the presence of choline-Cl, the shift of 
Vrev was 3 ± 3 mV (n = 3). Thus, replacement of Cl with 
gluconate shifted the reversal potential from near zero in 
symmetrical Cl to more negative values, as expected for 
Cl-selective channels in our experimental conditions, 
showing that Ca2+-activated currents were Cl selective.

To measure dose–response relations, we activated cur-
rents in excised inside-out patches with various Ca2+ con-
centration and measured current amplitudes after the 
rapid phase of rundown, when the current reached an 
almost steady-state value (Fig. 9, A–D). Fig. 9 C shows that 
K1/2 decreased with membrane depolarization from 1.5 ± 
0.2 µM at 100 mV to 1.1 ± 0.1 µM (n = 5) at 100 mV. 
The Hill coefficient was not voltage dependent with a 
value ranging between 2.4 and 3.2. The average ratio be-
tween currents at 100 and 100 mV was 1.3 ± 0.3 at 1 µM 
(n = 5) and 0.65 ± 0.05 at 100 µM (n = 13).

Figure 9.  Dose–response relations of Ca2+-
activated currents in inside-out patches from 
the dendritic knob/microvilli of vomeronasal 
sensory neurons. (A) I-V relations from the 
same patch exposed to the indicated Ca2+ 
concentrations after subtraction of the cur-
rents measured in 0 Ca2+. (B) Ratios between 
currents measured at 100 and at 100 mV at 
the indicated Ca2+ concentrations (n = 5–13). 
*, P < 0.05; Wilcoxon Signed Rank test.  
(C) Dose–response relations, obtained by nor-
malized currents at 100 or 100 mV (n = 5). 
Continuous lines are the fit with the Hill equa-
tion (Eq. 1). (D) Mean K1/2 values plotted ver-
sus voltage (n = 5). Error bars indicate SEM.
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between representative recordings from TMEM16Afl/fl 
and TMEM16A cKO mice. Currents were activated by 
voltage steps between 100 and 100 mV from a holding 
potential of 0 mV, followed by a step to 100 mV and 
return to 0 mV. The last part of the current trace elic-
ited by the depolarizing voltage from 100 to 0 mV was 
used as a control of the viability of neurons, as it allowed 
the measurement of voltage-gated inward currents 
(likely Na+ currents; insets of Fig. 11, A and B). The ki-
netics of currents activated by 1.5 µM Ca2+ in neurons 
from TMEM16Afl/fl mice resembled those measured 
in control WT mice (Figs. 11 A and 1 A), whereas cur-
rents in vomeronasal neurons from TMEM16A cKO mice 
were not significantly different from currents in the ab-
sence of Ca2+ (Figs. 11, B and C, and 1 A). The inset of 
Fig. 11 B shows a representative voltage-gated current 
(elicited by a 0-mV step from 100 mV), indicating that 
the neuron was viable but did not have currents acti-
vated by Ca2+. All together, we tested 40 viable neurons 
from 6 TMEM16A cKO mice at [Ca2+]i varying from 
0.5 µM to 2 mM Ca2+ and did not find a significant dif-
ference from currents measured in 0 Ca2+. Furthermore, 
we measured currents in inside-out patches from den-
dritic knobs of vomeronasal neurons from TMEM16A 

that TMEM16A immunoreactivity was absent in TMEM16A 
cKO mice (Fig. 10 C). Furthermore, we investigated 
by immunohistochemistry if the lack of TMEM16A af-
fected the expression of TMEM16B and TRPC2, and 
found a normal pattern of expression for the two pro-
teins (Fig. 10, D and F). In addition, we verified the 
specificity of Tmem16A ablation, by checking TMEM16A 
expression in lateral nasal glands and septal nasal glands, 
which do not express OMP and should therefore ex-
press TMEM16A. Indeed, Fig. 10 (G and H) shows ex-
pression of TMEM16A in the nasal glands of TMEM16A 
cKO mice.

These results demonstrate that the loss of TMEM16A 
is restricted to vomeronasal sensory neurons of cKO 
mice and confirm the specificity of the antibody against 
this protein. Furthermore, TMEM16B and TRPC2 are 
expressed at the apical surface of the vomeronasal epi-
thelium in cKO as in WT mice.

To determine the contribution of TMEM16A to  
Ca2+-activated Cl currents in vomeronasal sensory neu-
rons, we measured currents in isolated neurons from  
TMEM16A cKO mice in the whole-cell configuration 
with intracellular solutions containing various amounts 
of free [Ca2+]i. Fig. 11 (A and B) shows the comparison 

Figure 10.  Immunostaining of sections of VNO 
in WT and TMEM16A cKO mice. (A and B) Con-
focal micrographs showing TMEM16A (red) and 
TMEM16B (green) expression at the apical surface 
of the vomeronasal epithelium in WT mice. (C–F) No 
immunoreactivity to TMEM16A was detectable at 
the apical surface of the vomeronasal epithelium 
in TMEM16A cKO mice, whereas TMEM16B and 
TRPC2 were normally detected. (G and H) As a con-
trol, expression of TMEM16A is shown in nasal sep-
tal glands (G) and lateral nasal glands (H) of cKO 
mice. Cell nuclei were stained by DAPI (blue). Bars, 
10 µm.
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D I S C U S S I O N

In this study, we have provided the first functional charac-
terization of Ca2+-activated Cl currents in isolated mouse 
vomeronasal sensory neurons both in whole-cell and in 
inside-out patches from the knobs/microvilli. A compari-
son among biophysical properties indicates that native 
currents are more similar to heterologous TMEM16A 
than to TMEM16B Ca2+-activated Cl currents. Further-
more, conditional knockout of TMEM16A abolished  
Ca2+-activated currents in mouse vomeronasal neurons, 
demonstrating that TMEM16A is a necessary component 
of Ca2+-activated Cl currents in these neurons.

Ca2+-activated currents
In whole-cell recordings, we measured Ca2+-activated 
currents in 70% of the neurons (124/178), whereas we 
did not record any Ca2+-activated current in the remain-
ing neurons (30%; 54/178), although these neurons 
were considered viable, as they had transient voltage-
gated inward currents (likely Na+ currents). These cur-
rents were recorded with intracellular Cs+ or Na+ instead 
of K+, i.e., under ionic conditions that prevented perme-
ation through Ca2+-activated K+ channels. The absence 
of Ca2+-activated currents in some neurons could simply 
be caused by inactivation or rundown of Ca2+-activated 
channels, or to damage of the microvilli, where these 
channels should be mostly expressed (as it will be dis-
cussed later), but it also raises the question of whether a 
Ca2+-activated current is present only in a subset of vom-
eronasal neurons. Indeed, the mouse vomeronasal epi-
thelium contains two major populations of neurons, 
basal and apical, based on their location and on the ex-
pression of different receptors and proteins (Berghard 
and Buck, 1996; Jia and Halpern, 1996; Lau and Cherry, 
2000; Martini et al., 2001; Leinders-Zufall et al., 2004; 
Liberles et al., 2009; Rivière et al., 2009). Apical neu-
rons express receptors of the V1R or FPR families, the  
G protein  subunit Gi2, and phosphodiesterase 4A, 
whereas basal neurons express receptors of the V2R or 
FPR families and the G protein  subunit Go. We have 
previously investigated by immunocytochemistry the per
centage of apical and basal neurons obtained in our dis-
sociated preparations using anti–phosphodiesterase 4A 
antibody as a marker for apical neurons, or anti-Go 
antibody as a marker for basal neurons, and found that 
on average, 74% of the dissociated neurons were api-
cal (Celsi et al., 2012). Based on these results, it is very 
likely that most of our electrophysiological recordings 
were obtained from apical neurons, and it is possible to 
speculate that the 30% of neurons without Ca2+-activated 
current could be basal neurons. However, in the dissoci-
ated preparations used for electrophysiological record-
ings, we could not determine by visual inspection whether 
a neuron was apical or basal, nor we could perform im-
munocytochemistry after the recordings, as neurons were 

cKO mice and did not find any measurable Ca2+-acti-
vated current (not depicted).

These results demonstrate that TMEM16A is a neces-
sary component of the Ca2+-activated Cl current in vom-
eronasal sensory neurons.

Figure 11.  Lack of Ca2+-activated currents in vomeronasal sen-
sory neurons from TMEM16A conditional knockout mice. Rep-
resentative whole-cell recordings obtained with an intracellular 
solution containing 1.5 µM Ca2+ from vomeronasal sensory neu-
rons dissociated from TMEM16Afl/fl (A) or TMEM16A cKO (B) 
mice. Insets show the enlargement of the recordings of voltage-
gated inward currents activated by a step to 0 mV from the hold-
ing potential of 100 mV, as indicated in the voltage protocol 
at the top of the figure. (C) Mean current amplitudes measured 
at 100 or 100 mV with intracellular pipette solution contain-
ing nominally 0 (black bar; n = 6) or 1.5 µM free Ca2+ from WT 
(blue bar; n = 28) or TMEM16A cKO mice (red bar; n = 20). Error 
bars indicate SEM (**, P < 0.01; Dunn–Hollander–Wolfe test after 
Krustal–Wallis analysis).
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with previous results observed in Ca2+-activated Cl chan-
nels in smooth muscle cells (Piper and Greenwood, 
2003; Cherian et al., 2015).

Furthermore, we performed inside-out recordings 
from the knobs/microvilli of mouse vomeronasal neu-
rons and demonstrated the presence of Ca2+-activated 
Cl channels with electrophysiological properties simi-
lar to those of TMEM16A. We therefore suggest that the 
nonselective cation current measured in vomeronasal 
neurons from the hamster may be species specific. In 
the mouse, results obtained in 12.5% of inside-out 
patches from Spehr et al. (2009) could indicate that the 
presence of Ca2+-activated nonselective cation channels 
is restricted to a very small subpopulation of vomerona-
sal neurons that was not present in our experiments.

Other studies have also reported evidence for Ca2+-
activated Cl currents in mouse vomeronasal sensory 
neurons. Yang and Delay (2010) used perforated patch 
recording on dissociated neurons and reported that the 
urine-activated current was partially blocked by some 
Cl channel blockers (NFA and DIDS), and was re-
duced by removing extracellular Ca2+ or by blocking in-
tracellular Cl accumulation mediated by the NKCC1 
cotransporter. Similar results were also obtained by Kim 
et al. (2011) using VNO slice preparations. At present, 
the source of intracellular Ca2+ increase is still unclear, 
as Yang and Delay (2010) showed that Ca2+ influx is 
necessary to activate a Cl current, whereas Kim et al. 
(2011) suggested that Cl currents could also be acti-
vated by Ca2+ release from internal store mediated by 
IP3 in a TRPC2-independent manner. The presence of 
Ca2+-activated Cl component in urine response indicates 
that these channels could play a role in vomeronasal 
transduction. However, at present, the Cl equilibrium 
potential in vomeronasal neurons in physiological condi-
tions is unknown, preventing the possibility to determine 
if Ca2+-activated Cl currents contribute to depolariza-
tion or hyperpolarization.

TMEM16A is a necessary component of the Ca2+-activated 
Cl currents in mouse vomeronasal sensory neurons
Both the results of our whole-cell and inside-out experi-
ments from mouse vomeronasal neurons showed the 
presence of Ca2+-activated Cl currents with electrophysi-
ological properties more similar to those of heterologous 
TMEM16A than TMEM16B currents. It is important to 
note that splice variants have been identified both for 
TMEM16A (Caputo et al., 2008; Ferrera et al., 2009, 
2011) and for TMEM16B (Stephan et al., 2009; Ponissery 
Saidu et al., 2013), and it has been shown that some func-
tional channel properties such as Ca2+ sensitivity and time 
and voltage dependence differ among the various iso-
forms of each protein (Ferrera et al., 2010; Huang et al., 
2012; Pedemonte and Galietta, 2014).

In whole-cell recordings, we measured a kinetics of 
activation with a time constant of 235 ms at 100 mV in 

often lost after pipette retrieval. It is important to note 
that TMEM16A and TMEM16B are coexpressed both in 
apical and basal neurons (Dibattista et al., 2012). Thus, 
we favor the interpretation that all neurons have Ca2+-ac-
tivated currents and that the absence of these currents in 
some neurons was likely caused by channel inactivation 
or rundown or to damage of the microvilli, although we 
cannot exclude the possibility that Ca2+-activated currents 
are present only in a subset of vomeronasal neurons.

Cationic and anionic Ca2+-activated currents
Previous studies on vomeronasal sensory neurons have 
reported the presence of Ca2+-activated currents, in the 
absence of intracellular K+, with different ionic selectivity: 
nonselective cation currents or anion currents.

Ca2+-activated nonselective cation currents have been 
recorded in the hamster (Liman, 2003) and in the mouse 
(Spehr et al., 2009), although they showed different 
Ca2+ sensitivities. In the hamster, whole-cell dialysis with 
0.5–2 mM Ca2+ produced currents with an average am-
plitude of 177 pA at 80 mV, and half-activation of this 
current required a high Ca2+ concentration of 0.5 mM at 
80 mV (Liman, 2003). In the mouse, nonselective cat-
ion currents were recorded in inside-out patches only in 
a subpopulation of neurons (12.5%) in the presence of 
50 µM Ca2+ (Spehr et al., 2009). In a previous study by 
our group (Dibattista et al., 2012), we used photolysis of 
caged Ca2+ to increase Ca2+ concentration in the apical 
region (dendritic knob and microvilli) of mouse vom-
eronasal neurons, and we did not detect any cation cur-
rent, but we measured Ca2+-activated Cl currents with 
an average amplitude of 261 pA at 50 mV. In that 
study, we pointed out that the highest Ca2+ concentra-
tion obtained from photolysis of caged Ca2+ was proba-
bly 10–20 µM, lower than the values used to activate 
the nonselective cation currents in the previous studies 
(Liman, 2003; Spehr et al., 2009), and that perhaps a 
higher Ca2+ concentration could activate nonselective 
cation currents. However, in the present study, we dia-
lyzed neurons also using high Ca2+ concentrations in 
the pipette, reaching 2 mM, and did not record any cat-
ion current. Indeed, the substitution of extracellular 
NaCl with choline-Cl did not cause a significant shift in 
the reversal potential both with 1.5 µM and 2 mM of 
intracellular Ca2+, whereas the substitution of NaCl with 
Na-gluconate caused a shift in the reversal potential, as 
expected for Cl currents. The substitution of extracel-
lular Cl with SCN showed that this anion is more per-
meant than Cl and also altered the voltage dependence 
of the Ca2+-activated current, a common characteristic 
of Ca2+-activated Cl channels (Perez-Cornejo et al., 
2004; Xiao et al., 2011; Betto et al., 2014). Moreover, 
the typical Cl blockers NFA and CaCCinh-A01 caused a 
reversible inhibition of the current. A9C had an anoma-
lous effect, causing a current decrease at positive volt-
ages and a current increase at negative voltages, consistent 
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is necessary to have functional channels in the VNO, 
whereas VNO TMEM16B isoforms may not form func-
tional channels by themselves but could be modulatory 
subunits of heteromeric channels.

However, in a previous study, Billig et al. (2011) com-
pared whole-cell recordings in vomeronasal sensory 
neurons from WT (n = 7) or knockout mice for 
TMEM16B (Ano2/; n = 6) in the presence of 1.5 µM 
Ca2+ or 0 Ca2+ in the pipette, and reported that: “Cur-
rents of most Ano2/ VSNs were indistinguishable 
from those we observed without Ca2+ (Fig. 5n), but a few 
cells showed currents up to twofold larger. Averaged  
current/voltage curves revealed that Ca2+-activated Cl 
currents of VSNs depend predominantly on Ano2 (Fig. 5l). 
Although Ano1 is expressed in the VNO (Fig. 3a), its 
contribution to VSN currents seems minor.” Thus,  
Billig et al. (2011) suggested that TMEM16B plays a 
prominent role in Ca2+-activated currents in vomerona-
sal neurons. However, as the specific VNO TMEM16A 
and TMEM16B isoforms are presently unknown, there 
is an alternative possible explanation for the results ob-
served by Billig et al. (2011); vomeronasal neurons may 
express one or more TMEM16A isoforms that do not 
form functional channels by themselves but may form 
functional heteromeric channels when coexpressed 
with specific TMEM16B isoforms.

Collectively, our data and those from Billig et al. 
(2011) raise the possibility that only heteromeric chan-
nels composed by the VNO-specific isoforms TMEM16A 
and TMEM16B are functional in vomeronasal neurons. 
In addition, we cannot exclude the possibility that dif-
ferent populations of neurons may express different 
isoforms at various levels, and that the two studies inves-
tigated different populations of vomeronasal neurons. 
Future experiments will have to identify the specific 
VNO isoforms and unravel their interactions.
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Abstract 

Calcium-activated chloride channels are expressed in several cells, including sensory neurons of the 
mouse vomeronasal organ, where pheromones bind to receptors located in microvilli activating a 
transduction cascade that leads to neuron depolarization and increase in firing activity. We have 
previously shown that calcium-activated chloride currents are abolished in vomeronasal sensory 
neurons from conditional knock out mice for TMEM16A (TMEM16A cKO). Thus, this mouse line is a good 
model to study the role of calcium-activated chloride currents in vomeronasal physiology. Here, we 
investigated the firing properties of vomeronasal sensory neurons in acute slices of the vomeronasal 
organ from wild type and TMEM16A cKO mice. Loose-patch recordings show that the firing pattern of 
spontaneous activity has less burst activity in sensory neurons from TMEM16A cKO with respect to WT 
mice, while the mean frequency is not affected by the lack of TMEM16A. Moreover, we measured an 
increase in firing rate in response to stimulation with dilute urine, a physiologically relevant stimulu s for 
mouse, both in WT and TMEM16A cKO vomeronasal sensory neurons, indicating that neurons lacking 
calcium-activated chloride currents are still able to activate the signal transduction cascade. Importantly, 
we also observed significant changes in the pattern of firing activity in response to dilute urine, as the 
inter-spike interval distribution of evoked activity showed that vomeronasal sensory neurons from 
TMEM16A cKO fire with shorter intervals than WT neurons. These results indicate that deletion of 
TMEM16A in mouse vomeronasal sensory neurons induces a modification in the characteristics of the 
firing pattern during spontaneous and evoked activity, indicating that the calcium-activated chloride 
channel TMEM16A plays a role in the response to physiological stimuli. 
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Introduction 

Most mammals detect pheromones by using at least two main chemoreceptive systems in the nasal 
cavity: the main olfactory epithelium and the vomeronasal epithelium (Tirindelli et al., 2009). The 
vomeronasal organ (VNO) is a cylindrical structure located in the lower region of the nasal cavity and is  
surrounded by a cartilaginous capsule that is opened in the anterior part and connected via a duct with 
the nasal cavity or oral cavity (Trotier and Døving, 1998). The VNO is composed by two epithelia, the 
non-sensory epithelium and the sensory epithelium, making a central lumen full of fluid in direct contact 
with the nasal cavity fluids. The sensory epithelium is a pseudostratified epithelium, mainly composed 
by vomeronasal sensory neurons (VSN), cells responsible to detect the stimuli.  

VSNs respond to stimuli, mainly pheromones, producing a depolarization of the membrane potential, an 
increase of cytosolic calcium, and an increase in firing frequency (Celsi et al., 2012; Holy et al., 2000; 
Inamura et al., 1997; Kim et al., 2011; Leinders-Zufall et al., 2004; Riviere et al., 2009; Spehr et al., 2002; 
Stowers et al., 2002; Yang and Delay, 2010; Zhang et al., 2010; Zufall and Leinders-Zufall, 2000). The 
binding of the ligand to vomeronasal receptors activates a G protein regulated and cyclic-nucleotide-
independent signaling pathway involving phospholipase C activation, which leads to the activation of a 
transient receptor potential canonical 2 (TRPC2) channel, highly expressed in the knob microvilli of VSNs, 
allowing the influx of sodium and calcium ions (Liman et al., 1999; Munger et al., 2001; Zufall and 
Leinders-Zufall, 2000), and/or to calcium release from intracellular stores (Kim et al., 2011). The increase 
in cytosolic calcium, through TRPC2 channels opening or release from internal stores, plays several roles 
in signal transduction involving the activation of other ion channels and enzymes.  

Several studies identified the presence of calcium-activated chloride currents in mouse VSNs (Amjad et 
al., 2015; Dibattista et al., 2012; Kim et al., 2011; Yang and Delay, 2010). Yang and Delay (2010) 
measured calcium-activated chloride currents in dissociated VSNs during the response to urine 
stimulation and proposed that these currents have a role of amplifying the signal transduction (Yang and 
Delay, 2010). Kim et al. (2011) proposed that calcium-activated chloride currents can also work as an 
independent signaling pathway, where calcium-activated chloride currents are necessary and sufficient 
to activate the VSNs. Dibattista et al. (2012) showed that calcium-activated chloride channels are 
present in the apical portion of VSNs by using local photorelease of calcium from caged-calcium. Indeed, 
a localized, rapid, and reproducible increase in calcium concentration in the microvilli of VSNs developed 
a large chloride current that was blocked by the chloride channel blockers niflumic acid (NFA) and 4,4’-
diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS) (Dibattista et al., 2012).  

TMEM16A and TMEM16B, two proteins forming calcium-activated chloride channels (Caputo et al., 
2008; Pifferi et al., 2009; Schroeder et al., 2008; Stephan et al., 2009; Stöhr et al., 2009; Yang et al., 
2008) have been shown to be expressed in the microvilli layer of the VNO (Amjad et al., 2015; Billig et 
al., 2011; Dauner et al., 2012; Dibattista et al., 2012; Rasche et al., 2010). Moreover, 
immunocytochemistry on isolated VSNs showed that TMEM16A and TMEM16B co-express in the 
neuronal microvilli (Dibattista et al., 2012). Although both channels are co-expressed in VSNs, Billig et al. 
(2011) reported that calcium-activated chloride currents were eliminated in the TMEM16B KO mouse  
(Billig et al., 2011). However, it is important to notice that Billig et al. compared a very small number of 
cells (WT n=7, TMEM16B KO n=5) and they reported that a residual current was still present in some 
neurons.   

Amjad et al. (2015) provided the functional characterization of calcium-activated chloride currents in 
mouse VSNs (Amjad et al., 2015). Calcium sensitivity, voltage dependence, ion selectivity, kinetics, and 
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pharmacology of the calcium-activated chloride currents in isolated VSNs were measured using whole -
cell and inside-out recordings and it was shown that the biophysical properties of VSN currents are more 
similar to those of TMEM16A than of TMEM16B channel (Amjad et al., 2015). Furthermore, calcium-
activated chloride currents were abolished in VSNs of conditional knockout (cKO) mice for TMEM16A, 
demonstrating that TMEM16A is a necessary component of calcium-activated chloride channels in 
mouse VSNs (Amjad et al., 2015).  

As calcium-activated chloride currents in VSNs of TMEM16A cKO mice are completely abolished, these 
mice are a very good model to study the physiological role of calcium-activated chloride currents in 
VSNs. The aim of this study was to investigate the physiological role of calcium-activated chloride 
currents in mouse VSNs. We compared spontaneous and evoked activity in VSNs of wild-type (WT) and 
TMEM16A cKO mice using the loose-patch technique. Although the mean frequency of spontaneous 
activity was not affected in TMEM16A cKO VSNs, we found that the firing pattern was different, with 
TMEM16A cKO VSNs showing a reduced burst activity, indicating that TMEM16A plays a role in defining 
the firing pattern. Urine stimulation generated an increase of firing activity both in V SNs from WT and 
TMEM16A cKO, showing that VSNs retain their ability to respond to urine stimulation also in the 
absence of calcium-activated chloride currents. However, although the mean frequency of evoked 
activity was not significantly different in WT and TMEM16A cKO VSNs, we found that the firing pattern 
was altered: TMEM16A cKO VSNs showed higher instantaneous firing frequency and shorter duration in 
response to urine stimulation. Our results demonstrate that TMEM16A regulates the firing pattern 
during spontaneous and evoked activity in mouse VSNs.    

Materials and Methods 

Animals  

Mice were handled in accordance with the guidelines of the Italian Animal Welfare Act and European 
Union guidelines on animal research, under a protocol approved by the ethic committee of SISSA. 
TMEM16A conditional knockout mice (TMEM16A cKO), whose generation has been described in detail 
(Amjad et al., 2015), were homozygous for the floxed TMEM16A alleles and heterozygous for Cre  and 
OMP. TMEM16Afl/fl mice were used as controls. In the following, WT mice correspond to TMEM16A fl/fl 
mice. 2–3-months-old mice were anaesthetized by CO2 inhalation and decapitated before VNO removal. 

Preparation of acute slices of mouse VNO   

Acute slices of mouse VNO were prepared as described previously (Shimazaki et al., 2006). In brief, the 
VNO was removed and transferred to ice-cold artificial cerebrospinal fluid (ACSF). The capsule and all 
cartilaginous tissues were carefully removed and the two halves of the VNO were isolated from the 
vomer bone. Each half of the VNO was then separately treated. The VNO was embedded in 3% low -
grade agar (A7002 Sigma) prepared in ACSF once the agar had cooled to 38°C. Upon solidification, the 
agar block was fixed in a glass Petri dish and sliced with a vibratome (Vibratome 1000 Plus Sectioning 
System) at 200-250 µm in oxygenated ACSF solution. Slices were then left to recover for >30 min on 
chilled and oxygenated ACSF before electrophysiological experiments were initiated.  

Slices were viewed with an upright microscope (Olympus BX51WI) by infrared differential contrast 
optics with water immersion 20X or 60X objectives. The slice preparation maintained the VNO cross-
sectional structure and many individual VSNs could be clearly distinguished by their morphology. Patch 
pipettes, pulled from borosilicate capillaries (WPI) with a PC-10 puller (Narishige), had a resistance of 3–
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6 MΩ for whole-cell and loose-patch recordings. Currents were recorded with a Multiclamp 700B 
amplifier controlled by Clampex 10 via a Digidata 1440 (Molecular Devices). Data were low-pass filtered 
at 2 kHz and sampled at 10 kHz. Experiments were performed at room temperature (20–25°C). The 
recording chamber was continuously perfused with oxygenated (95% O2, and 5% CO2) ACSF by gravity 
flow. ACSF contained (mM): 120 NaCl, 20 NaHCO3, 3 KCl, 2 CaCl2, 1 MgSO4, 10 HEPES, 10 glucose, pH 7.4. 
The slice was anchored to the base of the recording chamber using a home-made U-shaped silver wire, 
holding down the agar support without touching the slice itself.  

Whole-cell recording in VSNs from acute slices  

For whole-cell recordings, the intracellular solution filling the patch pipette contained (mM): 110 K-
Gluconate, 30 KCl, 10 NaCl, 1 MgCl2, 0.023 CaCl2, 10 HEPES, and 10 EGTA, adjusted to pH 7.2 with KOH. 
The cell was kept at a holding potential of -70 mV from where 10 mV steps were applied from -100 mV 
to +40 mV. To test the membrane resistance, a -10 mV step was applied from the holding potential and 
the steady-state current was measured to calculate the membrane resistance. Series resistance was not 
compensated. Resting membrane potential was measured in current-clamp mode under I=0 
configuration, shortly after obtaining the whole-cell configuration.    

Loose-patch extracellular recording in VSNs from acute slices  

Extracellular recordings from the soma of VSNs were obtained in the loose -patch configuration with seal 
resistances of 40-100 MΩ. Pipette solution was ACSF, as the bath solution, and the recordings were 
made in voltage-clamp mode with a holding potential of 0 mV. Data were low-pass filtered at 2 kHz and 
sampled at 10 kHz. Stimuli were focally delivered through a gravity-fed multi-valve perfusion system 
(ALA-VM8, ALA Scientific Instruments). The tip of the perfusion head had a diameter of 360 μm and was 
placed ~500 μm away from the slice. We estimated the time necessary for the stimulus to reach the cell 
by using a high-potassium solution as a stimulus and by placing the tip of a patch pipette at a distance of 
about 500 μm from the tip of the perfusion head. Recordings in voltage-clamp at 0 mV showed that the 
time necessary for the high-potassium solution to reach the tip of the patch pipette was about  300 ms 
from the opening of the valve. To avoid mechanical artifacts, the slice was constantly perfused with 
ACSF and the flow out of the pipette was switched between ACSF and stimulus solutions, resulting in a 
constant flow across the epithelium and sharp concentration transients, undiluted by the bath ACSF. 
Recordings were usually from single VSNs, although in a limited number of cases it was possible to 
record from two cells at the same time from a single electrode, but single action potentials of the two 
different cells were clearly distinguished by differences in size and shape.  

Urine collection and solutions.   

Urine was collected from both sexes of C57BL/6 mice, filtered with a 0.2-μm filter, and frozen at -80°C. 
Before use, male and female urines were mixed in 1:1 ratio and the mixture was diluted to 1:50 in ACSF 
(pH 7.4). Mouse urine contains urea and potassium ions, which could potentially cause neurons to fire 
by direct membrane depolarization. As a negative control, we used artificial urine diluted 1:50  (Holy et 
al., 2000), artificial urine contained (mM): 100 NaCl; 40 KCl; 20 NH4OH; 4 CaCl2; 2.5 MgCl2; 15 NaH2PO4; 
20 NaHSO4; 333 urea; pH 7.4 adjusted with NaOH. As a positive control we used high-potassium 
solutions (25 mM KCl) by substituting equimolar quantities of KCl for NaCl. Urine and artificial urine 
were applied in 10 s pulses, and the inter-stimulus interval was at least 4 minutes to avoid 
desensitization or adaptation processes (Spehr et al., 2009). High-potassium solution was applied in 3 or 
5 s pulses.     
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Chemicals 

All compounds and chemicals were obtained from Sigma-Aldrich, unless otherwise stated.  

Analysis of electrophysiological data 

IgorPro software (WaveMetrics) and Clampfit (Molecular Devices) were used for data analysis and figure 
preparation. Data are presented as mean ± SEM. Because most of the data were not normally 
distributed (Shapiro–Wilk test), statistical significance was determined using Wilcoxon-Mann Whitney 
test or Kolmogorov-Smirnov test. p-values of <0.01 were considered statistically significant. For data 
normally distributed t-test was used (Fig 1D). 

For spike detection, recordings were filtered offline with a high-pass filter at 2 Hz to eliminate slow 
changes in the baseline. Individual action potentials were identified by an event detection using an 
arbitrary threshold, and each event was confirmed by shape inspection. The start time of each event 
was taken as the time for that individual action potential. Mean spontaneous firing frequency was 
calculated as the number of spikes divided by the duration of the recording. Inter-spike interval (ISI) was 
calculated measuring the time between consecutive spikes (second to first, third to second, and so 
forth). To construct the ISI distribution during spontaneous activity we calculated the ISI for all spikes in 
158 recordings of 90 s each from 20 WT VSNs, and 161 recordings of 90 s each from 22 TMEM16A cKO 
VSNs. Then we grouped the ISIs in 5 ms bins and divided the value of each bin by the total number of 
calculated ISIs for each group. The y-axes values in Fig 2C represents the percentage of spikes in each 
bin, the area under the curve is 100 %. ISI distribution during evoked activity was calculated from the 
spikes during the 10 s stimulus presentation and calculating the ISI as described for spontaneous activity 
but with 10 ms bins (Fig 4D). Average firing rate (Fig 3 bottom) was calculated dividing each recording 
(Fig 3 Middle) in 1 s bins and counting the number of spikes per bin. The histogram represents the mean 
± SEM of all repeats for one single VSN.    

As VSNs usually shows spontaneous activity in bursts (Arnson and Holy, 2011), it was difficult to identify 
a urine response from a single recording. To avoid false positives we applied at least 4 repetitive 
stimulations. Each recording was 90 s long divided in: 40 s of pre-stimulus, 10 s of stimulus, and 40 s of 
post-stimulus. To analyze the response to urine for a single cell we took basal period (40 s pre -
stimulation) and stimulus period (10 s of stimulation), and we calculated the basal and stimulation 
frequency for each trace. We defined a threshold level as: BF + 2*σ2; where BF is the average of basal 
frequency for all the traces of a given cell and σ2 is the standard deviation of the basal frequency. A cell 
was considered responsive to urine if: 1) the average of spike frequency during the stimulations (SF) was 
higher than the threshold and 2) there was not response in artificial urine.  
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Results  

Membrane properties and voltage-gated currents of VSNs from TMEM16A cKO mice are 
not altered. 

To test if deleting TMEM16A protein has any effect on membrane properties and voltage -gated inward 
and outward currents of VSNs, we performed whole-cell recordings from WT and TMEM16A cKO VSNs 
in acute slices of VNO. In voltage-clamp mode, we applied voltage steps from -100 mV to +40 mV with 
10 mV increment steps from a holding potential of -70 mV. We first evaluated the presence of the 
characteristic voltage-activated inward and outward currents (Liman and Corey, 1996; Shimazaki et al., 
2006; Ukhanov et al., 2007) (Fig 1A), and plotted their I-V relation (Fig 1B). For the inward current, we 
plotted the minimum value during the first 20 ms after the voltage pulse (circles in Fig 1A-B), while for 
the outward current we took the current value at the end of the voltage pulses (triangles in Fig 1A -B). 
Figure 1B shows that I-V relations of voltage-gated currents were similar in VSNs from WT and 
TMEM16A cKO mice. 

 

Figure 1. Membrane properties and voltage-gated currents of VSNs (A) Representative whole-cell recordings of 
VSNs obtained from WT (black traces) and TMEM16A cKO (green traces) mice. The holding potential was -70 mV 

and voltage steps from -100 to +40 mV with 10 mV increment were applied. (B) Average of the IV relationships of 
inward currents (circles) and steady-state outward currents (triangles) from WT (black; n=11) and TMEM16A cKO 
(green; n=4) VSNs. Values were taken at the negative peak and at the end of voltage step as indicated by the 

symbols in A. (C) Average of membrane resistance (Rm) recorded in voltage-clamp mode. Membrane resistance 
was not statistically different between both groups (U-test: p=0.14). Average values were 2.9 ± 1.1 GΩ for WT 
(black bar; n=11) and 3.6 ± 0.6 GΩ for TMEM16A cKO (green bar; n=4) VSNs. (D) Average of resting membrane 
potential (RMP) recorded in current clamp mode. The values were -67 ± 4 mV for WT (black bar; n=9) and -68 ± 3 

mV for TMEM16A cKO VSNs (green bar; n=5), no significant difference was found (t-test: p=0.93) in the RMP from 
both groups. Error bars: SEM.   
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Membrane input resistance of each VSNs was evaluated in voltage-clamp mode with a negative pulse of 
10 mV from a holding potential of -70 mV, as in these conditions we did not activate any voltage-gated 
current (Dibattista et al., 2008). The average membrane input resistances of VSNs from WT and 
TMEM16A cKO mice were 2.9 ± 1.1 GΩ and 3.6 ± 0.6 GΩ, respectively (Fig 1C). These values were not 
statistically different indicating that membrane resistance was not altered by the lack of TMEM16A 
protein. The resting membrane potential was measured in I=0 current-clamp mode. The average resting 
membrane potentials did not show any statistical difference between TMEM16A cKO and WT VSNs (Fig 
1D) with values of -67 ± 4 mV for WT and -68 ± 3 mV for TMEM16A cKO VSNs. These results indicate that 
TMEM16A does not contribute to the resting membrane properties of mouse VSNs and does not alter 
voltage-gated inward and outward currents.   

Spontaneous firing pattern is altered in VSNs from TMEM16A cKO.  

To test whether the lack of TMEM16A produces an alteration in the spontaneous firing activity, we 
performed extracellular recordings in loose-patch configuration of individual neurons from acute VNO 
slices. Fig 2A shows representative recordings from WT and TMEM16A cKO VSNs (black and green traces 
respectively). The average spontaneous firing frequency for each neuron varied from 0.02 to 2.9 Hz in 
WT and from 0.02 to 1.9 Hz in TMEM16A cKO, with average values of 0.26 ± 0.15 Hz and 0.24 ± 0.08 Hz, 
respectively (Fig 2B).   

To evaluate the pattern of firing activity, we measured the interspike interval (ISI) for 20 WT and 22 
TMEM16A cKO VSNs taking at least 6 minutes of recording per cell. Figure 2C shows the ISI distribution 
of WT and TMEM16A cKO VSNs. To allow a clear comparison between the two groups, data were 
normalized to the area under the curve, ISIs were grouped in 5 ms bins and the distribution was plotted 
against the percentage of spikes by 5 ms bin. We found that the ISI distribution of spontaneous firing is 
statistically different (p<0.01) between WT and TMEM16A cKO VSNs. Indeed, as previously reported, WT 
VSNs tend to fire in bursts (Arnson and Holy, 2011) and show an ISI distribution with near the 80% of 
activity between 50 and 200 ms of ISI (Fig 2C-D black traces). In contrast, the ISI distribution of 
TMEM16A cKO is more wide-ranging with just 50% of activity in the 50-200 ms ISI range (Fig2 C-D green 
traces). These results indicate that the absence of the TMEM16A channel does not affect the average 
firing frequency but it alters the firing pattern by reducing the burst activity and increasing the random 
firing.   

Response to urine from single VSNs from acute slices 

To check if deleting the TMEM16A channel has any effect on the response to natural stimulation in 
VSNs, we first tested the possibility to record repetitive and stereotyped responses in single cells from 
acute slices. To stimulate VSNs we used diluted mouse urine which is a natural source of pheromones 
and it has been shown to activate VSNs (Celsi et al., 2012; Chamero et al., 2007; He et al., 2008; Holy et 
al., 2000; Inamura and Kashiwayanagi, 2000; Kim et al., 2011; Leinders-Zufall et al., 2004, 2014; Leypold 
et al., 2002; Spehr et al., 2009, 2002; Stowers et al., 2002; Yang and Delay, 2010; Zufall and Leinders-
Zufall, 2000). We performed extracellular recordings in loose patch configuration from individual VSNs. 
Recording length was 90 s with 10 s urine stimulation. As VSNs usually show spontaneous activity coded 
in burst (Arnson and Holy, 2011), it was difficult to identify a urine response from a single recording and 
therefore, to avoid false positives, we applied at least 4 repetitive urine stimulations with inter-stimulus 
intervals of about 4 minutes to avoid possible adaptation. 
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Figure 2. Spontaneous firing activity in WT and cKO TMEM16A VSNs. (A) Representative loose-patch recordings of 
the spontaneous activity of VSNs from acute slices of VNO from WT and TMEM16A cKO mice. (B) Scatter dot plot 

and bar plot showing individual and average frequency of the spontaneous activity from WT (black; n=20) and 
TMEM16A cKO (green; n=22) VSNs. Each point represents the mean frequency of the spontaneous activity for one 
individual cell recorded for at least 6 minutes. Average frequency is not statistically different between both groups 
(U-test: p=0.43). (C) Interspike interval (ISI) distribution of the spontaneous activity of VSNs from WT (black trace) 

and TMEM16A cKO (green trace). Values were normalized to the area under the curve, y axis values represent the 
percentage of spikes by 5 ms bin. (D) Cumulative fraction of ISI distribution. Curves are statistically different (p-
value < 0.0001) Dashed line indicates the point where the curve crosses ISI = 200 ms. Statistics: (B) Wilcoxon -Mann-
Whitney unpaired test; (D) Kolmogorov-Smirnov test. Error bars: SEM.    

Figure 3 shows one VSN responding to dilute urine (1:50). The top traces are single recordings in the 
loose-patch configuration in response to urine (Fig 3A), artificial urine (Fig 3B), and ACSF with 25 mM KCl 
(Fig 3C). The decrease of spike amplitude during urine stimulation, an indication of the adaptation 
process, was shown in this and some other VSNs from WT mice. Middle panels represent the raster plots 
for different repetitions for the same cell and lower traces show the average of firing activity calculated 
in 1 s bins. We found consistent increase of firing activity during urine stimulation and positive control 
(25mM KCl) and no increase in firing activity during artificial urine stimulation.                       
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Figure 3. Evoked firing activity in a WT VSN. Top trace; recordings in loose patch configuration from a WT VSN 

showing the firing activity in response to urine diluted 1:50 (A), artificial urine 1:50 (B) and high K
+
 solution (C). Time 

of stimulus applications is indicated by the top bars. Middle; raster plot showing individual action potentials in 
several stimulus presentations in the same cell with inter-stimulus interval of at least 4 minutes. Bottom, average 

firing rate of the cell in bins of 1 s indicating the increase of firing in the presence of urine (A), or high K
+
 solution as 

a positive control (C), but not in the presence of artificial urine as negative control (C). Traces for A, B and C were 
taken from the same cell. Error bars: SEM.              

Firing frequency is not altered while firing pattern is affected by deletion of TMEM16A in 
VSNs.   

In loose-patch experiments, we measured responses to urine stimulation in 13 out of 20 WT VSNs, and 
in 8 out of 22 TMEM16A cKO VSNs. Figure 4 A-B shows representative loose-patch recordings from 4 
different WT (A) and 4 TMEM16A cKO VSNs (B) responding to dilute urine stimulation (top bars). We 
compared the average firing frequency during urine response in both groups and we did not f ind any 
significant statistical difference (Fig 4C) indicating that VSNs from TMEM16A cKO have the same 
capability to increase spiking frequency in response to urine than VSNs from WT mice. Although VSNs 
from WT and TMEM16A cKO mice increased the firing frequency upon urine stimulation, individual 
neurons show differences in firing pattern (Fig. 4 A-B). To compare the firing patterns, we calculated the 
ISI in the stimulation period in each cell  responding to urine and plotted the ISI distribution (Figure 4D-
E). The evoked activity showed a significant reduction of ISI in TMEM16A cKO compared to WT neurons. 
Indeed, about 70% ISIs were shorter than 300 ms in TMEM16A cKO, while longer ISIs were measured in 
WT mice, with about 80% of activity comprised between 200 and 800 ms. 
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Figure 4. Evoked firing activity in WT and TMEM16A cKO VSNs. (A-B) Representative loose-patch recordings of 4 

different VSNs responding to urine 1:50 from WT (A) and TMEM16A cKO (B) mice. Time of stimulus applications is 
indicated by the top bars. (C) Scatter dot plot and bar plot of the mean frequency of evoked activity from WT VSNs 
(black; n=13) and TMEM16A cKO VSNs (green; n=8). Each dot represents the mean frequency of an individual cell 

calculated from a minimum of 4 stimulations. Bars represent the average frequency of all neurons for each group. 
Average frequency in evoked activity is not statistically different between WT and cKO (U-test: p=0.41, Wilcoxon-
Mann-Whitney unpaired test). (D) ISI distribution of firing activity in response to urine. VSNs from TMEM16A cKO 
shows a left shifted firing pattern with respect to WT, with shorter ISIs, i.e. higher instantaneous frequency (Notice 

also traces shown in A and B). (E) Cumulative fraction of the ISI distribution shown in D. The two curves are 
statistically different (p-value<0.0001, Kolmogorov-Smirnov test). Error bars: SEM.     

We also analyzed the temporal development of responses. Figure 5A shows the average firing rate of 
individual cells (light traces) and the average of all cells responding to urine (dark traces) plotted versus 
time in WT (top) and TMEM16A cKO VSNs (bottom). The peak of response after the stimulus onset was 
reached in about 4 s in WT VSNs, while only about 1 s was sufficient to reach the peak of the response in 
TMEM16A cKO VSNs. Also the decay kinetics was different, as WT VSNs showed a more prolonged 
response compared to TMEM16A cKO VSNs (Fig 5B). To exclude that the delay in urine response and 
longer time course in WT was caused by a defect in the perfusion system, we evaluated the firing 
frequency in response to high KCl solution. Figure 5C shows that the peak frequency occurred almost at 
the same time in both groups, indicating that the change seen in Figure 5B is not due to problems in the 
perfusion system. However, the decay kinetics was still longer in WT than in KO VSNs, reflecting the 
ability of WT VSNs to generate spikes for a longer period also under stimulation with high KCl.       
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Figure 5. Time course of the urine response in VSNs. (A) Average firing rate of WT (top) and TMEM16A cKO (bottom) VSNs in 

response to urine 1:50, light traces represent individual cells (WT, n=13; TMEM16A cKO, n=8) and dark traces represent the 
average of all cells. (B) Comparison of the time course of the average firing rate in WT and TMEM16A cKO in response to urine. 

Average firing rate in TMEM16A cKO VSNs rises and decays faster than the average firing rate in WT. (C) Kinetics of firing rate in 
response to high K+ solution. Notice that the rising phase is similar in both groups, while the decay phase is slower in the WT 

group, indicating that an intrinsic mechanism is regulating the firing response duration. Time of stimulus applications is 

indicated by the top bars. Error bars: SEM.  

Discussion 

We have previosuly shown that calcium-activated chloride currents are abolished in VSNs from the 
TMEM16A cKO mouse (Amjad et al., 2015), therefore, this mouse line is a good model to study the role 
of calcium-activated chloride currents in vomeronasal physiology.  

TMEM16A regulates the spontaneous firing pattern in VSNs.  

After establishing that the resting membrane potential, input membrane resistance and basic voltage -
gated currents were similar in WT and TMEM16A cKO VSNs, we compared firing activity using loose -
patch recordings, a technique that does not alter the cytosol ic ionic conditions. We found that VSNs 
from acute slices have highly variable spontaneous activity in the range from 0.02 Hz to 2.9 Hz and 
similar mean frequencies of 0.26 ± 0.15 Hz in WT and 0.24 ± 0.08 Hz in TMEM16A cKO. These values are 
lower than the mean frequency of 0.7 Hz previously reported by Arnson and Holy (Arnson and Holy, 
2011). The difference in mean frequency between our study and those reported by Holy’s group could 
be due to different factors: preparation type (whole epithelium vs acute slices), recording configuration 
(multi electrode array vs loose-patch), temperature (37°C vs room temperature), ionic conditions, 
differences in the cell population recorded, or data analysis. However, our study shows that the lack of 
the TMEM16A channel does not change the mean frequency of spontaneous activity.  

We also analyzed the pattern of spontaneous firing by plotting the ISI distribution and found that 80% of 
ISIs were between 50 and 200 ms with a peak at about 80 ms, values very similar to those previously 
reported in VSNs and defined as burst activity (Arnson and Holy, 2011), indicating that VSNs recorded in 
acute slices also showed a spontaneous activity coded in bursts. The ISI distribution from TMEM16A cKO 
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VSNs showed a reduced accumulation of activity in the range between 50 and 200 ms with respect to 
WT VSNs, indicating that TMEM16A plays a role in defining burst activity.  

Arnson and Holy (Arnson and Holy, 2011) have shown that bursts in spontaneous activity are shaped by 
components of the signal transduction cascade. Indeed, as transduction in VSNs is PLC dependent (Dey 
et al., 2015; Holy et al., 2000; Krieger et al., 1999; Kroner et al., 1996; Sasaki et al., 1999; Spehr, 2016; 
Spehr et al., 2002; Thompson et al., 2004) they blocked the signaling pathway with the PLC inhibitor U-
73122 and found that spontaneous activity was reduced and burst activity was altered. Our results 
indicate that TMEM16A calcium-activated chloride channels are active during spontaneous firing activity 
and that they contribute to regulating the burst structure in VSNs.  

Olfactory sensory neurons (OSNs) also express a calcium-activated chloride channel from the TMEM16 
family, TMEM16B. Recently, it was found that  TMEM16B channel contributes to regulate spontaneous 
activity in OSNs (Dibattista et al., 2017; Pietra et al., 2016). Indeed, OSNs lacking the TMEM16B channel 
showed a reduction in the instantaneous frequency (inverse of ISI) of spontaneous activity but mean 
frequency was not altered. When the same parameters were evaluated in a popul ation of OSNs 
expressing a defined olfactory receptor (I7 OR), that exhibits high spontaneous activity (Reisert, 2010), 
Pietra et al. (Pietra et al., 2016) found a lower instantaneous frequency and lower mean frequency in 
OSNs lacking TMEM16B channel. This suggests a common role of calcium-activated chloride currents in 
different olfactory subsystems.  

TMEM16A regulates firing pattern during evoked activity in VSNs  

Activation of signal transduction in VSNs produces a membrane depolarization and the generation of 
action potentials (Holy et al., 2000; Inamura and Kashiwayanagi, 2000; Kim et al., 2011; Leinders-Zufall 
et al., 2014; Spehr et al., 2009; Stowers et al., 2002; Yang and Delay, 2010; Zhang et al., 2010; Zufall and 
Leinders-Zufall, 2000). Here we showed that urine at 1:50 dilution can generate an increase in firing 
activity in some cells that was reproducible after sequential applications of the stimulus (Fig 3); those 
responses were due to signal transduction activation rather than to an indirect effect of the high 
concentration of ions in urine, as the same cells did not respond to artificial urine. We found urine 
responses in both WT and TMEM16A VSNs, indicating that VSNs lacking calcium-activated chloride 
currents were still able to activate signal transduction after stimulus presentation, producing an increase 
in firing activity. Two different roles have been proposed for calcium-activated chloride currents in 
vomeronasal signaling transduction; 1) Amplification of the transduction current in response to urine 
(Yang and Delay, 2010) or 2) activation of a TRPC2-independent signaling pathway, where calcium-
activated chloride channels are necessary and sufficient to activate the VSNs (Kim et al., 2011). Here we 
found that, although the firing frequency during evoked activity was not altered in VSNs from TMEM16A 
cKO (Fig 4C), the firing pattern during the response was strongly affected (Fig 4D). ISI distribution of 
evoked activity showed that VSNs from WT tended to fire with longer ISIs, while VSNs from TMEM16A 
cKO fired with a shorter ISIs, i.e. higher instantaneous frequency.  

Our results cannot support any of the two proposed roles for calcium-activated chloride currents in 
VSNs. First, with extracellular recordings is not possible to check if calcium-activated chloride currents 
amplify the signal transduction in VSNs, as proposed by Yang and Delay (2010). And second, our data 
contradict the hypothesis that calcium-activated chloride currents are sufficient and necessary to 
activate VSNs in a TRPC2-independent signaling pathway, as reported by Kim and coworkers, who 
showed that responses to urine were abolished by the addition of niflumic acid, a blocker of calcium -
activated chloride channels (Kim et al., 2011). In TMEM16A cKO we measured evoked activity in 8 of 22 
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cells, showing that some VSNs were able to respond to urine (Fig 4B). As deletion of TMEM16A in VSNs 
did not produce a complete lack of responses to urine, but caused a modification in the characteristics 
of the firing pattern, we can conclude that calcium-activated chloride currents play a role in signal 
transduction modulation.       

Arnson and Holy (2011) reported the identification of two types of VSNs based on the spontaneous 
firing patterns. One type of cells fired with tonic activity and a second one fired in bursts. The tonic cells 
did not respond to urine, whereas the cells firing in bursts responded to urine increasing the numbers of 
bursts, without changing the characteristics of individual burst (Arnson and Holy, 2011). Similarly to 
Arnson and Holy (2011) data, we also identified cells with activity coded by bursts and cells with tonic 
activity, but differently from them, we measured responses to urine in both types of cells. Interestingly, 
we also found that in cells firing in bursts, the characteristics of the single burst in spontaneous activity 
showed differences in the ISI distribution with respect to bursts from evoked activity (notice the shift of 
the ISI distribution between Fig 2C and Fig 4D; black traces-WT). Finally, we showed that cells firing in 
tonic mode (e.g. cell in Fig 3), responded to urine with an increase in the mean frequency. That indicates 
that chemosensory coding in VSNs is very complex, with cells presenting spontaneous firing in burst 
coding responses also in bursts, as reported by Arnson and Holy (2011), and cells with tonic 
spontaneous activity coding responses with the increase of mean firing frequency. 

OSNs from TMEM16B KO mice showed a longer response to odor stimulation compared with WT, 
indicating that calcium-activated chloride channels help to depolarize the membrane potential and 
contribute to shorten the evoked activity (Dibattista et al., 2017; Pietra et al., 2016). Surprisingly, our 
results showed that eliminating calcium-activated chloride currents in VSNs produced shorter and faster 
evoked activity in response to urine. These contrasting effects could reflect the fact that both systems 
work in a different way and it is not easy to interpolate results from one to the other, with calcium 
activated-chloride currents playing opposite roles in OSNs and VSNs.  

Another characteristic that was affected by the deletion of TMEM16A channels in VSNs was the time 
course of the response to urine. WT neurons showed a longer time course of the response than 
TMEM16A cKO neurons, indicating that calcium-activated chloride currents are responsible to prolong 
the time of spiking during the response to urine. Surprisingly TMEM16A cKO neurons showed a shorter 
delay in the starting of the response after stimulus onset compared to WT neurons (Fig 5B). A 
comparison of whole-cell recordings in TMEM16A cKO and WT VSNs may help to better define the role 
of calcium-activated chloride currents in the time course of the response to urine.  

This study constitutes the first approach to clarify the physiological role of calcium-activated chloride 
currents in VSNs and gives some clues about the role that TMEM16A is playing in the modulation of the 
system. For a better understanding of the role of TMEM16A currents in VSNs, it will be important to 
reduce the internal variability of the system evaluating the role of TMEM16A cKO in a specific 
population of cells with more stereotyped behavior. A key factor to understand the physiological role of 
calcium-activated chloride currents is the knowledge of internal and external chloride concentrati ons. 
The internal chloride concentration has been estimated to be near 85 mM or 42 mM (Kim et al., 2015; 
Untiet et al., 2016), but it is still necessary to know the chloride concentration in the mucus outside the 
neurons to replicate the physiological conditions during experiments.  
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1. DISCUSSION 

Calcium-activated chloride currents in VSNs have been described by several groups 
(Dibattista et al., 2012; Kim et al., 2011; Yang and Delay, 2010) and at least two possible 
physiological roles were proposed: amplification of signal transduction (Yang and Delay, 
2010) or main current for a TRPC2-independent signaling pathway (Kim et al., 2011). To 
clearly decipher the physiological role of calcium-activated chloride currents in VSNs, it 
would be necessary to know the molecular identity of the channel and its functional 
characterization. In this thesis, we made the functional characterization of calcium-
activated chloride currents in VSNs. We created a conditional knockout mice line for 
TMEM16A channel and evaluated the role of TMEM16A on calcium-activated chloride 
currents in VSNs. Furthermore, through extracellular loose-patch recordings, we studied 
the role of calcium-activated chloride currents in spontaneous and evoked activity in 
VSNs.       

1.1 Calcium-activated chloride currents in isolated VSNs 

In whole-cell recording from the soma and inside-out recordings from the knob/microvilli 
of isolated VSNs, we measured calcium-activated currents using different intracellular 
free calcium concentrations, ranging from 0.5 µM to 2 mM. Although calcium-activated 
non-selective cation currents have been reported in VSNs (Liman, 2003; Spehr et al., 
2009), ionic substitution experiments revealed only anionic calcium-activated current in 
VSNs, even at intracellular free calcium concentration reaching 2 mM.   

1.2 Conditional knockout of TMEM16A abolishes the calcium-activated 
chloride current in mouse VSNs 

TMEM16A and TMEM16B calcium-activated chloride channels have been reported to be 
expressed in the knob/microvilli of isolated VSNs (Dibattista et al., 2012). The 

electrophysiological properties of calcium-activated chloride currents recorded from 
isolated VSNs in whole-cell and inside-out configuration were more similar to those of 

heterologous TMEM16A than TMEM16B currents. We investigated the contribution of 
TMEM16A channels to calcium-activated chloride currents in VSNs. As constitutive 

knockout mouse for TMEM16A protein do not live more than one week, we crossed 
floxed TMEM16Afl/fl mice (Faria et al., 2014; Schreiber et al., 2015) with OMP-Cre mice (Li 

et al., 2004) to obtain a conditional knockout (cKO) mice for TMEM16A protein in VSNs. 
Surprisingly, when we performed whole-cell recording in VSNs from TMEM16A cKO, we 

found that calcium-activated currents were abolished, although, immunohistochemistry 
experiments showed the presence of TMEM16B at the apical surface of the vomeronasal 
epithelium in TMEM16A cKO mice. These results reveal that TMEM16A is an essential 
component of calcium-activated chloride currents in mouse VSN.  
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Billig et al., (Billig et al., 2011) reported that calcium-activated chloride currents were 
absent in VSNs from TMEM16B KO mice recorded at 1.5 µM calcium, suggesting a 

prominent role of TMEM16B in calcium-activated chloride currents in VSNs. If deleting 
TMEM16A or TMEM16B protein from VSNs abolished the calcium-activated chloride 

currents, we could suggest that only heteromeric channels composed by TMEM16A and 
TMEM16B are functional in VSNs. However, the report of a reminiscent current in some 
neurons and the small number of neurons evaluated in the work from Billig et al., (Billig et 
al., 2011), necessitates a more detailed study of the effect of deleting the TMEM16B 
protein in VSNs. At present, we do not know which TMEM16A and TMEM16B spl ice 
variants are expressed in VSNs, but it could be possible that VSNs express the TMEM16B 
isoforms lacking the exon 4 sequence, which do not form functional channels by 
themselves in the MOE (Ponissery Saidu et al., 2014).  

1.3 TMEM16A regulates the spontaneous and evoked firing pattern in VSNs 

As TMEM16A cKO mice lack calcium-activated chloride currents, they are a good model to 
study the role of calcium-activated chloride currents in vomeronasal physiology. We 
performed whole-cell recordings and found that lack of TMEM16A does not alter the 
resting membrane properties and voltage-gated currents in VSNs. To check if TMEM16A is 
involved in firing activity, we recorded spontaneous or evoked activity in loose-patch 
configuration. We found that VSNs from acute slices have spontaneous activity with 
similar mean frequencies in WT and TMEM16A cKO. When we analyzed the pattern of 
spontaneous firing, we found that in both WT and TMEM16A cKO VSNs, spontaneous 
activity was coded mainly by bursts, in accordance with previous reports from VSNs 
(Arnson and Holy, 2011; Holy et al., 2000). However, our experiments showed that 
TMEM16A cKO VSNs have a reduced burst activity with respect to WT VSNs. These results 
indicate that TMEM16A calcium-activated chloride channels are active during 
spontaneous firing activity and that they contribute to regulate the burst structure in 
VSNs.  

To study the possible role of calcium-activated chloride currents during signal 

transduction, we stimulated VSNs from acute slices with diluted urine and we found urine 
responses in both WT and TMEM16A VSNs, showing that VSNs lacking calcium-activated 
chloride currents were still able to activate signal transduction after stimulus 
presentation, producing an increase in firing activity. Here we found that, although the  
mean firing frequency during evoked activity was not altered in VSNs from TMEM16A 
cKO, the firing pattern during the response was strongly affected, showing VSNs from 
TMEM16A cKO fired with a higher instantaneous frequency than VSNs from WT. As 
deletion of TMEM16A in VSNs did not produce a complete lack of responses to urine, but 
caused a modification in the characteristics of the firing pattern, we can conclude that 

calcium-activated chloride currents play a role in signal transduction modulation. 

In this thesis we have provided the first functional characterization of calcium-activated 

chloride currents in isolated VSNs and we have shown that TMEM16A channels are a 
necessary component of calcium-activated chloride currents in VSNs. Furthermore, we 

have made the first approach to clarify the physiological role of calcium-activated chloride 
currents in VSNs, giving some clues about the role that TMEM16A is playing in the 
modulation of the system. For a better understanding of the role of calcium-activated 
chloride currents in VSNs, it will be important to know some characteristics of the system 
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that we currently ignore: the external chloride concentration in the mucus of the VNO 
and the dynamic of chloride currents during signal transduction in VSNs. It is also 

necessary to reduce the internal variability of the system evaluating the effect of 
TMEM16A cKO in a specific population of cells with more stereotyped behavior and 

evaluate the role of calcium-activated chloride currents with different stimulus 
concentrations. 
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