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Abstract 

 

In vomeronasal sensory neurons, signal transduction occurs in microvilli that are present 

at the neuron’s apical surface. The binding of pheromone to vomeronasal receptors causes 

an increase of the intracellular calcium concentration by calcium entry through TRPC2. An 

important issue is the impact of Ca2+ entry in pheromonal transduction. 

In the first part of this thesis we have investigated the functional role played by the increase 

in intracellular Ca2+ concentration in the apical region of vomeronasal sensory neurons. By 

taking advantage of flash photolysis of caged calcium restricted to the apical region of 

neurons, we have measured a calcium-activated current with the whole-cell voltage-clamp 

technique. Our results demonstrated that a large current is indeed activated by calcium in 

the apical region of mouse vomeronasal sensory neurons and our immunohistochemistry 

data has revealed the presence of the proteins TMEM16A and TMEM16B, responsible for 

calcium-activated chloride channels, in the microvilli of vomeronasal sensory neurons. 

Therefore we have concluded that calcium-activated chloride channels are present at high 

density in the region where signal transduction occurs and therefore may play an important 

role in vomeronasal transduction. 

In the second part of this thesis we have characterized in more detail the calcium activated 

currents in mouse vomeronasal sensory neurons using the whole-cell voltage-clamp 

technique in the presence of various intracellular Ca2+ concentrations. From the dose-

response relation we determined that the Ca2+ concentration necessary to activate 50% of 

the maximal current was 1.4 µM at -100 mV and 0.6 µM at +100 mV. From ion selectivity 

experiments, we found that the current is carried by anions. Moreover, we demonstrated 

that some of the commonly used Cl- channel blockers, NFA and CaCCinh-A01, do inhibit the 

Ca2+-activated current in vomeronasal sensory neurons. Further studies with knockout mice 

for TMEM16A or TMEM16B will be necessary to establish the physiological role of these 

channels in vomeronasal transduction. 
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Introduction 

1.1 Pheromones. 

From the refreshing fragrance of a lover’s perfume to the strong aroma of illy’s 

“cappuccino”, our sense of smell is responsible for the recognition of familiar 

odors. Animal constantly inspect their external environment not only for food 

sources but also for social interactions and reproductive behavior. Our chemical 

way to communicate among the species is the release and the detection of special 

substances in the external environment, which are responsible for an extensive 

range of social behaviors such as finding a mate, regulating the level of aggression, 

communal supremacy and mediating the recognition of kin and non-kin. The 

substances which convey a chemical message among animals are termed as 

“Semio-chemicals” from the Greek “semion” (sign). An important class of semio-

chemicals is constituted by Pheromones. The term pheromone was first introduced 

in 1959 by the entomologists Peter Karlson and Martin Luscher (Karlson & 

Luscher, 1959) and is based on the two Greek words “pherein” (to 

transport/transfer) and “hormon” (to stimulate). They defined pheromones as 

“substances 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 developmental process.” The term pheromone is 

strictly reserved for the chemical signals that are produced and received by the 

members of the same species (Wyatt, 2003). 

Subject to the final outcome, these chemical signals can be categorized accordingly. 

They can vary from releaser pheromone that elicit a specific and immediate 

behavioral effect, to primer pheromones which elicit a long term effect on 

endocrine state and development. In the same year, when Karlson and Luscher 

defined the term pheromone, the first insect pheromone, bombykol, was identified 

(Butenandt et al., 1959). Afterwards, pheromones have been identified also in 

mammals. One of the most amazing example is the discovery of a small volatile 

molecule (Z)-7-dodecen-1-yl acetate that is a sex pheromone and is released in the 

urine of female Asian elephant and is also present in around 140 species of moth as 



Introduction 

 

2 | P a g e  
 

a component of their female sex pheromone. The use of a single compound as a 

signal by different species, illustrate a common phenomenon of independent 

evolution of particular molecules (Kelly, 1996).  

A wide variety of chemicals are used as pheromones which include small volatile 

molecules, proteins and peptides. In a chemosensory system specialized for 

detecting chemical cues at a distance, some properties are important which will 

determine the efficacy of pheromone. In terrestrial vertebrates one must expect that 

the volatility is one of the features of released chemicals. But most of the biological 

sources of these signals contain water and lipids and they should pass through fluid 

covering sensory epithelium before they transduce the sensory signal. For example 

attractant and alarm pheromone need to be small and volatile, such as male mouse 

urinary constituent (methylthio) methanethiol (MTMT), which attracts female 

investigation (Lin et al., 2005). Their small size and volatility not only ensures that 

such pheromones are dispersed rapidly, but also makes these signals transient. In 

contrast, pheromonal signals that need to be associated with a specific individual 

or place in the environment are ideally nonvolatile, so that they do not disperse and 

are longer lasting. For example, male mice deposit urine marks containing 18–20 

kDa major urinary proteins (MUPs), the stability and in volatility of which make 

them ideal for their territorial marking role (Hurst & Beynon, 2004). 

Animals use a number of mechanisms for releasing pheromones in the external 

environment. In some cases, like in rodents, these cues are excreted intentionally in 

feces or in urine to be used as a territorial markers. These cues are comprised of a 

mixture of small volatile molecules along with sulfated steroids and proteins having 

pheromonal functions (Novotny, 2003; Nodari et al.,  2008; Chamero et al., 2007). 

A number of chemosignals have been identified also in the saliva of different 

species for example sexual pheromones of boars (Loebel et al., 2000). Some 

pheromones are secreted in the vaginal secretions, for example hamsters release 

aphrodisin, a sexual attractant pheromone (Mägert et al.,  1999). 
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1.2 Pheromone Detection Systems 

The species specificity of pheromones conveyed a high rate of evolutionary 

alterations of the chemosensory systems responsible for their detection. Chemical 

senses are the oldest senses and are shared by all organisms including bacteria, so 

animals are pre-adapted to detect chemical signals in the environment (Wilson, 

1970). With the transition from aquatic to terrestrial environment, evolution 

brought the possibility to detect large airborne chemosignals by the ciliated cells of 

what came to be main olfactory systems. However, sensitivity to water soluble but 

relatively in-volatile chemosignals of the aquatic environment was not lost. Instead, 

the microvillar cells of the ancestral olfactory organ became largely segregated in 

an anatomically separate organ, in early terrestrial vertebrates, known as the 

vomeronasal organ (VNO), at the same time that the main olfactory system was 

adapting to sense airborne volatile stimuli. However, the detailed picture is 

considerably more complicated (Eisthen, 2004). Although most of the olfactory 

sensory neurons are ciliated and express olfactory receptors, there are also 

microvillar cells that appear to form a distinct chemosensory system (Elsaesser et 

al.,  2005).  

For many years the standard view of pheromone sensing was based on the 

assumption that the vomeronasal and the main olfactory systems have separate 

functions. However, there are evidences indicating that some behaviors are 

mediated exclusively by one or by a complementary action of both systems.  For 

example (Bruce, 1959) reported that, when female mice that have been recently 

inseminated are exposed to urine of a male different from the one they mated with, 

the pregnancy is interrupted and the female returns to estrus. This effect depends 

on a functional vomeronasal system (Bellringer et al., 1980). Differently, the nipple 

search in rabbit pups is one of the typical examples of behavior strictly dependent 

on an intact main olfactory system (Hudson & Distel, 1986). In other instances, 

behavioral responses are mediated by both the vomeronasal and the main olfactory 

systems. This is the case of female hamsters, whose ultrasonic calling during estrus 

is abolished by the inactivation of either the vomeronasal or the main olfactory 

system (Johnston, 1992). Therefore, the simple story of two distinct chemosensory 
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systems with separate functions is in reality more complicated with a complex 

interplay between them. Moreover, other subsystems such as the septal organ of 

Masera and the Grüneberg ganglion may also play a role in pheromone detection. 

In the following sections, I will first briefly describe the chemosensory systems 

involved in the pheromone detection and then I will more extensively describe the 

vomeronasal system, which is the subject of the present thesis work. 

1.2.1 Main Olfactory System 

In vertebrates, the main olfactory epithelium is a pseudo-stratified epithelium 

composed of three type of cells: olfactory sensory neurons, supporting cells and 

basal cells.  The olfactory sensory neurons are bipolar neurons with a single ciliated 

dendrite extending to the mucosal surface. These cilia are the site of olfactory 

transduction. Axons project in the distinct domain of main olfactory bulb. Most 

OSNs express only 1 of 1,000 odorant receptor genes (Buck & Axel, 1991; Zhang 

et al., 2004) 

In the main olfactory bulb, glomeruli are quite well anatomically separated, 

surrounded by periglomerular cells, and rather uniform in size (about 50μm 

diameter in mice). Axons of all the olfactory sensory neurons expressing a 

particular odorant receptor converge to only two glomeruli in the main olfactory 

bulb (Ressler et al., 1993; Vassar et al., 1993; Mombaerts et al., 1996).  In mice 

there are about 2,000 glomeruli, and their localization is roughly conserved among 

individuals. Therefore the olfactory bulb is topographically organized, with each 

glomerulus representing a single type of odorant receptor. In the main olfactory 

bulb, a single mitral cell with its dendritic arborizations makes synapses at the level 

of only one glomerulus. The axons of mitral and tufted cells project through the 

lateral olfactory tract to the olfactory cortex. 

1.2.2 Septal Organ of Masera 

The septal organ, or organ of Masera, is a small island of neuroepithelium lying in 

the ventral base of nasal septum near the entrance of the nasopharynx. This 

chemosensory system has been observed in many mammals including rat, mouse, 

guinea pig, hamster etc. (Rodolfo-Masera, 1943; Adams & McFarland, 1971; 
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Bojsen-Moller, 1975; Katz & Merzel, 1977; Breipohl et al.,  1983; Breipohl et al., 

1989). The cellular organization of the septal organ resembles that of the main 

olfactory epithelium and it is composed of bipolar olfactory sensory neurons with 

cilia, supporting cells and Bowman’s glands. Neurons project their axons in the 

posterior ventromedial olfactory bulb.  

These neurons are extremely sensitive to some odorants with a nanomolar threshold 

(Grosmaitre et al., 2007). This is consistent with a previous electro-olfactogram 

study where septal organ responded to many chemicals with a lower threshold than 

the main olfactory epithelium (Marshall & Maruniak, 1986).  The position of the 

septal organ in the nasal cavity suggests that the organ may function in the early 

detection of biologically relevant molecule, as those for example resulting from 

licking behavior.  

1.2.3 Grüneberg Ganglion 

Grüneberg discovered a ganglion of unknown function while examining nasal 

glands (Grüneberg, 1973). The Grüneberg ganglion (GG) is located in the interior 

vestibule of the nasal cavity. Unlike other chemosensory systems, it is composed 

of clusters of about 500 neurons (Grüneberg, 1973). These neurons were originally 

considered as a part of nervus terminalis but the absence of luteinizing hormone- 

releasing hormone dissolved this theory (Fleischer et al., 2006).  

This organ is found in all mammals including humans. Only two types of cells have 

been identified in the GG which include glial cells and ciliated neurons (Brechbühl 

et al., 2008). GG neurons express the olfactory marker protein and project to 

glomeruli in defined areas in the olfactory bulb suggesting a role for GG in 

chemosensory detection (Koos & Fraser, 2005; Fuss et al., 2005). Till date, the 

stimuli for these neurons are unclear. Since GG axon project to “necklace 

glomeruli” in the olfactory bulb, which are active during the suckling of pups, it 

was suggested that the GG may sense maternal pheromones (Fuss et al., 2005; Koos 

& Fraser, 2005; Roppolo D, 2006). Moreover a subpopulation of GG neurons 

responds to “alarm pheromones”, volatile compounds released by the animals 
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subjected to stress to alert conspecifics about danger (Brechbühl et al., 2008; 

Brechbühl et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig1.1. Chemosensory systems in rodents. A simplified sagittal section of a rodent 

head showing the location of sensory epithelia: the main olfactory epithelium 

(MOE), the vomeronasal organ (VNO), the septal organ of Masera (SO), the 

Grüneberg ganglion (GG), and the location of the main olfactory bulb (MOB) with 

necklace glomeruli (NG) and of the accessory olfactory bulb (AOB) (modified from 

Mombaerts 2004). Insets show images obtained from the intrinsic green-fluorescent 

protein (GFP) fluorescence from olfactory marker protein (OMP)-GFP gene-

targeted mice. Top left panel: the Grüneberg ganglion has an arrow-like shape with 

neurons clustered in small groups. Axons fasciculate and form a single nerve bundle 

(modified from Fuss et al. 2005). Top right panel: the septal organ of Masera is an 

island of sensory epithelium. Axons from sensory neurons form two bundles 

(modified from Levai and Strotmann et al 2003). Bottom left panel: mature 

vomeronasal sensory neurons in a coronal section of the vomeronasal organ. 

Bottom right panel: mature olfactory sensory neurons in a coronal section of the 

main olfactory epithelium (Tirindelli et al., 2009). 
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1.2.4 Vomeronasal System 

In 1813 the Danish anatomist Ludwig Jacobson labeled an organ in the nose of 

mammals that had not been observed previously. He observed many glands in the 

organ with a rich supply of blood and presumed the secretory nature of the organ 

but supposed it as a sensory organ. This sensory organ is now known as 

Vomeronasal organ (VNO) of Jacobson. The vomeronasal organ is a tubular 

structure encased in a bony cartilaginous capsule located at the base of nasal septum 

(Døving & Trotier, 1998). In some amphibians and reptiles the sensory epithelium 

is freely exposed to the nasal airflow while in snakes and in some lizards it is 

sequestered in a separate cavity which opens into the mouth. Based on anatomical, 

electrophysiological and behavioral evidences it has been suggested that, in these 

animals, the chemical cues are delivered to the vomeronasal organ by the tongue 

(Meredith & Burghardt, 1978; Kubie & Halpern, 1976). In mammals, the VNO is 

sequestered in a separate cavity which may open in the nasal chamber or in the 

nasopalatine canal which connects nose and mouth (McCotter, 1912; Estes, 1972). 

The sensory vomeronasal epithelium, containing the vomeronasal sensory neurons, 

is found on the medial side of the vomeronasal organ. Given its sunken nature, the 

vomeronasal epithelium cannot be reached by the airstream that regularly flows 

through the nasal cavity. Thus, to provoke chemosensory response, molecules must 

dissolve in the nasal mucus and enter into the lumen. Lateral to the lumen are the 

blood vessels and sinuses that are innervated by the autonomic nervous system, 

which induces vasodilation and vasoconstriction thereby producing a pump-like 

action for stimulus access to the lumen.  During sociosexual interaction, many 

mammals display a “flehmen behavior” in which they lift their head after contact 

with the odorant source, wrinkle their nose, lift their upper lip and stop breathing. 

In ungulates, the “flehmen behavior” is evoked by olfactory investigation of urine 

and vaginal secretions (Døving & Trotier, 1998). After exposure to pheromonal 

cues, norepinephrine accumulation has been measured in the vomeronasal organ. It 

is possible that hormonal release plays some role in the alteration of vascular 

tonicity and glandular secretion thus in turn increasing the receptivity of epithelium. 
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Therefore, the functioning of the vomeronasal organ is not a passive event but it 

can be modulated actively.  

The medial concave side of the vomeronasal lumen is lined by a pseudo-stratified 

epithelium composed of three types of cells, sensory neurons, supporting cells and 

basal cells. The basal stem cells are embedded in the basal membrane of sensory 

and non-sensory epithelium (Giacobini et al., 2000). Supporting cells are found in 

the uppermost superficial layer. Vomeronasal sensory neurons are bipolar neurons. 

On their apical side they give rise to a long dendrite. At the tip of the dendrite is the 

terminal knob from where a number of microvilli protrude. Vomeronasal sensory 

neurons form two overlapping neuronal populations apical and basal, expressing 

members of V1R and V2R receptor family respectively. A long axon emerges from 

the basal side of the cell body and terminates in the accessory olfactory bulb.  
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Fig 1.2: (A) A schematic cross section through the VNO. The bilateral organization 

is clearly visible as well as some of the substructure inside the VNO. Pheromones 

enter the luminal space and bind to VSN receptors located in the sensory epithelium. 

The blood vessel’s pumping action facilitates pheromone exposure by constantly 

refreshing the luminal space. The general structure of the VNO is supported and 

protected by the vomer bone and cartilaginous tissue. (Adapted from Døving & 

Trotier, 1998). (B) Coronal section of the VNO at the central part of its middle 

segment. The vomeronasal epithelium (ve) covers all the medial wall (m) of the tube 

and a pseudostratified epithelium (ps) the lateral wall (lt). The organ shows its typical 

crescent shape. Blood vessels (bv) are located in the groove of the lateral external 

wall of the organ. A vomeronasal gland (g) opens at the superior edge of the lumen 

(lm). An area devoid of cellular processes (ac) overlying an intraepithelial (cp) 

capillary is seen. From (Vaccarezza et al., 1981). (C) Scanning electron microscopy 

of an enlarged portion of rat vomeronasal sensory epithelium showed the packed 

VSNs. Scale bar 20 μm. (Reprinted from Trotier et al. 1998). (D) A confocal image 

of an isolated mouse VSN (scale 5µm) 

C D 
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VSNs project their axons to the accessory olfactory bulb where they synapse with 

the mitral cell projections in the glomerular structure. The neurons expressing V1R 

and V2R are segregated to the anterior and posterior part of the bulb respectively 

(Halpern & Martínez-Marcos, 2003). A subpopulation of V2R neurons that detect 

class one Major Histocompatibility Complex (MHC) molecule project axons to the 

posterior subdomain of the posterior subdivision of the bulb (Ishii et al., 2003). 

Genetically modified mice in which V1R expressing neurons have been labelled 

with different fluorescent markers reveal that mitral cells in the accessory olfactory 

bulb send a branched primary dendritic tree to sample information to glomeruli that 

receive information from another but closely related V1R receptor (Wagner et al., 

2006). These findings gives the foundation that integration of information already 

begins at the level of the accessory olfactory bulb (Wagner et al., 2006).   

Mitral cells of the accessory olfactory bulb project to areas of the limbic system, 

the medial amygdala and the posteromedial cortical amygdala (also called 

“vomeronasal amygdala”), the accessory olfactory tract, and the bed nucleus of the 

stria terminalis (Campenhausen & Mori, 2000). 

  

Fig 1.3: A schematic diagram showing the anatomical pathways of the rodent 

vomeronasal and main olfactory systems (Tirindelli et al., 2009). 
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1.2.4.1 Vomeronasal Sensory Neurons and Signal Transduction 

The detailed signal transduction cascade in VSNs is still largely unknown, although 

it is known that the stimuli produce membrane depolarization, intracellular Ca2+ 

increase, and increase in action potential firing rate (Boschat et al., 2002; Cinelli et 

al., 2002; Del Punta et al., 2002; Døving & Trotier, 1998; Holy et al., 2000; 

Inamura & Kashiwayanagi, 2000; Inamura et al., 1997;  Leinders-Zufall et al., 

2004; Leinders-Zufall et al., 2000; Lucas et al.,  2003;  Spehr et al., 2009; Stern & 

McClintock, 1998) 

The vomeronasal epithelium has two subset of neurons, apical and basal. Apical 

neurons express members of vomeronasal receptor type 1(V1R) together with Gαi2, 

whereas basal neurons express members of vomeronasal receptor type 2 (V2R) and 

Gαo (Dulac & Axel, 1995; Pantages & Dulac, 2000; Tirindelli et al.,  2009) 

 V1R was the first family of vomeronasal receptors to be isolated (Dulac & Axel, 

1995). A family of around 30 coding sequences for putative receptor proteins 

(V1Rs) expressed in VSNs was first cloned. Sequence analysis of these genes 

indicated that they constitute a separate family of protein having seven 

transmembrane domains that are unrelated to the receptors expressed in the 

olfactory epithelium (Buck & Axel, 1991). Latest genome analysis of mouse 

genome has revealed about 200 functional genes for V1R which are expressed by 

the VSNs present in the apical surface of the vomeronasal epithelium and express 

Gαi2. They project their axon to the rostral part of the olfactory bulb (Wendy et al., 

2005). 

A second family of vomeronasal receptors, V2Rs, was discovered in 1997 (Ryba 

& Tirindelli, 1997; Matsunami & Buck, 1997; Herrada & Dulac, 1997) and in the 

mouse it accounts for about 120 potentially functional members. V2Rs are 

expressed by the VSNs that are present on the basal portion of vomeronasal 

epithelium which express Gαo subunit and projects their axon to the caudal part of 

olfactory bulb.  

Moreover, a group of receptors belonging to the family of formyl peptide receptor 

has been found in the VNO (Rivière et al., 2009 ; Liberles et al., 2004)  Formyl 
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peptide receptors are a seven membrane domain G-protein coupled receptors which 

are known to play a role in antibacterial host defense and inflammation (Migeotte 

et al., 2006; Ye et al., 2009). They are expressed mainly in mammalian phagocytic 

leukocyte and also show affinity for chemo attractants.  

VSNs are highly sensitive to the detection of pheromones. For example The V1R 

expressing neurons respond to urinary volatile compounds, such as (R,R)-3,4-

dehydro-exo-brevicomin (DB) and (S)-2-sec-butyl-4,5-dihydrothiazole (SBT), 

with thresholds of 10-10 to 10-11 M (Leinders-Zufall et al., 2000). Moreover V2R 

expressing neurons respond to MHC peptides at lower concentration up to 10-13M 

(Leinders-Zufall et al., 2004).  

The activation of receptors causes the release of βγ complex of the heteromeric G-

proteins, Gαo and Gαi2, which in turn activate phospholipase C (PLC). PLC 

hydrolyses phosphatidyl inositol biphosphate (PIP2) into inositol 1, 4, 5 

triphosphate (IP3) and diacyl glycerol (DAG). The main target of PLC activation is 

the transient receptor potential canonical 2 (TRPC2). The expression of TRPC2 

channel transcript in rat VSNs was shown through in-situ hybridization, where 

rTRPC2 antisense probe RNA marked both apical and basal neurons. Immune 

labelled images have shown the restricted expression of TRPC2 in the microvilli of 

VSNs (Liman et al., 1999). In another study it was revealed that TRPC2 are present 

along with G-protein subunits (Menco et al., 2001). TRPC2 knockout mice have 

confirmed the TRPC2 channel as a transduction channel. TRPC2 knockout mice 

were unable to discriminate between the sexes and also lost the male-male 

aggression specific behavior mediated by VNO (Leypold et al., 2002; Stowers et 

al., 2002). However, the basal neurons in mutant mice still showed the response to 

MHC peptides and TRPC2 knockout mice exhibited the Bruce effect (Kelliher et 

al., 2006).  
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Fig 1.4: Transduction mechanisms in VSNs, (A) A scanning electron micrograph 

of the knob of a rat VSN showing several microvilli (Scale bar 1 μm) (B) Binding 

of pheromone molecules to vomeronasal receptors in the microvilli activates a 

transduction cascade involving V1R, Gαi2β2γ2 in apical neurons, or V2R, Gαoβ2γ8 in 

basal neurons. The βγ complex activates the PLC that in turn may cause an 

elevation of IP3 and/or DAG. The gating of the TRPC2 channel allows an influx of 

Na+ and Ca2+ ions causing a membrane depolarization. An additional cation-

selective channel activated by Ca2+ may be involved in the transduction cascade. 

The TRPC2 channel appears to be the principal transduction channel in V1R-

expressing neurons, whereas its role in V2R-expressing neurons in unclear 

(Tirindelli et al., 2009). 
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The TRPC2 channel is a Ca2+ permeable cationic channel. Its proposed mechanism 

of activation is similar to the signal transduction cascade in Drosophila 

phototransduction (Minke & Cook, 2002). Binding of pheromone to vomeronasal 

receptors causes the activation of G-proteins that in turn stimulate phospholipase C 

(PLC) and the production of lipid messenger diacylglycerol (DAG) (Lucas et al., 

2003) and possibly other polyunsaturated fatty acid like arachidonic acid (Spehr et 

al., 2002;  Zhang et al., 2008) and linoleic acid (Spehr et al., 2002).  

The hydrolysis of PIP2 by PLC also leads to the production of another second 

messenger inositol 1, 4, 5 triphosphate (IP3). Some studies have shown that after 

pheromonal stimulation and application of phospholipase C blocker U73122, 

electrical activity, IP3 production and calcium entry were blocked (Holy et al., 

2000; Spehr et al., 2002).  

The impact on signal transduction of Ca2+ entry facilitated by TRPC2 channels is 

still an open area for research. It has been shown that an increase in intracellular 

Ca2+ activates a Ca2+ activated nonselective cationic channel in hamster VSNs 

(Liman, 2003). Current was activated in both whole-cell and inside-out patches by 

using 2mM Ca2+. This activated current was only permeable to Na+ and K+ ions and 

was blocked by ATP and cAMP in micromolar range, hence sharing the features 

with TRPM4 (Nilius & Vennekens, 2006). In another study, where current was 

elicited by applying 50µM Ca2+ in the inside-out patches, Ca2+ activated cationic 

conductance was also observed (Spehr et al., 2009). The properties of these 

channels have not yet been investigated extensively (Spehr et al., 2009). Till date 

it is unclear whether these channels contribute any role in the signal transduction 

pathway.  

1.2.4.2 Generation of Action Potentials in Vomeronasal Sensory Neurons 

Generation of action potentials is essential in VSNs to transfer the received 

information to the central areas. VSNs are equipped with many voltage-gated ion 

channels, which include voltage-gated sodium, potassium and calcium channels. 

These neurons fire action potentials either spontaneously, or in response to current 
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injections, or to appropriate stimuli (Liman & Corey, 1996; Fieni et al., 2003; 

Shimazaki et al., 2006;  Holy et al., 2000; Leinders-Zufall et al., 2004).  

Several VSNs show a repetitive firing behavior, tonically or in the presence of 

dilute urine, for up to 2-3 seconds without any sign of adaptation (Liman & Corey, 

1996; Shimazaki et al., 2006; Ukhanov et al., 2007;  Dibattista et al., 2008; Lucas 

et al., 2003; Zhang et al., 2008). However, some studies showed that long 

stimulations of 10-60 seconds caused adaptation (Ukhanov et al., 2007; Spehr et 

al., 2009) and that this sensory adaptation requires influx of Ca2+ and is mediated 

by calmodulin (Spehr et al., 2009). 

After contact with stimuli, the signal transduction process in VSNs leads to the 

generation of an inward current that depolarizes the membrane until it reaches the 

firing threshold. Sodium channels are then activated and initiate the spike 

generation. The voltage-gated inward current is mainly a sodium current, composed 

of both TTX sensitive and TTX insensitive component (Liman & Corey, 1996;  

Fieni et al., 2003; Shimazaki et al., 2006; Ukhanov et al.,  2007). The average peak 

density of the current in the apical and basal neurons is different, while the 

activation and inactivation parameters were same in both types of neurons (Fieni et 

al., 2003; Ukhanov et al., 2007). Moreover, calcium spikes may play an important 

role in firing action potentials. Indeed, it has been shown that there are two current 

components related to the activity of voltage-gated calcium channel (Cav): a low 

voltage activated T-type current and an L-type current (Liman & Corey, 1996; Fieni 

et al., 2003). In basal neurons the current density generated by these voltage-gated 

calcium channels is higher as compared to the apical neurons (Fieni et al., 2003; 

Ukhanov et al., 2007).  

Repolarization of action potentials is carried out by the activation of various 

potassium channels, mainly by delayed rectifying potassium channels. Like the 

sodium current this potassium current is activated in the range of -40 to -50mV, but 

there is no significant difference as a function of holding potentials (Liman & 

Corey, 1996; Shimazaki et al., 2006; Ukhanov et al., 2007).  Calcium activated 

potassium currents are also present in the VSNs. These outward rectifying currents 
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have peculiar N-shape current voltage relation and are blocked by Iberiotoxin and 

Charybdtoxin which are the specific inhibitors of BK channels.  

1.3 Calcium-activated Chloride Currents 

The transport of chloride ions through the cell membrane is tightly regulated by ion 

channels and transporters. Chloride channels are involved in many physiological 

processes, including: regulation of electrical excitability in neuronal cells, muscle 

contraction, secretion in different epithelial systems and sensory transduction. 

Chloride channels can be grouped into four categories: ligand- gated chloride 

channels, voltage- activated chloride channel, cAMP-regulate chloride channel and 

Ca2+-activated chloride channels, CaCCs (Jentsch et al., 2002).  

Ca2+-activated chloride currents were firstly described in Xenopus laevis oocyte 

(Barish, 1983; Miledi & Parker, 1984) and subsequently characterized in taste 

receptors cells, in photoreceptors, in various neuronal cell types, in smooth muscle 

cells and in airway and intestinal epithelial cells, in exocrine glands, in the kidney, 

in cardiac muscle cells and in endothelial cells (for review see Hartzell et al., 2005). 

This wide expression pattern suggests the involvement of CaCCs in numerous 

physiological processes. 

Biophysical signatures of these channels include: 

 They are activated by cytosolic Ca2+ with half maximal concentration for 

activation in submicromolar range (Huang et al., 2012). 

 They exhibit outward rectification at low intracellular Ca2+ concentration 

but display a linear current-voltage relation at higher intracellular Ca2+ 

concentration (Huang et al., 2012). 

 These channel allows the permeation of large anions, with the following 

typical ionic selectivity: NO3
-> I->Br-> Cl->F- (Large & Wang, 1996; Qu 

& Hartzell, 2000; Huang et al., 2012)  

Until recently the molecular identity of CaCCs was unknown, limiting the 

possibility of a deep characterization of their physiological roles (see par. 1.3.4). 

Moreover, in many cellular systems, the values of the chloride equilibrium potential 

is still uncertain, and therefore the polarity and the amplitude of the chloride flux 

are unknown. 
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1.3.1 Molecular Candidates for CaCCs 

An important step to understand the physiological role of CaCCs is to identify their 

molecular identity. Despite extensive studies of the biophysical and physiological 

properties of CaCCs, their molecular identification is a complex process. The main 

obstacle is the absence of a selective pharmacological agents that differentiate them 

from the other chloride channels. Some protein families which have been proposed 

to be CaCCs are listed below. 

Calcium-Activated Chloride Channel Family (CLCA)  

An early candidate for CaCC is the Ca2+- activated chloride channel family 

(CLCA). These proteins were firstly purified from bovine trachea and named after 

calcium-dependent chloride conductance found in trachea and in other secretory 

epithelia (Cunningham et al., 1995; Agnel et al., 1999). Transfection in several cell 

types with cDNA encoding various CLCA proteins induce a Ca2+ -activated current 

(Elble et al., 1997; Gandhi et al., 1998; Gruber et al., 1998; Pauli et al., 2000), but 

there is a hesitancy to consider this as a CaCC because of its high homology with 

cell adhesion proteins (Pauli et al., 2000; Gruber & Pauli  1998). Moreover, 

electrophysiological data such as calcium sensitivity, voltage sensitivity and 

pharmacology of CLCAs are not consistent with the properties of native CaCCs 

(Papassotiriou et al., 2001). Indeed, electrophysiological characterization of bovine 

CLCA expressed in X. laevis oocyte and COS-7 cells (Cunningham et al., 1995) 

have shown that Ca2+ -activated currents were similar to native CaCCs in terms of 

anionic selectivity but presented several other major discrepancies, including the 

following: 

 In the absence of intracellular Ca2+, CLCA currents recorded in oocytes 

could be activated only by depolarization. 

 Currents were not blocked by niflumic acid (NFA), which has been shown 

to block the endogenous CaCCs. 
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 The current-voltage relationship of whole-cell current recorded in COS-7 

cell was linear instead of outward rectifying.  

Bestrophins 

Bestrophin was first discovered as the gene responsible for Best vitelliform 

dystrophy (VMD2) (Petrukhin et al., 1998). The first clear evidence that 

bestrophins are chloride channels was presented by Sun et al., (2002) and Tsunenari 

et al. (2003). Mutagenesis studies have been performed to establish a direct link 

between protein and current (Qu et al., 2004). Bestrophins are activated by 

physiological level of calcium which made them suitable candidates for CaCCs, 

however the biophysical properties of these channels recorded both by whole cell 

patch-clamp and excised patches did not reproduce all the features of native CaCCs, 

as detailed below:  

 Native CaCCs exhibit voltage -dependent kinetics and outward rectification 

that are not seen in wild type human bestrophin-1 and mouse bestrophin-2  

(Qu et al., 2004 ; Tsunenari et al., 2003; Hartzell et al., 2008; Tsunenari et 

al., 2006). 

 In bestrophin-2 knockout mice, native Ca2+-activated chloride currents in 

olfactory sensory neurons and submandibular salivary gland acinar cells 

remain unaffected (Pifferi et al., 2009b; Romanenko et al., 2010). 

 Studies with bestrophin-2 knockout mice revealed that, in the colon, 

bestrophin-2 functions as a HCO-
3 channel that localizes to the basolateral 

membrane of mucin secreting colonic goblet cells and not the chloride 

secreting enterocyte in mouse colon (Yu et al., 2010) 

 In summary, evidences show that bestrophins can function as anion channels but 

probably not as the classic CaCCs. 
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TMEM16/Anoctamins 

In 2008, three different laboratories discovered the same candidate, 

TMEM16A/anoctamin1, for the molecular identity of CaCCs, using different 

approaches (Yang et al., 2008; Caputo et al., 2008; Schroeder et al., 2008). The 

term “TMEM16” comes from “Transmembrane proteins with unknown function 

16”, while anoctamin was used because these channels were anion selective and 

have eight putative transmembrane domains.  Members of TMEM16 family is 

found throughout the eukaryotes including flies, yeast plants, mammals etc. 

Mammals have 10 genes while invertebrates possess lesser numbers.  

 

 

 

 

 

 

 

Fig 1.5: Phylogenetic tree depicting TMEM16 family in human (Yang et al., 2008). 

Scale bar 0.1 nucleotide substitution per site. 

1.3.2 TMEM16A and TMEM16B are CaCCs 

Before the discovery of TMEM16A as a CaCC, this protein has gained the attention 

of many oncologists as it is overexpressed in many tumors.  In 2008 TMEM16A 

enters in the scene. Three different approaches: bioinformatics analysis (Yang et 

al., 2008), heterologous expression studies (Schroeder et al., 2008) and functional 

genomics approach (Caputo et al., 2008) in vivo, showed the possible role of 

TMEM16A as a CaCC. Interestingly it is seen that in different cell types 

TMEM16A generated Cl- current having properties similar to native CaCCs.  
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The role of TMEM16A leads to the possibility that other members of the same 

family can also display the same properties of CaCC. In another study using the 

approach of in-situ hybridization it is seen that TMEM16B is expressed in mature 

olfactory sensory neurons (Yu et al., 2005). The functional properties of native 

olfactory CaCC and TMEM16B in HEK-293 cells have shown remarkable 

similarities (Pifferi et al., 2009; Stephan et al., 2009). A more recent study also 

reported a side-by-side comparison obtained in whole-cell recordings with flash 

photolysis of caged Ca2+, showing that the reversal potential for some external large 

anions changes with time, both in native olfactory CaCCs and in TMEM16B-

induced currents in HEK 293 cells (Sagheddu et al., 2010) 

1.3.3 Structure and functional properties  

It has been proposed that the tertiary structure of TMEM16A contains eight 

predicted transmembrane helices, intracellular NH2- and COOH ends and a pore, 

formed by the 5th and 6th transmembrane helices together with a P-loop dipping 

back into the membrane (Fig. 1.6 left). However, in 2012 a study proposed an 

alternative model for TMEM16A. Their data contradict the popular re-entrant loop 

model by showing that the putative extracellular loop 4 (amino acids 650-706) is 

oriented intracellularly and may contain a Ca2+ binding site (Fig. 1.6 right) (Yu et 

al., 2012). In this new model, the location of the pore forming domain is uncertain, 

as the authors could not localize the selectivity filter, so the true structure of 

TMEM16A still needs to be determined. It has been shown that TMEM16A does 

not exist as a single protein, but as obligate homodimer (Fallah et al., 2011; 

Sheridan et al., 2011).  
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1.3.3.1 Other TMEM16 members 

Apart from TMEM16A and 16B, the role of other family members is uncertain. In 

a recent study it has been shown that some members of TMEM16 protein family 

do not produce robust current because they do not traffic to the plasma membrane. 

It was suggested that probably they have intracellular functions or they are missing 

necessary chaperone subunits to help them to reach the plasma membrane (Duran 

et al., 2012).  

Mutations in TMEM16E (also previously named GDD1) result in a 

musculoskeletal disorder. It is highly expressed in cardiac and skeletal muscle as 

well as in bones, and is greatly up-regulated during myocyte differentiation 

(Tsutsumi et al., 2004).  

TMEM16F plays an important role in blood clotting. Mutation in TMEM16F leads 

to Scott syndrome, a rare blood disorder caused by the defect in blood coagulation 

(Suzuki et al., 2010). However there is no agreement about the function of 

TMEM16F. In one study it has been shown to act as a Ca2+-activated cationic 

channel  (Yang et al., 2012) while in another study it has been shown to act like a 

anion channel with a delayed Ca2+-activation (Grubb et al., 2013). 

TMEM16G is highly expressed in prostrate and was discovered in search for genes 

whose expression pattern mimicked those of known prostate cancer genes (Bera et 

al., 2004; Das et al., 2007). The role of TMEM16G has been suggested as a cell 

association protein (Das et al., 2007). Mutation in TMEM16K have been linked to 

Fig 1.6:  Topographical model of mTMEM16A (Yu et al., 2012) 
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autosomal recessive cerebral ataxia with moderate gait ataxia, down beat 

nystagmus and dysarthic speech (Vermeer et al., 2010 ). Affected individual show 

severe cerebellar atrophy. 

1.3.4 Physiological Roles of Calcium-activated Chloride Currents 

Ca2+-activated currents have been recorded in various cell types and their 

physiological significance has been the object of much investigation and 

speculation (Hartzell et al., 2005). Three factors command the trend of chloride 

movement through CaCCs. These factors include, the membrane potential, the Cl- 

concentration gradient and the [Ca2+]i.  

CaCCs are expressed in different neurons including dorsal root ganglion (DRG), 

spinal cord neurons and autonomic neurons. In most of the cases these channels are 

not present among all the neuronal population but in distinct subsets, which 

suggests the specific function of these neurons. About 45-90% of the neurons in 

DRG express CaCCs (Bader et al., 1987; Scott et al., 1988; Stapleton et al., 1994; 

Currie et al., 1995). It has been proposed that the CaCCs in DRG are responsible 

for after-depolarization following action potentials (Mayer, 1985; De Castro et al., 

1987). CaCCs are also expressed in spinal cord neurons (Hussy, 1991; Hussy 1991). 

Only a fraction of spinal cord neurons expresses CaCCs (Frings et al., 2000).     

CaCCs have a long evolutionary history from the propagation of action potential in 

algae to Xenopus oocytes, where the rapid efflux of Cl- through these channels after 

the encounter with sperm, prevents the polyspermy (Cross, 1981). They are also 

present in mammalian excitable cells, for example the interstitial cells of Cajal 

where CaCC leads to the generation of a slow wave leading to the gastrointestinal 

tract peristalsis (Sanders et al., 2006). 

The airway epithelium uses ion transport mechanisms to control the level of airway 

surface liquid which is important for hydration and protection against infection 

(Hartzell et al., 2005). The transporters which are located on the basal surface are 

responsible to accumulate the chloride in the cell while CaCCs and Cystic Fibrosis 

tansport regulator (CFTR) are expressed in the apical surface.The interplay 

between CaCC and CFTR regulate the airways mucous layer. 
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In olfactory sensory neurons Cl- efflux through the CaCC leads to the further 

amplification of the initial signal. It has been estimated that the magnitude of initial 

current is increased up to 30 times to that of the initial response hence increasing 

the signal to noise ratio which in turns increase the sensitivity to odorants 

(Kurahashi &  Kaneko, 1991; Kleene, 2008).  

CaCCs are present in both mammalian and amphibian taste receptors (McBride & 

Roper, 1991; Herness & Sun, 1999). In Necturus, action potential are followed by 

an outward current that is mediated by CaCCs which open in response to Ca2+ influx 

during the action potential (McBride & Roper, 1991; (Taylor & Roper, 1994).  
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Aim 

The aim of this study is to investigate the physiological role played by the increase 

in intracellular Ca2+ concentration in mouse vomeronasal sensory neurons. We used 

a combination of electrophysiological and immunohistochemistry techniques to 

identify Ca2+-activated chloride channels responsible for such currents. Ca2+ inside 

neurons was increased by flash photolysis of caged Ca2+ in the apical region of 

vomeronasal sensory neurons, or by increasing the calcium concentration in the 

intracellular solution in the patch pipette.  
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Materials and Methods. 

Materials and methods used in Dibattista et al. 2012 are described in the article 

reported in the Result section of this thesis.  

Preparation of isolated VSNs. 

All animals were handled in accordance with the Italian Guidelines for the Use of 

Laboratory Animals (DecretoLegislativo 27/01/1992, no. 116) and European Union 

guidelines on animal research (no. 86/609/EEC). For experiments, 2-months-old 

mice were anaesthetized by CO2 inhalation and decapitated before VNO removal. 

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), and VSNs were dissociated from the VNO with a standard enzymatic–

mechanical dissociation protocol (Dibattista et al., 2008). In brief, the removed 

vomer capsule was rapidly transferred to a Petri dish containing divalent-free PBS 

(Sigma-Aldrich) solution where the VNO was extracted. The tissue was cut into 

small pieces with tiny scissors, transferred to divalent-free PBS containing 1 mg/ml 

collagenase (type A), incubated at 37°C for 10 min, cut into small pieces with tiny 

scissors, and reincubated for 10 min at 37°C. After a 2-min centrifugation at 1,200 

rpm, the tissue was gently triturated with a fire-polished Pasteur pipette. Cells were 

suspended in 1 ml of fresh Ringer’s solution and plated on  Nunc dishes (World 

Precision Instruments) were coated with poly-L-lysine and concanavalin A (type 

V; Sigma-Aldrich). Cells were stored at 4°C for up to 7 hours before experiments. 

 

http://jgp.rupress.org/content/140/1/3.long#ref-34
http://jgp.rupress.org/content/140/1/3.long#ref-13
http://jgp.rupress.org/content/140/1/3.long#ref-53
http://jgp.rupress.org/content/140/1/3.long#ref-1
http://jgp.rupress.org/content/140/1/3.long#ref-1
http://jgp.rupress.org/content/140/1/3.long#ref-14
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Electrophysiological recordings and ionic solutions  

Current recordings from isolated VSNs were performed in the whole-cell voltage-

clamp configuration, as described previously (Dibattista et al 2012; Sagheddu et 

al., 2010). Patch pipettes were made of borosilicate glass (World Precision 

Instruments, Inc.) and pulled with a PP-830 puller (Narishige). Patch pipettes filled 

with the intracellular solution had a resistance of 3–5 MΩ when immersed in the 

bath solution. Currents were recorded Axopatch 200B amplifier controlled by 

Clampex 10 via a Digidata 1440 (Molecular Devices). Data were low-pass filtered 

at 5 kHz and sampled at 10 kHz. Experiments were performed at room temperature 

(20–25°C). The standard extracellular solution contained (in mM): 140 NaCl, 5 

KCl, 2 CaCl2, 1 MgCl2, 10 glucose, and 10 HEPES, adjusted to pH 7.4 with NaOH. 

The intracellular solution filling the patch pipette contained (in 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 (Patton et al., 2004), to obtain free Ca2+  in the range 

between 0.5 and 1.5 μM. For 2 mM Ca2+ the intracellular solution contained (in 

mM) 145 NaCl, 10 Hepes, 2 CaCl2 as in Liman (2003). The free Ca2+ concentrations 

were experimentally determined by Fura-4F (Invitrogen) measurements by using a 

luminescence spectrophotometer (LS-50B; PerkinElmer), as described previously 

(Pifferi et al., 2006). All chemicals, unless otherwise stated, were purchased from 

Sigma-Aldrich. In most experiments, we applied voltage steps of 200-ms duration 

from a holding potential of 0 mV ranging from -100 to +100 mV (or from -100 to 

+160 mV), followed by a step to -100 mV. In another set of experiments, channels 

were activated by a 200-ms pulse to +100 mV, and then rapidly closed by the 

application of hyperpolarizing steps. 

For ionic selectivity experiments, NaCl was replaced with equimolar Choline-Cl, 

or Cl− was substituted with other anions, such as isothiocyanate (SCN−) or 

gluconate. The 1mM Cl solution contained (in mM): 1 NaCl, 139 Na-Gluconate, 

2.5 K2SO4, 2 CaSO4, 1 MgSO4, 10 glucose, and 10 HEPES, adjusted to pH 7.4 with 

NaOH. The bath was grounded through a 3M KCl Agar Bridge connected to an Ag-

AgCl reference electrode.  
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NFA was prepared in DMSO as stock solutions at 200 mM and diluted to the final 

concentration of 300 µM. CaCCinh-A01 was also dissolved in DMSO at a stock 

solution 20mM and diluted in Ringer to get a final concentration of 10 µM.  

Bathing solutions were changed by using a gravity-fed perfusion system with a 

slow perfusion rate, adjusted in such a way that the position of the neuron was not 

perturbed. A complete solution change was obtained in ∼10 s. To measure blocker 

effects, current recordings were obtained before blocker application until a stable 

response was obtained (control), 2 min after delivery of the solution with the 

blocker, and 2–5 min after perfusion with Ringer’s solution without the blocker 

(wash). 

Data analysis 

Data are presented as mean + SEM, with n indicating the number of cells. Data 

analysis and figures were made with Igor Pro software (WaveMetrics). 
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Properties of native Ca2+-activated currents at different levels of [Ca2+]i. 

Ca2+-activated currents in VSNs 

Our previous work has shown that CaCCs are present in the apical region of mouse 

VSNs (Dibattista et al., 2012). Indeed, intracellular calcium jump upon 

photorelease of caged Ca2+ fast activated a chloride-mediated current. Here, we 

recorded the Ca2+-activated currents in VSNs using the whole-cell configuration of 

the patch-clamp technique dialyzing the cells with intracellular solutions with 

different free Ca2+ concentrations. Fig.1 A and B shows that voltage steps between 

-100 mV and +100 mV, from a holding potential of 0 mV, with [Ca2+]i<10 nM, 

induced negligible currents compared to those measured in the presence of higher 

[Ca2+]i. The dialysis of VSNs with intracellular solution with [Ca2+]i in the  

micromolar range induced robust currents with an average of 1.5 nA at +100 

mV(range 0.6-3.7 nA, n=12). Increasing [Ca2+]i to 2mM did not further 

significantly increased the amplitude of the current. Upon depolarization, Ca2+-

activated currents showed instantaneous activation followed by a time dependent 

outward relaxation, while hyperpolarizing voltage steps induced instantaneous 

inward currents followed by a relaxation toward less negative values.  

To study the Ca2+dependence of the current we measured the instantaneous tail 

currents at −100 mV after voltage steps from +100 and -100 mV. Tail current 

amplitudes versus [Ca2+]i were plotted in Fig.1 C and fitted with the Hill equation: 

 

𝐼

𝐼𝑚𝑎𝑥
=

[𝐶𝑎2+]𝑛𝐻

[𝐶𝑎2+]𝑛𝐻 + 𝐾1/2
𝑛𝐻

 

 

Where Imax is the average of the tail current measured at -100 mV from a step of 

+100mV in the presence of 2 mM [Ca2+]i, K1/2 is the [Ca2+]i concentration 

producing 50% of Imax and nH is the Hill coefficient. K1/2 decreased with membrane 

depolarization from about 1.4 µM at -100mV to 0.6 µM at +100mV (Fig.1 D). 

The kinetics of voltage-dependent relaxation was well fitted with a 

monoexponential function and depended on [Ca2+]i. Indeed, the time constant of 
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activation at +100mV was 206 ± 17 ms with 0.5 µM [Ca2+]i and 69 ± 7 ms with 2 

mM. Similarly the time constant of deactivation at -100mV was 46 ± 8 ms with 0.5 

µM [Ca2+]i and 18 ± 2 ms with 2 mM[Ca2+]i (Fig.1 E-F). 
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Fig 1: Voltage-dependent Ca2+-activated currents in mouse VSNs. (A) Whole cell 

currents recorded from different neurons at the indicated levels of [Ca2+]i during 

voltage steps of 200ms duration from a holding potential of 0mV to voltages between 

-100 and +100 mV in 20mV steps followed by a step to -100mV. Step duration was 

200 ms in low Ca2+, 1.5 µM and 2 mM, while longer duration of 500 ms was used for 

0.5 and 0.8 µM, because the activation kinetics was slower. (B) Steady-state current 

voltage relationship from several cells (n = 3-12). (C) Normalized tail currents at −100 

mV voltage steps plotted vs. free [Ca2+]i and fitted to the Hill equation. (D) K1/2 values 

plotted versus voltage. (E) Average activation and (F) deactivation kinetics of Ca2+ 

activated currents were evaluated with an exponential fit respectively at +100mV.  

Mean values + SEM were plotted versus indicated [Ca2+]i.  
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Voltage-dependence of Ca2+-activated currents in VSNs 

To check if the outward rectification of Ca2+-activated currents measured at the steady-

state is an intrinsic property of the open channel or it is due to voltage-dependence of 

the open probability, we performed a prepulse protocol as shown in Fig.2 A. Current 

were activated at +100 mV for 100ms and then the voltage was stepped between -60 

and +60 with 20 mV of increment. Both instantaneous and steady-state currents were 

measured and plotted in Fig.2 B. While the steady-state current showed an outward 

rectification the instantaneous current had a linear IV-relationship, demonstrating that 

the outward rectification is a result of a voltage-dependent mechanism that favors 

channel opening at depolarizing voltages. 

The voltage-dependence of the steady-state activation was analyzed by plotting the 

steady-state conductance versus voltage at various [Ca2+]i in Fig.2 C and fitted with the 

Boltzmann equation: 

    
𝐺

𝐺𝑚𝑎𝑥
= 1/ {1 + exp[𝑧(𝑉

1

2
− 𝑉)  𝐹 /𝑅𝑇]} 

Where G/Gmax is the normalized conductance, z is the equivalent gating charge 

associated with voltage-dependent channel opening, V is the membrane potential, V1/2 

is the membrane potential producing half-maximal activation, F is the Faraday constant, 

R is the gas constant, and T is the absolute temperature.V1/2 was 212 mV at 0.5µM Ca2+ 

and decreased to -4 mV at 2 mM Ca2+ (Fig.2 D). The decrease of V1/2 as  [Ca2+]i 

increased indicates that more channels can be activated by depolarization at higher  

[Ca2+]i showing that the conductance depends both on  [Ca2+]i and voltage.  
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Fig 2: (A) Prepulse of 100ms at +100mV followed by steps from -60 to +60mV in 20 mV 

increment (top). Currents elicited with 1.5 μM [Ca2+]i by the indicated prepulse protocol 

(bottom). (B) I-V relations measured from instantaneous tail currents (square) or at the 

steady state (circles). (C) Conductances, calculated from steady-state currents between -

100 and +160 mV were plotted versus voltages (n = 3-12). Data were fitted with Boltzmann 

equation. (D) V1/2 values were plotted versus [Ca2+]i 
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 Ionic nature of calcium activated current.  

To study the ionic nature of the calcium-activated current we changed the ionic 

composition of extracellular solutions. In a first set of experiments we activated the 

current with 1.5 µM Ca2+ and we reduced the extracellular [Cl-] to 1 mM. The 

reversal potential showed a positive shift of 51±7 mV (n=4) demonstrating that the 

current is mediated by chloride ions (Fig.3 A-C). Similar results were obtained with 

2 mM of Ca2+ in intracellular solution (Fig.3 C). In contrast, the substitution of 

NaCl with Choline chloride caused a very small change in reversal potential both 

with 1.5 µM and 2 mM of [Ca2+]i. indicating that the Ca2+-activated current was not 

mediated by a non-selective cation channel (Fig.3 D-F). Finally we replaced 

extracellular NaCl with NaSCN (Fig.3 G-I). This caused a negative shift of the 

reversal potential of the current indicating that the channels are more permeable to 

SCN- than Cl- as reported for CaCCs (Qu & Hartzell, 2000). Moreover, we 

observed an increase of conductance in the presence of SCN-, another typical 

property of CaCCs (Amédée et al., 1990). Similar results were obtained both with 

1.5 µM and 2mM [Ca2+]i (Fig.3 I) 
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Fig 3: Anion selectivity of Ca2+-activated currents in VSNs. Currents were 

activated by 1.5μM Ca2+ and the same neuron was exposed to solutions containing 

140 mM NaCl (black traces) or 1mM NaCl and 139 NaGluconate (A), 140 mM 

CholineCl (D) or 140 mM NaSCN (G). (B, E, H) IV plot for the experiments shown 

in the left columns. Black squares represents control data in NaCl, colored markers 

refer to low Cl (B), CholineCl (E) and NaSCN (H).(C, F, I) Histograms showing 

the average change in reversal potential respect to the control NaCl bath solution at 

1.5μM and 2mM Ca2+ in low Cl- (C),CholineCl(F) and NaSCN (I). 
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Pharmacology 

To assess the pharmacological properties of native calcium activated current we 

measured the effects of some chloride channel blockers: NFA (300µM) and 

CaCCinh-A01 (10µM) on currents activated by 1.5µM or 2mM [Ca2+]i.   

Effect of NFA (300µM)  

In previous studies we and others have demonstrated that NFA inhibits calcium-

activated chloride currents obtained by flash photolysis of caged Ca2+ (Sagheddu et 

al., 2010; Dibattista et al., 2012). Using the present method of activation, in which 

defined intracellular Ca2+ concentrations were introduced into the neurons via the 

patch pipette, we investigated the effect of NFA on calcium-activated chloride 

current activated by different concentration of free [Ca2+]i.  

Fig.4 A, C shows that the application of 300µM NFA blocked both the time-

dependent outward current and tail component of the current. Inhibition of calcium-

activated chloride current by NFA was observed in all the neurons (n= 5-8). The 

blocking effect of NFA was completely reversible. The IV relations show the 

decrease in current after the application of NFA (Fig.4 B, D). (Fig.4 E) shows the 

average reduction of the current at -100 and +100mV in the presence of NFA.  The 

blockage of NFA in the presence of both 1.5µM and 2mM [Ca2+]i was not 

significantly different. 

  



Results 

 
 

51 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4: Blockage of the Ca2+-activated current by the chloride channel blocker NFA 

(300μM). (A, C) Whole-cell voltage-clamp recordings obtained with a pipette 

solution containing 1.5 μM (A) or 2mM (C) Ca2+ in symmetrical Cl- solutions. 

Voltage steps of 200 ms duration were given from a holding potential of 0 mV to 

voltages between −100 and +100 mV in 20 mV steps followed by a step to −100 

mV. Current recordings were obtained before blocker application (control), after 

application of NFA, and 2–5 min after the removal of blockers (washout). (B, D) 

Current voltage relations measured at the end of the voltage steps. (E) Average 

ratios between currents measured in the presence of NFA (300μM) and control 

measured at −100 mV or at +100 mV at the indicated  [Ca2+]i (n=5-8 ). Histograms 

represent mean data ± SEM (n=5-8). 
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Effect of CaCCinh-A01 (10µM)  

CaCCinh-A01 has recently been indicated as a blocker of CaCC in human airway and 

intestinal epithelial cell (Namkung et al., 2011). We tested the effect of CaCCinh-

A01 at 10 µM. Fig. 5 shows that 10 µM CaCCinh-A01 blocked currents in the presence 

of 1.5µM or 2mM [Ca2+]i both at negative and positive potentials. The effect of 

CaCCinh-A01 was almost completely reversible (Fig.5 A, C). Current-voltage 

relations showed a marked decrease in current (Fig.5 B, D). On average, the current 

at +100mV was reduced from 900pA to 343pA at with 1.5µM [Ca2+]i and from 

2493pA to 465pA with 2mM  [Ca2+]i (Fig.5 E).  
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Fig 5:CaCCinh-A01 inhibits calcium mediated currents in vomeronasal sensory 

neurons. (A & C) Representative traces of current-mediated by 1.5 μM and 2mM 

[Ca2+]i. (B, D) Current-voltage relations measured at the end of the voltage steps. 

(E) Average ratios between currents in the presence of CaCCinh-A01 (10 μM) and 

control measured at −100 mV or +100 mV at the indicated [Ca2+]i. Average ratios 

between currents measured at −100 mV or at +100 mV in the presence of CaCCinh-

A01 at the indicated [Ca2+]i (n=3-5).  
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Discussion. 

In the present work Ca2+-activated chloride currents are described in isolated VSNs, 

dialyzed with Ca-HEDTA buffer maintaining a constant intracellular calcium 

concentration. This experimental approach offers distinct advantages over 

alternative procedures used to increase the intracellular Ca2+ concentrations (Evans 

& Marty, 1986). A biophysical hallmark of native CaCCs is the phenomenon of 

“rundown” in excised patches (Pifferi et al., 2009), whereas whole-cell recordings 

are rather stable so we decided to use the whole-cell patch-clamp configuration. 

Our results demonstrate the activation of Ca2+-activated chloride current in freshly 

dissociated mouse VSNs.  

First, we have characterized the native CaCC to establish the activation properties. 

Our whole-cell voltage-clamp studies revealed the presence of a calcium-activated 

current whose magnitude was steeply dependent on the intracellular free calcium 

concentration. Most of the freshly isolated cells which we have tested produced 

outward rectifying currents. We have recorded negligible currents when the 

concentration of intracellular calcium in the patch pipette was below 10 nM. When 

[Ca2+]i was increased, voltage-dependent currents could be activated. The overall 

characteristic of native Ca2+-activated chloride currents in VSNs are similar to those 

of heterologous TMEM16A and TMEM16B currents (Yang et al., 2008; Caputo et 

al., 2008; Schroeder et al., 2008) and, based on our results (Dibattista et al., 2012) 

TMEM16A and TMEM16B are both expressed in microvilli of mouse VSNs. 

Indeed, currents measured in heterologous systems expressing TMEM16A or 

TMEM16B were activated in the micromolar [Ca2+]i  range and exhibited an 

outward rectification (Caputo et al., 2008; Pifferi et al., 2009). Furthermore the 

current kinetics properties of CaCCs in VSNs were similar to those of published 

data on TMEM16A, with current deactivation kinetics in the range of 100ms 

(Caputo et al., 2008). TMEM16B channels display much faster kinetics of current 

activation i.e. 4.4ms at +100mV and deactivation 7.1ms at -100mV (Pifferi et al., 

2009). Therefore the kinetics characteristic of the native channel closely resemble 

those of TMEM16A.    
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 In the presence of Ca2+, the dose-response relation for the native CaCC in VSNs 

was calculated. K1/2 value at -100mV was 1.4µM which decreased to 0.6µM at 

+100mV. The K1/2 reported for TMEM16A and TMEM16B has shown variable 

values. In heterologous expression systems, for TMEM16A in whole-cell 

recordings K1/2 at +100 mV was 332nM (Ferrera et al., 2009) whereas for 

TMEM16B K1/2 at +100 mV was 1.6 µM (Cenedese et al., 2012). These results 

indicate a lower apparent affinity for Ca2+ of TMEM16B compared with 

TMEM16A. Although there are some differences among studies reported from 

different laboratories, every study has shown that the apparent affinity for Ca2+ is 

slightly voltage- dependent, with higher apparent Ca2+ at positive voltages and the 

Hill coefficient are consistently higher than one, indicating that more than one Ca2+ 

ion is necessary to activate the channel. The time constant for current activation in 

VSNs measured at +100mV was 206ms with 0.5µM [Ca2+]i while the time constant 

for deactivation at -100mV was 46ms with 0.5µM [Ca2+]i. The time constant for 

the activation of native CaCC measured in rabbit pulmonary artery, coronary artery 

and portal vein was 200-300ms while the time constant of deactivation measured 

in these systems was around 90-100ms  (Greenwood et al., 2001). In another study 

on the native CaCC in pulmonary arterial smooth muscle, the time constant of 

activation at +70mV was 400ms and time of deactivation was in the range of 100ms 

(Manoury et al., 2010).     

We have shown that TMEM16A and TMEM16B are present in the apical region of 

mouse VSNs (Dibattista et al., 2012). Some other studies have also shown the 

presence of CaCCs in VSNs (Yang & Delay, 2010; Kim et al., 2011; Billig et al., 

2011). However, the physiological role of these channels in VSNs is still unknown. 

Chloride equilibrium potential is still not known in the VSNs. Depending on the 

chloride equilibrium potential, these channels may contribute to the neuron 

depolarization or hyperpolarization. Perforated patch-clamp recordings showed 

that the CaCCs act to further amplify the primary inward current indicating that the 

intracellular chloride concentration is relatively high (Yang & Delay, 2010). In the 

same paper, the authors have shown that the addition of bumetanide, which is a 

specific blocker of the sodium potassium-chloride co-transporter (NKCC1), 
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significantly decreased the urine- induced inward current, which suggests a role for 

NKCC1 in chloride accumulation within the neuron (Yang & Delay, 2010). The 

presence of these channels in microvilli of VSNs, where TRPC2 channels are also 

expressed, gives clue about their contribution to signal transduction. In another 

study it has been shown that Ca2+-activated chloride current are present also in the 

TRPC2 knockout mice (Kim et al., 2011). They have suggested that these channels 

can be activated not only by the Ca2+ influx through the TRPC2 channels but also 

by the Ca2+ release from the intracellular stores.    

In olfactory sensory neurons the internal chloride concentration is remarkably high. 

In physiological conditions the opening of CaCCs in olfactory neurons causes an 

efflux of chloride which contribute to neuron depolarization (Reuter et al.,1998; 

Kaneko et al., 2001; Kaneko et al., 2004). Up to 80% of the total transduction 

current (Boccaccio and Menini, 2007) is carried by CaCCs, which indicates that 

these channels may have a role in signal transduction. It is of great interest that the 

olfactory neurons also expresses TMEM16B at the apical surface, as VSNs, despite 

the fact that olfactory and vomeronasal neuron show many differences in signal 

transduction cascades. The expression of TMEM16A and TMEM16B at the site of 

signal transduction is likely to play a physiological role in sensory transduction. 
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Conclusion 

In the quest of pheromone communication through the vomeronasal neurons many 

of the ionic mechanisms underlying the signal transduction cascade are still elusive. 

In the present work we have tried to contribute to the present knowledge of 

signaling in VSNs by characterizing the CaCC in mice isolated VSNs.   

Although the Ca2+-activated chloride currents were described previously in VSNs, 

however there was no direct evidence of a large Ca2+-activated chloride current in 

the apical region of mouse VSNs and the co-expression of TMEM16A and 

TMEM16B in the microvilli of the same sensory neurons. These observations 

suggest that TMEM16A and TMEM16B are likely to be responsible for the 

chloride current in VSNs.  

In the second part of the thesis we have tried to characterize the properties of CaCCs 

and found that most of the properties were similar to those of TMEM16A and 

TMEM16B. However more in depth analysis is still required. 

As usual these data raises more questions than the answers they give, our data give 

the biophysical hints to a bigger picture. It will be interesting to further study the 

role of CaCCs in TMEM16A and TMEM16B knockout mice.  
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