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ABSTRACT 

Chemosensation allows individuals to perceive chemical stimuli from the surrounding environment 

leading the survival of all the species. The vomeronasal organ (VNO) is a peripheral sensory organ 

present in many mammals that is involved in the detection of pheromones. Pheromones are substances 

released by animals which trigger behavior and physiological changes of other individuals of the 

same species. The binding of pheromones is transduced into electrical signals by specialized neurons 

that transfer to the central nervous system the information carried by social cues. Ligand binding to 

vomeronasal receptors on microvilli of the dendritic knobs of vomeronasal sensory neurons (VSNs) 

triggers a biochemical cascade that activates a PLC-dependent second messenger transduction that 

ultimately results in the TRPC2 channel gating allowing the inward flow of sodium and calcium. The 

increase in cytosolic calcium concentration plays several roles in signal transduction, involving the 

activation of other ion channels. 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 co-expressed in microvilli of VSNs, 

but their physiological role is still uncertain.  

With the help of two mouse models, TMEM16A cKO and TMEM16B KO mice, we provide evidence 

of the role of both channels in spontaneous firing and evoked activity in VSNs. Extracellular 

recordings in loose-patch configuration showed that firing pattern of spontaneous activity was 

affected in VSNs from TMEM16A cKO mice, showing less activity with respect to WT neurons, 

while VSNs from TMEM16B KO mice showed spontaneous firing comparable to WT. During urine-

evoked activity both channels are involved in modulation of firing. Inter spike interval (ISI) 

distribution of evoked activity showed that VSNs from TMEM16A cKO and TMEM16B KO fire 

with shorter intervals than WT neurons. We conclude that calcium-activated chloride current 

modulates the firing of VSNs varying the effect with an activity-dependent mode.  

Adaptation is an additional mechanism of response modulation common in sensory systems. To 

evaluate the molecular players involved in sensory adaptation in VNO during early pheromone 

processing, we used whole-cell recordings in the current-clamp mode to measure the action potential 

firing of VSNs stimulated by diluted urine. We performed a paired pulse protocol with different inter-

pulse intervals (IPIs), ranging from 5 to 60 seconds. We found that VSNs reduced their firing rate 

depending on the duration of preceding stimulation and on IPIs. Surprisingly, similar results were 

obtained also upon stimulation with direct injection of current, which does not activate neither the 

receptors nor the signaling cascade, suggesting that the adaptation would be, at least partially, 
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independent from the initial sensory transduction cascade. We reveal that sodium currents in VSNs 

undergo to a slow recovery from inactivation that last several seconds mirroring the time scale of 

paired pulse experiments.  

Our results provide a foundation for future work investigating the precise molecular mechanisms of 

modulation of pheromones signaling at peripheral level during early stages of firing in VSNs. 
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1 INTRODUCTION 

 The ability to perceive signals from the environment drives the existence of all the species 

across the animal kingdom, in every habitat and in wide-ranging biological contexts. This work will 

focus on a specific family of signals related to social communication adding information to the 

knowledge of how chemical cues are translated into electrical signals by the peripheral sensory 

neurons in the accessory olfactory system. In the following introduction the focus will be the 

processing of pheromones: molecules that carry social information and turn into electrical signals 

which are sent to the central nuclei that control behavioral responses. Particular attention will be given 

to the modulation of the evoked activity in vomeronasal sensory neurons: the role of TMEM16A and 

TMEM16B channels and the firing adaptation. 
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1.1 CHEMOSENSATION AND PHEROMONES  

 Chemosensation is the capability to perceive chemicals in the environment. Olfactory and 

gustatory systems are responsible for the physiological response that results in regulating behaviors 

strictly connected with the survival of individuals and species. The discrimination between potential 

food or toxicants, the choice of desirable partners or the fight-or-flight behavior, pup cares are only 

few examples of crucial events modulated by chemical cues in preserving life. Smell and taste have 

evolved to recognize a broad and complex molecules range including an immense chemical variety 

and with a sensitivity far higher that any electronic detector. Volatile compounds are generally 

detected by the olfactory system while nutrition compounds and ion content of food are identified by 

the gustatory system. Both senses, smell and taste, are equipped with peripheral receptors. Olfaction 

starts with the binding of an odorant molecule with an olfactory receptor, a G-protein coupled receptor 

protein on the membrane of olfactory sensory neurons (Buck and Axel, 1991). Taste, according to 

taste modalities, operate through G-protein coupled receptors for bitter, sweet and umami, while salt 

and sour interact directly with ion channels and exchangers on the membrane of taste receptor cells 

(Mombaerts, 2004; Roper and Chaudhari, 2017; Taruno et al., 2021).  

 A particular class of olfactory cues that provides chemical messages between individuals are 

generically named semiochemicals. In vertebrates, different sensory systems in the nasal cavity 

evolved to detect semiochemicals: the main olfactory system, the vomeronasal organ, the septal organ 

of Masera and the Grueneberg ganglion (Fig. 1) (Mohrhardt et al., 2018; Tirindelli et al., 2009). 

Semiochemicals can be classified in two families: allelochemicals, acting between members of 

different species; and pheromones, acting between members of the same species. The term 

pheromone was used for the first time in 1959 to identify "specific biologically active substances 

which are secreted to outside by an individual and received by a second individual of the same 

species, in which they release a specific reaction, for example, a definitive behaviour or a 

developmental process” (Karlson and Lusher, 1959).  
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Figure 1. Sensory systems in mouse nasal cavity. The olfactory epithelium (OE), the vomeronasal organ 

(VNO), the Grueneberg ganglion (GG), and the septal organ of Masera (SO). Sensory neurons of the OE, SO, 

and GG project to the main olfactory bulb (MOB), while vomeronasal sensory neurons project to the accessory 

olfactory bulb (AOB) (Modified from Ferrero and Liberles, 2010). 

 Historically, the first substance classified as pheromone was the Bombykol, a poly-unsaturated 

primary alcohol that works as sex attractant in silk moth Bombyx mori (Karlson and Lusher, 1959). 

Insects are the animal model in which pheromone signaling has been extensively investigated and a 

complete genetically dissection from enzymes producing pheromones to chemosensory receptors and 

neural circuits has been well established (Wyatt, 2017). Pheromones do not belong to a specific 

chemical class and any kind of molecule can evolve into a pheromone, if it gives selective advantage 

(Wyatt, 2014). There are probably two main ways for chemical cues to evolve into pheromone 

signals: by increasing in the receiver the sensitivity to molecules that are reliable cues to a behavior 

or by evolutionary selection of the sender that produces the molecules to which the receiver is already 

sensitive (Mucignat-Caretta, 2014a). The effects triggered by pheromones can be classified in releaser 

and primer. Releaser effects are immediate and innate behavioral reactions, instead primer effects are 

long-term responses that results in developmental changes and endocrine controls of physiological 

functions (Bossert and Wilson, 1963).  
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1.2 PHEROMONE-MEDIATED BEHAVIORS 

 Pheromones are detected by olfactory systems and processed to ultimately drive behavior. 

The accessory olfactory system (AOS) plays a central role in guiding behavioral and physiological 

responses to social and reproductive interactions in many mammalian species. Rodents, and mice in 

particular, have become the model system of choice to study vertebrate chemical communication; the 

tools available for manipulating neuronal activity have made the mouse a particularly attractive model 

for research (Chamero et al., 2012). Many behaviors mediated by pheromones have been identified 

by surgical removal of the peripheral organ of AOS, the vomeronasal organ (VNO, see chapter 1.3), 

or by genetic deletion of specific transduction molecules, thus expanding our understanding of this 

system (Wyatt, 2014). Ablation of VNO in male mice results in impairments in territorial marking 

and male-male aggression (Clancy et al., 1984; Maruniak et al., 1986). Female mice are still able to 

discriminate the gender of conspecifics after VNO removal, but they lose the ability to discriminate 

non-volatile odors and to make lordosis during male mount (Keller et al., 2006). Moreover, VNO-

mediated pheromone inputs act in wild-type females to repress male behaviors and activate female 

behaviors, indeed VNO-lacking female mice show a reduction in female-specific behavior, including 

maternal aggression and lactating behavior, and instead display male sexual and courtship behaviors 

such as mounting, anogenital olfactory investigation, and emission of ultrasonic vocalizations 

towards males and females (Kimchi et al., 2007).  

 Furthermore, many endocrine functions depend on pheromones. Lee-Boot effect is the 

suppression of the estrus cycle that occurs in adult female mice when isolated from males (Van Der 

Lee and Boot, 1955) and the exposure to male urine, an enriched source of pheromones, is sufficient 

to restore estrus cycle in non-cycling females (known as Whitten effect, Whitten, 1959). Female mice 

recently inseminated can interrupt the pregnancy after exposure to new non-mated male urine and 

can return in estrus, an effect known as Bruce effect (Bruce, 1959). The Bruce effect depends on 

functional vomeronasal system (Bellringer et al., 1980). Volatile organic molecules present in male 

mouse urine are able to accelerate puberty in female mice (Novotny et al., 1999). Collectively these 

data provide evidence of the involvement of pheromones detection mainly in sexual and reproductive 

behaviors.  
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1.3 THE VOMERONASAL ORGAN 

1.3.1 The discovery of the Vomeronasal Organ (VNO) 

 In 1703 the anatomist Ruysh reported for the first time an illustration of the VNO in a drawing 

of nasal septum of a child (Ruysh, 1703). Nonetheless, the discovery of the VNO is ascribed to Ludvig 

Levis Jacobson who in 1813 reported the VNO structure in many mammals including rodents (Trotier 

and Døving, 1998). Jacobson detailed description contains the major macroscopic features of the 

VNO: “[…] It is located in the foremost part of the nasal cavity, in close contact with the nasal 

cartilage (septum), […] What in particular has hidden this organ from the eyes of the observers is a 

cartilaginous capsule that surrounds the parts comprising the organ, namely a secretory apparatus, 

a receptacle and an exit duct […] All these parts are usually enclosed in this capsule […] The capsule 

consists of a flat sheet of cartilage, which is curled and therefore hollow in the middle […]” (Trotier 

and Døving, 1998). 

 

Figure 2. The VNO is a tubular structure enclosed in a cartilaginous capsule placed in the anterior part of 

the nasal cavity. (A) Lateral view of the rat nasal septum. The asterisk indicates the localization of the 

olfactory epithelium and the arrow the VNO. Scale in mm (from Mendoza, 1993). (B) Scanning electron 

micrograph of the sensory epithelium of rat vomeronasal organ shows the columnar organization of the tissue 

(from Trotier et al., 1998). (C) Schematic representation of localization and histological architecture of a 

frontal section of mouse VNO (from Doving and Trotier, 1998). (D) Coronal section histology of mouse VNO 

with vomeronasal sensory epithelium in blue (from Ibarra-Soria et al., 2013). 
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 The VNO is a bilateral tubular structure (about 5 mm long in the mouse; Mendoza, 1993) 

placed at the anterior part of the nasal cavity at the base of the nasal septum, it is enclosed in a 

anteriorly open cartilaginous capsule where the encapsulated VNO comes into contact with the nasal 

cavity. In rodents, the elongated organ has a central crescent-shaped lumen full of fluids in direct 

contact with the nasal cavity fluids (Fig. 2) (Døving and Trotier, 1998; Mendoza, 1993; Tirindelli et 

al., 2009; Trotier and Døving, 1998).  

In most VNO-possessing vertebrates two types of epithelial components are identifiable: sensory 

epithelium and non-sensory epithelium. In rodents, the non-sensory epithelium is well-developed, it 

is mainly composed of a cavernous body containing venous sinuses, smooth muscles, and 

unmyelinated nerve fibers. Blood vessels are innervated by the autonomic nervous system that 

promotes vasodilation and vasoconstriction producing a pump-like action through which stimuli 

access the lumen: the vasoconstriction of the central plexus allows the restriction of the cavernous 

body with a consequent increasing volume of the lumen, promoting a suction. This “pumping” 

mechanism is responsible for sucking into the lumen of the organ the mucus carrying the stimuli 

(Døving and Trotier, 1998; Mendoza, 1993; Takami, 2002; Tirindelli et al., 2009; Trotier and Døving, 

1998; Zancanaro, 2014). The rodent sensory epithelium is a pseudostratified columnar epithelium of 

approximately 170-120 µm in height and is primarily composed by vomeronasal sensory neurons 

(VSNs), basal cells and supporting cells. At least three regions can be distinguished in the 

neuroepithelium: i) an apical border close to the lumen, including the supporting cells and the 

dendrites of the VSNs; ii) a central region with nuclei of supporting cells; and iii) a basal layer, 

including apical and basal VSNs (Fig. 3). Supporting cells are found in the more superficial layer of 

the sensory epithelium and protrude into the lumen of the VNO with numerous long not branched 

microvilli, while VSNs form two overlapping populations along the basal layer up to the luminal 

surface that they cover with microvilli (Tirindelli et al., 2009). A further characteristic of the VNO 

sensory epithelium is the presence of intraepithelial blood vessels (Døving and Trotier, 1998; 

Keverne, 1999; Mendoza, 1993; Mucignat-Caretta, 2014a; Tirindelli et al., 2009). The VSN’s nuclear 

region covers almost two-thirds of the epithelium. In the following section I will make a detailed 

description of VSNs. 
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Figure 3. Cytoarchitecture of the mouse vomeronasal neuroepithelium. Three regions can be distinguished 

in the neuroepithelium: an apical layer including the supranuclear portions of the supporting cells and the 

dendrites of the VSNs (narrows), a central layer of supporting cell, and a basal layer containing apical and 

basal neurons structurally and functionally distinct, however the boundary between the zones is diffuse. VSNs 

nuclei cover almost two thirds of the epithelial height. * =capillaries, Lp = lamina propria, L=lumen. Bar 30 

µm (From Mendoza, 1993). 

1.3.2 Vomeronasal sensory neurons (VSNs) 

 The vomeronasal sensory epithelium is mainly composed of VSNs, which are bipolar neurons 

with a round-shaped soma (Fig. 4). From the apical part of the soma a long dendrite projects towards 

the lumen, the dendrite enlarges at the end in a knob from which many microvilli depart and protrude 

into the VNO lumen covering all the luminal surface. Microvilli in the lumen take contact with 

vomeronasal ligands embedded in the VNO's mucus. The signal transduction takes place at the level 

of the microvilli membrane. From the basal side of the soma an axon projects to the brain. Several 

axons from VSNs form fascicles and are organized in fiber bundles forming vomeronasal nerves. 

Vomeronasal nerves enter the cranial cavity and project to the accessory olfactory bulb (AOB , see 

section 1.8) (Mendoza, 1993; Takami, 2002; Tirindelli et al., 2009; Trotier and Døving, 1998). Based 

on the anatomical position and mostly on the expression of specific signaling proteins, VSNs are 
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divided into two populations: basal neurons positioned near the basal lamina and apical neurons 

placed near the luminal surface. The spatially segregated subsets of VSNs are also functionally 

different, indeed they use different vomeronasal receptors (see later Chapter 1.5.2) and G proteins. 

Apical neurons express Gαi2 isoform in combination with the VR type-1 receptors (V1R), while basal 

neurons express the Gαo isoform in combination mainly with the VR type-2 receptors (V2R) (Fig. 4). 

Moreover, the two subsets of neurons project to different zones of the AOB (Dulac and Axel, 1995; 

Francia et al., 2014; Rodriguez, 2016; Ryba and Tirindelli, 1997).  

 

 

Figure 4. VSNs are bipolar neurons and are spatially segregated, based on receptor repertoire, in apical 

neurons expressing Gαi2-V1Rs and basal neurons expressing Gαo-V2Rs. (A) The spatial segregation of 

VSNs expressing Gαi2 (apical VSNs, green) and Gαo (basal VSNs, red) visualized by two colors in situ 

hybridization in a coronal section of mouse VNO. Apical neurons co-express V1R receptors with Gαi2 protein 

while basal neurons co-express V2R receptors with Gαo protein (Modified from Leinders-Zufall et al., 2014). 

(B) The spatial localization of V2r1b-tau-GFP VSNs of genetically labelled cells from acute coronal VNO 

tissue slices 250 µm thick. (C) Magnification of a V2r1b-tau-GFP neuron from the slice in B showing the 

bipolar shape of VSNs with round soma and the knob at the end of the dendrite (fluorescent microscope, 

greyscale) (Modified from Ukhanov et al., 2007). 

1.4 VSN’S LIGANDS 

 Animals use a variety of different mechanisms for releasing pheromones into the environment. 

In many cases, the pheromonal release takes advantage of existing ways for excretion, such as urine 

and faeces, which may be placed in the environment as territorial marks; in other cases, chemical 

signals are released in secretions such as vaginal secretions, saliva, tears and other products of 

exocrine glands (Brennan, 2009). Six main categories of chemosensory ligands that stimulate VNO 

have been identified: exocrine gland-secreting peptides (ESPs), major histocompatibility complex 
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(MHC) peptide ligands, formyl-peptides (FPs), sulfated steroids, volatile small molecules and major 

urinary proteins (MUPs) (Zufall and Munger, 2016).  

1.4.1 Mouse urine 

 Urine is a water-based solution and contains an assortment of inorganic salts and organic 

compounds, including proteins, hormones, and a good range of metabolites. Mouse urine consists of 

a complex mixture of chemosignals including a variety of small volatile molecules that are bound to 

MUPs. In addition, mouse urine also conveys information about individuality due to MHC peptides 

present in there, as described later. Urine is the most enriched source of pheromones, for this reason 

is commonly used in experiments to physiologically stimulate VSNs. When examined by high-

performance liquid chromatography, urine can be fractionated in high molecular weight urinary 

fraction containing MUPs and MHC peptides, and low molecular weight fraction containing sulfated 

steroids and volatile ligands (Peele et al., 2003).  

1.4.1.1 Volatile small molecules 

 Canonical methods of urine fractionation risk the loss of volatile compounds. Combining 

solid-phase microextraction and gas chromatography-mass spectrometry it was possible to identify 

small volatile molecules (Arnáiz et al., 2014; Ouyang et al., 2011). Male and female mouse urine 

differ in amount and type of volatile compounds present. Benzaldehyde is the main compound 

detected in all the stages of the female estrous cycle whereas it is less present in male urine samples 

(Arnáiz et al., 2014). In male urine samples, percentages of phenyl ethanone are higher than those 

detected in females. Terpenes are in general higher in males than in females. Some compounds have 

been detected exclusively in urine from one gender (Arnáiz et al., 2014). For example, 2-Heptanone, 

trans-5-Hepten-2-one, trans-4-Hepten-2-one, n-Pentyl-acetate are exclusively observed in female 

urine and are puberty-delaying pheromones for female mice. Other compounds, found in male urine,  

have the opposite effect of accelerating puberty in females: β-farnese, 2-sec-butyl-4,5-dihydrothiazol, 

6-Hydroxy-6-methyl-3-heptanon (Novotny et al., 1999). Moreover, 2-sec-butyl-4,5-dihydrothiazol 

acts also as female attractant and induces the estrous synchronization (Jemiolo et al., 1986; Whitten, 

1959).  

1.4.1.2 Major Urinary Proteins (MUPs) 

 Volatile compounds in urine are unstable and need carriers to be released into the air from 

urine marks. These carriers not only extend their lifetime but also regulate the release of the scent 

substances based on their rate of dissociation. The MUPs family proteins bind small molecules in a 
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central hydrophobic pocket to concentrate and stabilize many volatile scent substances, thereby 

controlling both pheromone transport in circulation and pheromone release into the air (Beynon and 

Hurst, 2003; Tirindelli et al., 2009; Zhou and Rui, 2010). MUPs are synthetized and secreted by the 

liver and are excreted into the urine in the kidney.  

 Additionally, MUPs themselves may serve as chemical signals, indeed an atypical male-

specific MUP20, named darcin, works as female attractant and elicit intermale aggression (Chamero 

et al., 2007; Demir et al., 2020; Kaur et al., 2014; Roberts et al., 2010). Moreover, MUP’s family is 

extremely polymorphic and it has been reported that MUPs act as a type of individuality 'bar code' 

for the identity of the owner of the scent mark (Beynon et al., 2002). 

1.4.1.3 Class I major histocompatibility complex peptides (MHC peptides) 

 The MHC antigens are cell-surface glycoproteins that provide a unique molecular signature 

for each individual essential for immune system response; MHC class I peptides are excellent 

candidates to be social recognition signals that convey information about genetic individuality. MHC 

peptides in normal rats and mice are constitutively excreted in the urine (Overath et al., 2014; Röck 

et al., 2007; Singer et al., 1997; Singh et al., 1987; Yamaguchi et al., 1981) and it has been reported 

that they also work as sensory stimuli for VSNs, that can discriminate single amino-acid variation 

peptides (Leinders-Zufall et al., 2004; Sturm et al., 2013). A possible role for the MHC peptides 

detection is to imprint the memory of the mating partner for mouse females: those peptides allow 

recently mated female mice to distinguish the urinary chemosignals of the mating male from those of 

an unfamiliar male (Leinders-Zufall et al., 2004; Zufall and Munger, 2016). 

1.4.1.4 Sulfated Steroids 

 Many studies reported the responses of VSNs upon the exposure to natural or synthetic 

sulfated steroids, using different experimental approaches: calcium imaging, microelectrodes array, 

single cell recordings (Celsi et al., 2012; Cherian et al., 2014; Haga-Yamanaka et al., 2014; Nodari et 

al., 2008). Sulfated steroids include a big family of compounds that transmit an individual’s 

physiological state, from pregnancy to stress conditions (Geyer et al., 2017; Nodari et al., 2008). For 

instance, sulfated estrogens are abundant in female urine during estrus and stimulate courtship 

behavior in male mice by binding the V1rj receptor in male VNO (Haga-Yamanaka et al., 2014). 

Moreover, a sulfated steroid isolated in male mice, Corticosterone 21-sulfate (cort21S), increases in 

urine during stress conditions indicating that its concentration in urine reflects the physiological status 

of the animal; furthermore, it was demonstrated that sulfatase treatment of urine-extracts caused their 

loss of activity, suggesting that sulfated compounds are the most active ligands for VSNs (Nodari et 
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al., 2008). From all the studies in which VSNs have been stimulated with sulfated steroids, it is clear 

that only the subpopulation of neurons that express V1R is activated by them (Haga-Yamanaka et al., 

2014; Isogai et al., 2011; Nodari et al., 2008). 

1.4.2 Exocrine gland-Secreting Peptides (ESPs)  

 Kimoto and colleagues (2005) investigated the VNO activation after exposure of BALB/c 

female mice to bedding soiled by adult male conspecific evaluating c-Fos signal as index of VSNs 

activation. They found a specific compound made exclusively in male mice able to trigger mating 

behavior in females. Shaved fur from male mice induced c-Fos expression in female VSNs only by 

direct contact suggesting the presence of non-volatile sex-specific compounds that originate in glands 

of adult male mice. They examined different exocrine glands concluding that the products of male 

extra orbital lacrimal glands can induce c-Fos expression in female VSNs. The compound found was 

a 7 kDa peptide able to activate a specific vomeronasal receptor (V2Rp5, Haga et al., 2010); they 

called the new peptide ESP1 and determined the gene encoding for it (Kimoto et al., 2005). Esp1 

gene turned out to be a member of a large multigene family with at least 38 members. From the 38 

Esp genes, 15 are expressed in extra orbital lacrimal gland, the Harderian gland, and/or the 

submaxillary gland. Therefore, several ESPs are expected to be secreted in tear fluid or saliva. 

Moreover, ESPs expression appear to be hormonally regulated and sexually dimorphic (Kimoto et 

al., 2007; Touhara, 2007). Many studies demonstrated the role of ESPs in eliciting and regulating 

sexual behavior by activation of VSNs (Haga et al., 2010; Hattori et al., 2017) 

1.4.3 Formyl-peptides (FPs) 

 Formylated peptides are produced by bacteria during infections and are actively secreted by 

invading pathogens or passively released from dead and dying host cells. (Dorward et al., 2015). The 

expression of receptors for FPs has been reported in mice (Rivière et al., 2009); it is not clear the role 

of FPs signaling but they may indicate the health status of an individual.  The avoidance of sick 

conspecifics can be induced by FPs in rodents: the release of illness-related aversive odor cues from 

the sick individual serves to inhibit social investigation by healthy conspecifics (Arakawa et al., 2011; 

Boillat et al., 2015; Zufall and Munger, 2016). 

1.4.4 Bile Acids 

A new class of VSNs ligands have been identified by isolation of water-soluble chemosignals 

from female BALB/cJ faeces (Doyle et al., 2016). The active polar ligand that can activate mitral 
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cells in AOB are specific bile acids produced by liver: ω-muricholic acid, β-muricholic acid, cholic 

acid and deoxycholic acid. There are sex-specific differences in the concentrations and/or identities 

of faecal chemosignals because mitral cells discriminate the mouse gender of the faeces used as 

stimuli (Doyle et al., 2016). Recent data combining RNA-seq with live imaging showed that bile 

acids bind to a subpopulation of apical VSNs (Wong et al., 2020).    

1.5 SENSORY TRANSDUCTION IN VSNS 

1.5.1 General mechanisms of sensory transduction 

 Sensory transduction is the mechanism by which external chemical cues are transformed into 

electrical signals that can be processed by the central nervous system. This processes in VSNs start 

with the binding of a pheromone molecule with a G-protein coupled receptor (see 1.5.2 for further 

details), in turn the G-proteins Gαi2 or Gαo activate a phospholipase C (PLC) that, hydrolyzing PIP2, 

produce two different second messengers: diacylglycerol (DAG) and inositol 1,4,5-trisphosphate 

(IP3) (see 1.5.3). DAG seems to directly interact with the transient receptor potential channel type 2 

(TRPC2) expressed in VSNs allowing the influx of sodium and calcium ions that depolarize the 

neurons (section 1.5.4). The increase in calcium concentration due to entry of calcium and/or the 

calcium released from the intracellular stores opens calcium-activated chloride channels promoting a 

further depolarization of the VSNs (Fig. 5) (section 1.5.5) (Døving and Trotier, 1998; Francia et al., 

2014; Tirindelli et al., 2009). Furthermore, calcium ions are involved in many secondary events 

described in section 1.6; calcium activates a calcium-Calmodulin feedback which is involved in 

adaptation (Spehr et al., 2009) (section 1.7) and VSNs express potassium channels activated by 

calcium (Kim et al., 2012; Ukhanov et al., 2007; Zhang et al., 2008). The following sections are 

dedicated to single steps of the transduction signaling. 
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Figure 5. Signal transduction mechanisms in vomeronasal microvilli. Model of signal transduction pathways 

of rodent VSNs. Downstream vomeronasal receptor (FPR, V1R or V2R) activation, a specific G protein (Gαi2 

or Gαo) activates phospholipase C (PLC). Cleavage of phosphatidylinositol-4,5-bisphosphate (PIP2) into 

soluble inositol-1,4,5-trisphosphate (IP3) and membrane-bound diacylglycerol (DAG), results in gating of 

primary transduction channels TRPC2 by direct interaction with DAG. The Ca2+ entered through TRPC2 has 

different targets including calcium-activated chloride channels, likely TMEM16A (also named ANO1) 

(Modified from Mohrhardt et al., 2018). 

1.5.2 Vomeronasal Receptors 

 The neuroepithelium in the VNO is organized in two main layers of VSNs expressing two 

families of VRs: type-1 (V1R) and type-2 (V2R). Both receptors belong to the seven-transmembrane 

G protein-coupled receptor (GPCR) family (Dulac and Axel, 1995; Weis and Kobilka, 2018). V1Rs 

co-express with Gαi2 proteins in the apical layer of the vomeronasal organ, whereas the V2Rs are 

coupled with Gαo protein and are expressed in the basal layer of the vomeronasal epithelium (Dulac 

and Axel, 1995; Matsunami and Buck, 1997; Ryba and Tirindelli, 1997; Silva and Antunes, 2017). 

The spatial segregation is maintained also in the projections, indeed apical neurons send axons to the 

anterior part of the AOB instead, basal neurons project to the posterior part of the AOB (Belluscio et 

al., 1999; Rodriguez et al., 1999) 

 There are two additional classes of receptors expressed in both apical and basal regions: the 

formyl-peptide receptors (FPRs) (Dulac and Torello, 2003; Liberles et al., 2009) and a family of non-

classical molecules of the MHC, H2-Mv, expressed selectively in basal neurons (Ishii et al., 2003; 

Loconto et al., 2003; Silvotti et al., 2007).  
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1.5.2.1 V1Rs 

 V1Rs are seven transmembrane domain receptors identified in 1995 (Dulac and Axel, 1995). 

V1Rs are part of rhodopsin-like family GPCRs. The proteins are about 300 amino acids long, with 

short extracellular and intracellular N- and C-termini, respectively (Rodriguez, 2016). Mouse V1R 

genes, Vmn1rs, have a very simple structure of one or two non-coding exon(s) followed by a single 

coding exon. In the mouse genome, 392 Vmn1r genes are present and 239 seem to be functional 

(Rodriguez, 2016; Rodriguez et al., 2002; Young et al., 2010). According to their sequence 

similarities, V1Rs are divided in 12 subfamilies in the mouse, named from V1Ra to V1Rl. Between 

1 – 4% of the VSNs show a non-overlapping expression of several V1Rs indicating that VSNs follow 

the one cell one receptor rule, where just one receptor is expressed in a given VSN, similar to odorant 

receptors (ORs) expression in olfactory sensory neuron in the main olfactory epithelium (Dulac and 

Axel, 1998; Nagai et al., 2016). At the functional level, V1Rs seem to be mainly associated with the 

detection of small volatile molecules involved in gender discrimination and sexual behaviors, indeed 

the deletion of a cluster of V1R genes in mice can cause dramatic behavioral alterations, including 

reduced male libido and inappropriate maternal aggressive behavior (Boschat et al., 2002; Liberles, 

2014; Del Punta et al., 2002; Silva and Antunes, 2017).  

1.5.2.2 V2Rs 

 In mice, the V2R family comprises 61 intact genes, called Vmn2rs, out of a total of 209 genes 

including pseudogenes; the coding sequence is split into multiple exons (usually 6 exons) but only a 

single large exon encodes for the seven transmembrane part of the receptor (Rodriguez, 2016; 

Touhara, 2007). V2Rs possess a long extracellular N-terminus that is common to calcium-sensing 

and metabotropic glutamate receptors. The long N-terminus interacts with the MHC class Ib and 

V2Rs expressing neurons participate in sensing MHC peptides (Mombaerts, 2004; Silva and Antunes, 

2017; Touhara, 2007). The expression of V2Rs/Gαo-coupled protein is restricted to the basal 

neuroepithelium (Dulac and Axel, 1998; Matsunami and Buck, 1997; Ryba and Tirindelli, 1997; 

Tirindelli et al., 1998). In the mouse, V2R gene products are classified into four families named from 

A to D that are functionally different: single nucleotide polymorphisms contribute to define the 

families and result in cluster of V2Rs tuned to detect specific cues (e.g. predatory or non-predatory 

cues) (Wynn et al., 2012). Individual basal neurons express a multimolecular complex constituted by 

three receptors: V2Rs from family-C are expressed by the entire population of basal neurons (Martini 

et al., 2001) and are co-expressed with family-A or -B or -D and with MHC Ib (Silvotti et al., 2007). 

Therefore, V2Rs do not strictly follow the rule of mutually exclusive expression as V1Rs and ORs 
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(Dulac and Axel, 1998; Nagai et al., 2016; Rodriguez, 2016). In general, at the functional level, V2Rs 

are involved in the detection of water-soluble proteinaceous ligands and control of pheromone-

induced male-male aggression (Chamero et al., 2012; Silva and Antunes, 2017; Yang et al., 2005); 

potential ligands for V2Rs include peptide pheromones such as MUPs, MHC peptides, and ESPs 

(Haga et al., 2010; Kimoto et al., 2007; Leinders-Zufall et al., 2004). 

1.5.2.3 FPRs 

 In 2009, five of the seven members of the FPRs’ family were reported to be expressed in 

rodent VSNs (Liberles et al., 2009; Rivière et al., 2009). Usually, FPRs are immune cells’ receptors 

and recognize peptides produced by bacteria and compounds related to pathogenic states. While two 

transcripts are strictly present in mice immune cells, Fpr-rs2 and Fpr-rs5, the others, Fpr-rs1, Fpr-

rs3, Fpr-rs4, Fpr-rs6 and Fpr-rs7, have been found exclusively in vomeronasal tissue extracts and 

the expression seems to be limited to rodent species (Rodriguez, 2016). Fpr-rs1 is mainly present in 

basal VSNs, whereas Fpr-rs3-4-6-7 are co-expressed with Gαi2 proteins in the apical layer. The 

functional expression of these types of receptors means that the VNO can sense compounds related 

to pathogens,  exhibiting also stereoselectivity (Bufe et al., 2012; Rivière et al., 2009). 

1.5.2.4 H2-Mv 

 In 2003, the expression of genes of the MHC family that belong to a nonclassical class I gene 

(or class Ib gene) were reported in VSNs, originally designated Mb1 (Ishii et al., 2003; Singer et al., 

1988). The expression of the Mb1 genes has been found spatially restricted to a small population of 

cells placed in the basal layer of the vomeronasal epithelium. At least 50% of basal neurons express 

the multigene family of nonclassical class I MHC, H2-Mv, co-expressed with the family-C of V2Rs. 

H2-Mv are present selectively in the basal part of the basal layer of the VNO (Ishii et al., 2003; Ishii 

& Mombaerts, 2008; Loconto et al., 2003; Silvotti et al., 2007). The lack of H2-Mv in mice greatly 

decreased VSNs’ sensitivity to MHC peptides and mice display pronounced deficits in aggressive 

and sexual behaviors. However, H2-Mv genes are not necessary for the generation of these 

physiological responses, but are required for ultrasensitive chemodetection by a subset of VSNs 

(Leinders-Zufall et al., 2014). 

1.5.3 Phospholipase C (PLC) and diacylglycerol (DAG) 

 The enzymatic role of PLC is to hydrolyze phosphatidylinositol-4,5-bisphosphate (PIP2) into 

inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG); many studies reported the role of IP3 

and DAG produced by PLC as principal second messengers in VSNs of different species (Inamura et 
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al., 1997a; Kroner et al., 1996b; Taniguchi et al., 2000). In mice, the use of the PLC inhibitor U73122 

causes the block of the activity in VSNs (Holy et al., 2000; Spehr et al., 2002). The PLCβ family is 

the most expressed in VSNs based on RNA-seq data. Moreover, different isoforms of PLCβ play 

distinct roles in pheromone signal transduction. For instance, MUP-responsive neurons express 

PLCβ2 isoform, while PLCβ4 is dominant in non-MUP stimuli detection (Dey et al., 2015). 

Fascinatingly, PLCβ2 expression is regulated by the estrous cycle, this finding provides a new insight 

into the regulation of sensory perception by endocrine state (Dey et al., 2015; Stowers and Liberles, 

2016).  

 The roles of PLC, IP3 and DAG are numerous; it has been reported that DAG as well as its 

metabolites (e.g. arachidonic acid) can directly target membrane proteins acting as second  

messengers ( M. Spehr et al., 2002; Zhang et al., 2010). DAG can directly activate DAG-gated 

channels, indeed different DAG analogues activate an inward current in membrane patch of 

knob/microvilli from dissociated VSNs; the current evoked by DAG analogues is similar to the 

currents evoked by pheromones and is strongly reduced, but not abolished, in Trpc2−/− mice (Lucas 

et al., 2003). It has been shown also that the activation of photoswitchable DAG (PhoDAG-3) can 

reversibly promote cation currents in VSNs. Moreover, by combining photostimulation with calcium 

imaging it has been observed that PhoDAG-3 activation promotes a calcium transient that is absent 

in VSN from Trpc2−/− mice (Leinders-Zufall et al., 2018). These data suggest the direct interaction 

between DAG and TRPC2 channels and sustain the role of DAG in its gating.  

 IP3  is usually associated with a large calcium release from internal stores (Bezprozvanny et 

al., 1991; Parker and Yao, 1991). In rat VSNs, dialysis of IP3 induces inward currents and many 

authors have proposed the direct involvement of IP3 in gating ionic channels (Inamura et al., 1997b; 

Takami, 2002); indeed the inhibition of IP3 receptors by ruthenium red blocks the urine-evoked 

activity in rat VSNs suggesting an IP3-dependent pathway in pheromone signaling (Inamura et al., 

1997a). However, it has been shown that depletion of intracellular calcium stores does not affect urine 

responses in rat VSNs, suggesting that the urine-induced increase in intracellular calcium is not 

primarily dependent on intracellular calcium stores; furthermore, the block of IP3-mediated calcium 

release by Xestospongin C does not change the urine-evoked calcium signal increase (Spehr et al., 

2002). IP3 receptors are expressed in VSNs: while the type 2 receptors have a sexually-dimorphic 

expression, the type 3 receptors colocalize with TRPC2 forming a protein-protein interaction complex 

and are expressed throughout the sensory epithelium including the receptor zone and the apical 

processes (Brann et al., 2002). However, a more recent study reported that IP3 receptors type 3 in 

VSNs are not required for activation of VSN sensory currents suggesting that IP3R type 3 is 
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dispensable for VSNs’ responses (Chamero et al., 2017). The role of IP3 in signal transduction is not 

yet clear, more evidence supports the hypothesis that IP3 could be involved in secondary signaling 

process, but it is not involved in the primary pathway of urine perception. 

1.5.4 Transient receptor potential channel, subfamily C, type 2 (TRPC2) 

 Cyclic-nucleotide gated ion channels are involved in olfactory transduction in olfactory 

sensory neurons of the main olfactory epithelium (Pifferi et al., 2006) but not in VSNs. Only the β 

subunits of these channels were identified in rat VSNs and do not form a functional channel when 

expressed alone in heterologous cell types (Berghard et al., 1996; Broillet and Firestein, 1997). Cyclic 

nucleotides dialyzed in VSNs in whole cell configuration failed to develop any current, supporting 

the idea that VSNs transduction differ from olfactory transduction (Liman and Corey, 1996). In 1999, 

Liman and colleagues found a specific expression of the transient receptor potential channel type 2 

(TRPC2) in the rat VNO. The intense staining only in a highly limited region at the dendritic tip of 

VSNs containing the sensory microvilli, the proposed site of sensory transduction, suggests its role 

in signaling processes (Liman et al., 1999). Two groups independently show alteration in behavioral 

responses and in VSNs activity in TRPC2-deficient mice (Leypold et al., 2002; Stowers et al., 2002). 

Extracellular action potential recordings show that VSNs from TRPC2−/− mice are electrically active 

but unable to respond to dilute urine, in the same way, pheromone-induced VNO field potential 

responses were either absent or strongly diminished, depending on the stimulus concentration. Both 

studies conclude that TRPC2 is a component of the VSN signal transduction machinery. Trpc2−/− 

mice have defects in  sexual and in aggressive behaviors, showing anomalous male-male mating and 

absence of intermale aggression (Leypold et al., 2002; Stowers et al., 2002; Zufall, 2005). Notably, 

basal neurons are more affected by the absence of TRPC2 than apical neurons; Trpc2−/− mice show a 

selective loss of basal layer, more than 50% of basal VSNs, while the apical layer appears intact (Kim 

et al., 2012; Ron Yu, 2015; Stowers et al., 2002), and show a reduction of posterior AOB size (Hasen 

and Gammie, 2009). From the selective loss of basal neurons two inferences arise: the TRPC2 is 

necessary for the correct development of the VNO and basal neurons from Trpc2−/− mice die since 

inactive; and TRPC2 is not the only ion channel involved in the VSNs transduction, but new 

components are still unknown because of  the reduction of VSNs responses instead of the total loss 

of them (Leypold et al., 2002), thus apical neurons still alive should have a complementary way of 

activation. It is important to notice that in mouse it has been reported that a subclass of olfactory 

sensory neurons express TRPC2 and therefore the interpretation of the behavioral phenotypes of 

Trpc2−/− mice is questionable (Omura and Mombaerts, 2014). 
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1.5.5 Calcium-activated chloride channels (CaCCs) 

 During the last decade, many publications showed the presence of an additional current involved in 

primary vomeronasal signaling. This current is mainly carried by chloride ions and shows a dependence on 

intracellular calcium (Dibattista et al., 2012; Kim et al., 2011; Yang and Delay, 2010). The spatial and temporal 

controlled release of calcium using photolysis of caged-calcium around the VSNs’ knobs  directly activates a 

large chloride current in the apical portion of dissociated VSNs; the ionic nature of the current has been 

determined by the ionic replacement of chloride in extracellular solutions with other anions methanesulfonate 

or isothiocyanate resulting in the shift of the reversal potential of the calcium induced current (Dibattista et al., 

2012). The chloride current in dissociated VSNs is abolished using blockers of CaCCs as NFA, CaCCinh-A01, 

A9C and DIDS in whole-cell recorded VSNs (Amjad et al., 2015; Dibattista et al., 2012). RT-PCR experiments 

and immunohistological data suggested the molecular identity of the calcium-activated chloride current: 

TMEM16A and TMEM16B are both expressed in microvilli of apical and basal VSNs (Fig. 6), site of the 

transduction machinery (Billig et al., 2011; Dauner et al., 2012; Dibattista et al., 2012; Münch et al., 2018).   

The strong evidence of the identity of CaCCs in VSNs comes from the recordings on dissociated neurons from 

cKO Tmem16a mice showing that TMEM16A is necessary to mediate the calcium activated chloride current 

in VSNs (Amjad et al., 2015). Indeed, calcium-activated chloride currents were abolished in VSNs from cKO 

Tmem16a mice (Amjad et al., 2015). 
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Figure 6. TMEM16A and TMEM16B are expressed in the microvilli of both apical and basal vomeronasal 

sensory neurons. TMEM16A is expressed in the microvilli of both dissociated apical neurons labeled with 

anti-PDE4A (A–C), and dissociated basal neurons, labeled with anti-Gαo antibody (D–F); PDE4A and Gαo 

are two specific markers for apical and basal layers. TMEM16B is also located in the microvilli of both apical 

(G–I) and basal (J–L) neurons. Bars, 5 µm (From Dibattista et al., 2012). 

It has been demonstrated in dissociated VSNs, using whole-cell and perforated patch clamp recordings, that 

the chloride current acts as a downstream element able to amplify the initial cation current, indeed chloride is 

the main component of the urine-evoked current leading up to 80% of it (Yang and Delay, 2010). Calcium 

must be present outside (Yang and Delay, 2010) and/or inside (Kim et al., 2011) the VSNs’ microvilli to allow 

the activation of chloride current: calcium ions can flow through TRPC2 channels, likewise, the calcium 
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released by intracellular stores can promote chloride currents. Moreover, the urine-evoked current in Trpc2−/− 

mice is completely blocked by inhibition of IP3-triggered intracellular calcium release (Kim et al., 2011).  

However, the physiological role of TMEM16A and TMEM16B-mediated currents is still unknown. Kim and 

co-workers (2011) demonstrated that both spontaneous and urine-evoked firing activities are eliminated by 

blockers of calcium-activated chloride channels (Kim et al., 2011).  

Moreover, Münch and colleagues (2018) performed experiments in VSNs from the double KO mice model 

where Tmem16a and Tmem16b were deleted; they show that the lack of CaCCs results in drastically diminished 

urine-evoked spiking of VSNs and a reduction in the percentage of VSNs showing spontaneous firing, but the 

contribution of both channels in modulating the firing was not completely elucidated by their experiments. 

Conversely calcium-activated chloride currents were still present in mice lacking TMEM16B supposing a 

minor role of it in bulking calcium-activated chloride currents (Münch et al., 2018). Nevertheless, in 

Tmem16a/Tmem16b double KO mice they do not report any corresponding deficits in male-male territorial 

aggression in contrast with the results reported in Trpc2 KO mice or after VNO ablation (Leypold et al., 2002; 

Maruniak et al., 1986; Münch et al., 2018; Stowers et al., 2002). Since TMEM16B is expressed also in olfactory 

neurons, the behavioral experiments on Tmem16b KO could be biased by olfactory deficits. Moreover, in 

olfactory neurons the TMEM16B deletion affects the firing pattern of spontaneous and stimulus-evoked 

activity (Pietra et al., 2016) confirming that calcium-activated chloride currents are involved in modulating the 

firing of the cells more than leading an all-or-none effects. 

Thus, the controversy on the role of TMEM16A and TMEM16B in modulating the VNO signaling is nowadays 

open. A central point that should be crucial is the value of the chloride equilibrium potential, indeed the 

contribute of chloride in depolarizing or hyperpolarizing VSNs depends on the direction of the flux of chloride 

ions. Thus, the physiological role of calcium-activated chloride currents is a direct function of the chloride 

equilibrium potential. The chloride intracellular concentration was estimated to be around 40-80 mM, 

depending on the experimental approaches; although differing in methodology and quantitative results, it has 

been reported that chloride currents amplify overall response in VSNs. Therefore, based on the chloride 

concentration in the mucus from MOE between 55 and 84 mM (Billig et al., 2011; Kleene, 2008; Reuter et al., 

1998) and assuming the same chloride concentration in VNO fluids, elevated chloride level in VSNs provides 

the electrochemical driving force necessary to boost sensory responses by a depolarizing chloride efflux (Kim 

et al., 2015; Untiet et al., 2016).   

1.6 ELECTRICAL PROPERTIES OF VSNS 

 In VSNs, it has been reported several ion conductances involved in secondary events, 

downstream the transduction processes, carry by different ion channels: Nav channels, L-type and T-

type calcium channels, BK, SK and GIRK channels for potassium, HCN2-4 channels (Dibattista et 

al., 2008; Fieni et al., 2003; Kim et al., 2012; Liman and Corey, 1996; Zhang et al., 2008). Urine 
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stimulation of a VSN generates a receptor current which depolarize the membrane till it reaches the 

firing threshold and sodium channels opening initiates the spike generation.  

Near resting condition in VSNs (-70 mV) the sodium current is completely available showing 

an activation Vm1/2 at -44.7 mV at holding potential of -70 mV and an inactivation Vh1/2 at -56.2 mV 

(Dean et al., 2004; Fieni et al., 2003; Liman and Corey, 1996; Shimazaki et al., 2006). Sodium 

currents in VSNs are held by two components that differ in sensitivity to TTX; the TTX-insensitive 

steady-state inactivation is shifted by 30 mV in the hyperpolarizing direction compared with the TTX-

sensitive component (Liman and Corey, 1996). Basal VSNs expressing V2R1b receptor show bigger 

sodium currents with respect to apical neurons expressing V1R2b receptor (Fieni et al., 2003; 

Ukhanov et al., 2007). This difference in sodium current amplitude could be extended to apical and 

basal VSNs, and could be explained by the segregation of different isoforms of Nav channels 

observed in immunohistological experiments in which Nav1.2 expression is restricted to basal VSNs 

somata, dendrites, and dendritic knobs, while Nav1.6 staining is detectible in VSNs of both apical 

and basal VNO layers (Bolz et al., 2017).  

Mouse VSNs express at least two current components related to the activity of voltage-

activated calcium channels: a low-voltage–activated T-type current and an L-type current (Fieni et 

al., 2003; Liman and Corey, 1996; Ukhanov et al., 2007). Both L- and T-type Cav channels could 

underlie low-threshold calcium spikes and contribute to action-potential–dependent calcium entry in 

VSNs; they promote a much more prominent calcium current in basal cells than in apical cells (Fieni 

et al., 2003; Ukhanov et al., 2007).  

Calcium entry in VSNs is linked also with the activation of calcium-activated potassium 

channels BK responsible for the repolarization of neurons, therefore block of L-type Cav channels by 

nimodipine caused action potential broadening and a loss of afterhyperpolarization, together with an 

increase in the inter-spike interval (Ukhanov et al., 2007). BK channels play an inhibitory role in 

signal transduction, their blockage has as consequence the increase of the transduction current 

amplitude and the firing rate in VSNs stimulated with urine (Zhang et al., 2008). Other ion channels 

are involved in the secondary event of the VNO signaling, two additional potassium channels are 

highly expressed in VSNs, the small conductance calcium-activated potassium channel (SK) and the 

G protein–activated inwardly rectifying potassium channel (GIRK) (Fig.7). Those channels 

participate in the urine-evoked activity in depolarizing direction given the high potassium 

concentration (50 mM) in the mucus filling the VNO (Kim et al., 2012).  

In VSNs is identifiable an Ih current modulated by cAMP and likely mediated by HCN4 and/or 

HCN2 channels; the Ih might contribute to setting the membrane resting potential and increase the 
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sensitivity to elicit action potentials in response to small current injections (Dibattista et al., 2008; 

Liman and Corey, 1996; Trotier et al., 1993, 1998).  

 

Figure 7. Secondary events downstream the transduction cascade. Primary events in blue. The influx of 

calcium through TRPC2 channels boosts the secondary events. Increase in intracellular calcium levels 

activates calcium-activated chloride conductance (CACC) and the small conductance calcium-activated 

potassium channel SK3. Activation of G protein also releases βγ subunits, which activate the G-protein 

activated inward rectifier channel (GIRK). Both GIRK and SK3 mediate influx of potassium to depolarize the 

VSN because of a high extracellular potassium concentration in the vomeronasal luminal mucus. Increase in 

cytosolic calcium level can also activates the large conductance calcium-activated potassium channel BK and 

an unidentified calcium-activated non-selective (CaNS) cationic channel in the dendrite or in the cell body 

(From Yu, 2015). 

1.7 Adaptation in VNO: the state of art  

Among the secondary events, peripheral adaptation is the most decisive in all sensory systems. 

Peripheral sensory adaptation is an initial mechanism for experience-driven feedback in the nervous 

system. The relevant advantage coming from sensory adaptation is the extension of the dynamic range 

of signals detection associated with a shift in the stimulus–response curve to higher 

concentrations/intensities (Kurahashi and Menini, 1997; Torre et al., 1995). Odor adaptation refers to 

the ability of the olfactory system to adjust its sensitivity at different stimulus intensities, an operation 

that is likely to be essential for preventing saturation of the cellular transduction machinery and 

allowing the retention of high sensitivity during continuous or repetitive odor stimulation (Zufall and 

Leinders-Zufall, 2000). Sensory adaptation can be defined as neuronal plasticity and in olfactory 

neurons three different forms of odor adaptation are identifiable: short-term adaptation, 
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desensitization, long-lasting adaptation (Zufall and Leinders-Zufall, 2000). The lower response 

observed in salamander and newt olfactory neurons after a conditional odor stimulation that recover 

within ten seconds is called short-term adaptation (Kurahashi and Shibuya, 1990; Zufall and 

Leinders-Zufall, 1998). The comparison of the properties of adaptation induced by consecutive brief 

odor pulses with adaptation induced by photolysis of caged cAMP (the second messenger involved 

in odor transduction) results in no differences; in solitary olfactory neurons from newt, adaptation 

occurs entirely downstream from adenylyl cyclase and the cyclic-nucleotide gated (CNG) channel is 

the only target of modulation (Kurahashi and Menini, 1997). The repetitive photorelease of 8-Br-

cAMP, a cAMP analogue resistant to hydrolyzation, confirm the occurrence of fast adaptation 

mechanisms that works independently from the hydrolysis of cAMP in mouse olfactory neurons 

(Boccaccio et al., 2006). Indeed the calcium-calmodulin feedback that operate on CNG channels is 

the mechanism underlying the olfactory sensory adaptation (Balasubramanian et al., 1996; Bradley 

et al., 2001, 2004; Kurahashi and Menini, 1997; Liu et al., 1994; Munger et al., 2001). Instead, the 

term desensitization is referred to a combination of mechanisms involving G-protein coupled 

receptors rapid loss of responsiveness in the continuing or recurring presence of an agonist or stimulus 

(Kato and Touhara, 2009). These mechanisms include uncoupling of receptor from heterotrimeric G 

proteins in response to receptor phosphorylation (Dawson et al., 1993) and the internalization of cell 

surface receptors to the cytosol (Antunes et al., 2014). Recent data propose a stochastic kinetic model 

based on electrophysiological data that confirm the vesicle cycling of G-protein coupled receptors 

regulated through G-protein coupled receptors  kinase 3 (GRK3)-dependent receptors internalization 

and consecutive recycling (re-sensitization) (Antunes et al., 2014). The last example of plasticity in 

olfaction is the long-lasting adaptation, a persistent form of adaptation. Long-lasting adaptation 

occurs after high stimulus strength, and it is associated with a generation of a persistent background 

current that recovers in 6.5 min period without odor stimulation. The mechanism underlying this 

long-term plasticity involved carbon monoxide/cyclic GMP second messengers: it is promoted by 

endogenous release of carbon monoxide leading to stimulation of soluble guanylyl cyclase (sGC) and 

subsequent cGMP formation, indeed was completely abolished by agents that are known to inhibit 

the function of the carbon monoxide-producing enzyme heme oxygenase type 2 (HO-2) (Zufall and 

Leinders-Zufall, 1997). cGMP may be involved in several important long-term cellular responses to 

odor stimulation (Kroner et al., 1996a) and sGC can be stimulated also by nitric oxide (Pietrobon et 

al., 2011). 

 Because of the time-dependence of the onset of odor adaptation, the temporally dynamic 

properties of the process must also play critical roles in determining the temporal response assets of 
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the olfactory system (Moore, 1994). By the other hand, the temporal properties of AOB neurons’ 

responses have been determined in behaving conscious animals and reveals that the detection of 

pheromonal cues by the AOB is far slower compared with processing times in the MOB; this suggests 

that the accessory olfactory system is not designed to sense fleeting changes in the chemical 

environment (Luo et al., 2003). In AOB the optimal stimulus identification is achieved in 10-15 

seconds after the onset and decoding using fine temporal ranges is not favored (Yoles-Frenkel et al., 

2018).  VSNs have been thought to lack any form of sensory adaptation as observed in multielectrode 

recordings from intact vomeronasal epithelium (Holy et al., 2000). More recent studies demonstrate 

different form of adaptation in VSNs using several approaches. Using a combination of in situ 

calcium imaging and electrophysiology extracellular recordings, Wong and colleagues found 

evidence for short- and long-term adaptation on repeated stimulation at defined intervals (Wong et 

al., 2018). Via the immunological detection of the S6 ribosomal protein phosphorylation it has been 

reported the existence of a filtering mechanism to adapt the VNO to a persistent stimulation with 

pheromonal cues (Silvotti et al., 2018). Moreover, there is a modulation at level of sensory 

transduction machinery that promote adaptation by a calcium-calmodulin feedback, indeed the 

presence of calcium-calmodulin is sufficient to block DAG-analogues evoked currents in dissociated 

VSNs and the calcium-calmodulin inhibitors can revert adaptation in field potential recordings by 

electro-vomeronasogram and in whole cell recordings. (Spehr et al., 2009). It remains to be 

determined how spike frequency adaptation affects the encoding of different classes of chemical cues 

in the VNO.  

1.8 CENTRAL PATHWAY 

 The VSN axonal projections towards the AOB maintain the spatial segregation of V1R- and 

V2R-expressing VSN cell bodies in the VNO. Indeed V1R-expressing VSNs from the apical layer of 

the VNO project axons to the anterior portion of the AOB and make synapses with rostral mitral cells, 

while VSNs from basal layer that express V2Rs innervate the posterior region of the AOB and make 

synapses with caudal mitral cells. VSNs that share the same receptor identity converge onto mitral 

cells in 6-10 glomeruli. This organization into mixed glomeruli is suited to integrate sensory 

information (Belluscio et al., 1999; Mucignat-Caretta, 2014b; Rodriguez et al., 1999; Zufall and 

Munger, 2016). The lack of connection to a known cortical region may indicate that VNO-mediated 

olfaction provides a direct route into limbic system to rapidly initiate specialized behaviors. From the 

glomerular layer, the second order mitral and tufted cells directly projects to amygdala nuclei 
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including medial amygdala, bed nucleus of the stria terminalis, nucleus of the lateral olfactory tract 

and anterior amygdala (Mohrhardt et al., 2018). In general, the amygdala works as vigilance system 

for information and establishes their positiveness for individuals’ fitness and survival. The amygdala 

can directly engage the hypothalamus that is the central nuclei for the homeostasis preservation and 

releasing hormones (Fig.8).  

 

 

Figure 8. The VSNs project to AOB. Midsagittal view of a mouse head showing the the vomeronasal organ 

(VNO) and its projections to the accessory olfactory bulb (AOB). The cross section of the head shows the 

position of the VNO (red/blue) relatively to the nasal cavity, nasal septum (NS), VNO lumen (L). The magnified 

cross sections of the VNO is represented by two colors according to the dichotomic G-protein (Gαi2 and Gαo) 

and vomeronasal receptor expression (V1Rs and V2Rs). Gαi2 expressing neurons project to the anterior 

accessory olfactory bulb (AOB) while Gαo expressing neurons, to the posterior AOB. Second order AOB 

neurons project to the bed nucleus of the stria terminalis (not shown) and to the vomeronasal amygdala (VnA), 

which includes the medial amygdaloid nuclei, the posteromedial cortical amygdaloid nucleus, the bed nucleus 

of the accessory olfactory tract, and the ventral and dorsal components of the anterior amygdala. Third order 



Introduction 

 

- 26 - 

 

neuronal fibers are sent to several hypothalamic areas (Hy) including the ventromedial hypothalamus and 

medial preoptic areas (Modified from Tirindelli, 2021). 

1.9 TMEM16A AND TMEM16B 

 TMEM16 proteins belong to a widespread protein family of “transmembrane proteins with unknown 

function 16,” abbreviated as TMEM16. The TMEM16 family of genes has been proposed to encode calcium-

activated chloride channels (CaCC) proteins. This family includes nine members labelled with letters from A 

to K, excluding I (Milenkovic et al., 2010). In 2008, three independent laboratories identified TMEM16A, also 

known as anoctamin-1, as a CaCC and suggested a role for TMEM16A in glandular (mammary, salivary) 

secretion. One team, by bioinformatic approach, identified TMEM16A and its CaCC function by expression 

cloning in HEK-293 cells and small interfering RNA knockdown in mouse salivary glands (Yang et al., 2008). 

The same year, the increase of CaCC activity in airway epithelial cells has been associated with TMEM16A 

gating by microarray analysis that demonstrates that TMEM16A showed an ion channel activation, inhibition, 

and anion selectivity profile consistent with airway CaCCs (Caputo et al., 2008). In the end, expression cloning 

approach identified TMEM16A as CaCCs (Schroeder et al., 2008). Collectively, TMEM16A demonstrates 

many of the characteristics required of a candidate gene for CaCC proteins. Because of anionic conductance 

of TMEM16A, and a putative structure with eight transmembrane domains, anoctamin was proposed as 

alternative name for TMEM16 protein family. However, not all members from TMEM16 family are anionic 

channels and cryo-electron microscopy revealed a structure with ten transmembrane domains (Paulino et al., 

2017a, 2017b). Thus, the name anoctamin is not the most appropriate to refer to TMEM16 protein family.   

 Not all TMEM16 proteins mediate CaCCs, some members of the family are also involved in a variety 

of functions that include ion transport, phospholipid scrambling, and regulation of other membrane proteins 

(Dibattista et al., 2017; Falzone et al., 2018; Hartzell et al., 2009; Rock et al., 2009). Only TMEM16A and 

TMEM16B, encode for CaCCs, a type of ion channel that plays important functions such as transepithelial ion 

transport, smooth muscle contraction, olfaction, phototransduction, nociception, and control of neuronal 

excitability (Pedemonte and Galietta, 2014).  

 TMEM16A and TMEM16B are closely related members of TMEM16 family sharing about 62% of 

amino acids (Milenkovic et al., 2010). Despite similar biophysical properties, TMEM16A and TMEM16B 

differ in calcium sensitivity and activation/deactivation kinetics; TMEM16A channels have a half effective 

calcium concentration of about 0.4 – 0.6 μM at positive membrane potentials (Ferrera et al., 2009), while 

TMEM16B channels are less sensitive, with 1 – 3 μM of half effective calcium concentration at positive 

membrane potentials (Pifferi et al., 2009). Moreover, TMEM16B shows a 10-fold much faster 

activation/deactivation kinetic than TMEM16A (Caputo et al., 2008; Pifferi et al., 2009). TMEM16A and 

TMEM16B are directly gated by sub-micromolar/micromolar concentrations of intracellular calcium, and the 

apparent calcium-sensitivity depends on membrane voltage: the current-voltage relationship is linear at high 
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calcium intracellular concentration, while shows outward rectification at low intracellular calcium 

concentration (Fig. 9). 

 

 

Figure 9. TMEM16A mediated currents modulated by intracellular Ca2+ and membrane potential. Whole-

cell voltage-clamp recording from different HEK cells transfected with mTMEM16A. The voltage steps raging 

from –100 to 100 mV with a holding potential of 0 mV elicited TMEM16A currents with different steady-state 

current–voltage relationships in presence of different amount of free intracellular calcium (Modified from 

Xiao et al., 2011). 

 Voltage changes the apparent affinity for calcium (Hartzell et al., 2004; Huang et al., 2012b; 

Pedemonte and Galietta, 2014; Xiao et al., 2011). TMEM16A and TMEM16B channels are also activated by 

other divalent cations, such as barium, strontium, and nickel, while zinc has instead an inhibitory effect 

(Stephan et al., 2009). Saturating calcium stimulation for prolonged time causes a time-dependent CaCCs 

decrease resulting in channels desensitization (Huang et al., 2012b; Pedemonte and Galietta, 2014). The 

phenomenon is called “rundown” or “desensitization” and it has been observed in both TMEM16A mediated 

currents (Dang et al., 2017) and also in transfected HEK-293T cells with TMEM16B (Pifferi et al., 2009), 

however the mechanism underlying the rundown is still unknown. It has been shown that PIP2 regulates 

TMEM16A channel gating (Ta et al., 2017; Tembo et al., 2019) and it has been proposed an involvement of 

PIP2 depletion in the rundown (Le et al., 2019).  

 By cryo-electron microscopy and complementary electrophysiological characterization of pore 

mutants, the structure of mouse TMEM16A was defined (Paulino et al., 2017a, 2017b). The presence of two 

ion conduction pores independently activated by calcium (Jeng et al., 2016; Lim et al., 2016) suggests the 

dimeric structure of the channel, that is confirmed by the cryo-structure which reveals the location of two 

pores, each contained within a single subunit of the dimeric protein (Paulino et al., 2017b). The entire 
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TMEM16 family follows the same general architecture (Brunner et al., 2014): they are homodimers, each 

subunit contains ten transmembrane helices, α1–α10 connected by loop regions of variable length (Brunner et 

al., 2014; Dang et al., 2017). Both termini are located on the cytoplasmic side of the membrane. The α-helices 

and β-strands of the amino-terminal domain are organized in a ferredoxin-like fold. The channel cavity consists 

of transmembrane α-helices 6 and 7, which are part of a conserved calcium-binding site and are involved in 

ion conduction influencing ion selectivity (Fig. 10) (Brunner et al., 2014; Yu et al., 2012).  

 

Figure 10. Structures of the mouse TMEM16A channel. (A) Ribbon representation of a superposition of the 

Ca2+-bound (green) and Ca2+-free (violet) structures of mTMEM16A; subunits are shown in light and dark 

shades of the corresponding colour. The view is from within the membrane, with the extracellular side at the 

top. Black lines, membrane boundaries. (B) Schematic depiction of the activation of TMEM16A. Top panels 

are viewed from within the membrane, bottom panels from the intracellular side. Green cylinders, pore-lining 

helices; blue spheres, calcium ions; red spheres, chloride ions. (C) Conformational changes in α-6 on calcium 

binding, blue spheres, calcium ions. (From Paulino et al., 2017). 

 As revealed by structures of TMEM16A in the presence of zero, one, and two calcium ions, the calcium 

unbinding causes the rearrangement of transmembrane α-helices 6, while the rest of the protein remains almost 

unchanged. In the absence of calcium, the intracellular portion of α-helix 6 moves away from the α-helix 7 

resulting in a pore constriction (Fig.7). The α-helix 6 appears to serve as a key allosteric connection through 

which calcium, voltage, and extracellular chloride act to regulate the opening of the TMEM16A pore (Dang 

et al., 2017; Paulino et al., 2017a, 2017b; Peters et al., 2018).  Each TMEM16A monomer forms an independent 

subunit cavity gated by two calcium-binding sites.  
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2 AIMS 

Many aspects of the VNO signal transmission require further investigation and the aims of this work 

are in this direction. While some molecular players of the transduction machinery are known, the 

physiological role of many putative components of the transduction cascade remains unclear. An 

undefined aspect is related to the role of calcium-activated chloride currents in VSNs signaling; the 

other debated point is on the mechanisms underlying the peripheral sensory adaptation of the AOS. 

The experiments in the following sections try to elucidate some aspects of the evoked responses 

modulation in VSNs at peripheral level. 

The first objective is to clarify the physiological role of TMEM16A and TMEM16B chloride channels 

in VSNs spontaneous and evoked activity. 

The second goal is to establish the origin of VSNs’ adaptation mechanisms and identify a molecular 

player involved in adaptive evoked response.  
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3 RESULTS 

3.1 TMEM16A AND TMEM16B MODULATE PHEROMONE-EVOKED ACTION POTENTIAL 

FIRING IN MOUSE VOMERONASAL SENSORY NEURONS  
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Abstract

The mouse vomeronasal system controls several social behaviors. Pheromones and other social cues are de-
tected by sensory neurons in the vomeronasal organ (VNO). Stimuli activate a transduction cascade that leads
to membrane potential depolarization, increase in cytosolic Ca21 level, and increased firing. The Ca21-acti-
vated chloride channels TMEM16A and TMEM16B are co-expressed within microvilli of vomeronasal neurons,
but their physiological role remains elusive. Here, we investigate the contribution of each of these channels to
vomeronasal neuron firing activity by comparing wild-type (WT) and knock-out (KO) mice. Performing loose-
patch recordings from neurons in acute VNO slices, we show that spontaneous activity is modified by
Tmem16a KO, indicating that TMEM16A, but not TMEM16B, is active under basal conditions. Upon exposure
to diluted urine, a rich source of mouse pheromones, we observe significant changes in activity. Vomeronasal
sensory neurons (VSNs) from Tmem16a cKO and Tmem16b KO mice show shorter interspike intervals (ISIs)
compared with WT mice, indicating that both TMEM16A and TMEM16B modulate the firing pattern of phero-
mone-evoked activity in VSNs.

Key words: ion channel; sensory; TMEM16; vomeronasal

Significance Statement

Vomeronasal sensory neurons (VSNs) express two Ca21-activated chloride channels TMEM16A and
TMEM16B, however their physiological role is still unclear. Using a loss of function approach, we found that
TMEM16A modulates the pattern of VSN spontaneous spike activity, while TMEM16A and TMEM16B re-
duced the instant frequency of pheromone-evoked activity. These new findings call for a reconsideration of
the patterns of the peripheral coding of sensory stimuli.

Introduction
Most mammals use at least two distinct olfactory sys-

tems to detect chemicals: the main and the accessory
(vomeronasal) olfactory system. In general, pheromones
affect the physiology and/or behavior of an individual by
activating either one or both systems (Tirindelli et al.,

2009; Touhara and Vosshall, 2009; Mohrhardt et al.,
2018).
Chemical signals bind to chemosensory neurons in the

vomeronasal organ (VNO), a bilateral cylindrical structure
within a cartilaginous capsule located beneath the septum
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(Døving and Trotier, 1998). Vomeronasal sensory neurons
(VSNs) are bipolar neurons with a single apical dendrite that
has a terminal swelling (knob) with several microvilli, where
vomeronasal receptors (V1Rs, V2Rs, FPRs) are located and
sensory transduction occurs. Each VSN expresses one type
or few types of vomeronasal receptors, and axons from
VSNs expressing the same receptor project to various glo-
meruli in the accessory olfactory bulb (AOB; Rodriguez et
al., 1999; Francia et al., 2014).
Vomeronasal receptor-ligand binding activates a G-pro-

tein mediated signaling pathway involving phospholipase C
activation. Phosphoinositide turnover activates transient re-
ceptor potential canonical 2 (TRPC2) channels allowing the
influx of Na1 and Ca21 (Liman et al., 1999; Lucas et al.,
2003; Leinders-Zufall et al., 2018). In parallel, Ca21 release
from intracellular stores has also been described (Kim et al.,
2011). Ultimately, VSN signal transduction generates mem-
brane depolarization and action potentials that are sent to
the AOB.
The increase in intracellular Ca21 concentration on acti-

vation of the transduction cascade has several physiolog-
ical effects, including the activation of Ca21-activated
chloride channels (Yang and Delay, 2010; Kim et al.,
2011; Dibattista et al., 2012; Amjad et al., 2015). At least
two members of the TMEM16 family, TMEM16A and
TMEM16B, form Ca21-activated chloride channels and
are expressed in several different tissues (Caputo et al.,
2008; Schroeder et al., 2008; Yang et al., 2008; Pifferi et
al., 2009a; Stephan et al., 2009; Pedemonte and Galietta,
2014). Interestingly, although TMEM16A and TMEM16B
are individually expressed in different cell types, they co-ex-
press in microvilli of VSNs (Dibattista et al., 2012; Münch et
al., 2018). Not many other cell types are known to co-ex-
press TMEM16A and TMEM16B. Indeed, to our knowledge,
the only other cells that have been shown to functionally ex-
press both proteins are pinealocytes (Yamamura et al.,
2018). Therefore, studying the role of these channels in the
VNO is helpful to understand how VSNs respond to phero-
mones and contributes to understanding their individual role
in other cells co-expressing them.
In isolated VSNs, Amjad et al. (2015) have shown that

the biophysical properties of Ca21-activated chloride cur-
rents, measured both in whole-cell and in inside-out

patches from the apical neuronal region, resemble those
of TMEM16A, rather than TMEM16B channels. Moreover,
Ca21-activated chloride currents were abolished in VSNs
from Tmem16a conditional knock-out mice (cKO), dem-
onstrating that TMEM16A is a necessary component of
Ca21-activated chloride channels in mouse VSNs (Amjad
et al., 2015; Münch et al., 2018). Different results were ob-
tained in Tmem16b KO mice, with a study reporting the
lack of Ca21-activated chloride currents in VSNs (Billig et
al., 2011) and another one showing that disruption of
Tmem16b only insignificantly reduced those currents
(Münch et al., 2018).
In this study, we investigated the individual roles of

TMEM16A and TMEM16B in controlling physiological
VSN activity. We compared spontaneous and stimulus-in-
duced firing in wild-type (WT), cKO for Tmem16a or
mCherry Tmem16b KO (Zhang et al., 2017) mice. We
found that only TMEM16A is involved in spontaneous fir-
ing patterns, while both TMEM16A and TMEM16B modu-
late the firing pattern of pheromone-evoked activity in
VSNs.

Materials and Methods
Animals
Mice were handled in accordance with the Italian

Guidelines for the Use of Laboratory Animals and European
Union on animal research, under a protocol approved by the
ethics committee of Scuola Internazionale Superiore di
Studi Avanzati (SISSA) and approved by Italian Ministry of
Health.
The generation of Tmem16a cKO mice has been previ-

ously described in detail (Amjad et al., 2015). Tmem16a
cKO mice were homozygous for the floxed Tmem16a al-
leles and heterozygous for Cre and Omp (Li et al., 2004;
Faria et al., 2014; Schreiber et al., 2015). Tmem16afl/fl

mice were used as controls.
mCherry Tmem16b KO mice were kindly provided by

Lily Jan (University of California, San Francisco, Zhang et
al., 2017) and were generated by inserting mCherry se-
quence with a farnesylation signal at the C terminus
(mCherry-F) in frame with the alternative start ATG codon
in the third exon of Tmem16b, therefore membrane asso-
ciated mCherry marks neurons that normally express
Tmem16b (Zhang et al., 2017; see their Fig. S2C).
V2r1b-tau-GFP mice were provided by Peter Mombaerts

(Max Planck Research Unit Neurogenetics, Frankfurt,
Germany; Rodriguez et al., 1999).
All experiments were performed on tissues from two to

threemonths old mice of either sex. All experiments and
data analysis were performed by researchers who were
blind to the mouse genotype.

Immunohistochemistry
VNO sections and immunohistochemistry were ob-

tained as described previously (Dibattista et al., 2012;
Amjad et al., 2015). The following primary antibodies
were used: polyclonal goat anti-TMEM16A (1:200; sc-
69 343, Santa Cruz), polyclonal rabbit anti-TMEM16B
(1:500; NBP1-90739, Novus), rabbit anti-RFP (1:500;
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600-401-379, Rockland), goat anti-OMP (1:1000; 544-1001,
Wako). The following secondary antibodies obtained from
Life Technologies (dilution; catalog number) were used:
donkey anti-rabbit Alexa Fluor 594 Plus (1:500; A32754),
donkey anti-goat Alexa Fluor 488 Plus (1:500; A32814).
Immunoreactivity was visualized with a confocal laser
scanning microscope (Nikon A1R). Images were ac-
quired using NIS-Elements Nikon software (at 1024 -
� 1024-pixel resolution) and were not modified other
than to balance brightness and contrast. Nuclei were
stained by DAPI. Control experiments without the pri-
mary antibodies gave no signal.

Clarity and imaging
Brains and VNOs from adult mice (V2R1b-GFP-

TMEM16Afl/fl-OMP/OMP and V2R1b-GFP-TMEM16Afl/fl-
OMP/Cre) of both sexes were dissected. Brains were fur-
ther sliced in 3 mm coronal sections including the AOB.
To maintain structural integrity, the tissue was fixed
overnight at 4°C in hydrogel fixation solution containing
4% acrylamide, 0.05% bis-acrylamide, 0.25% VA-044
Initiator (Wako Chemicals), 4% PFA in PBS. After poly-
merization, lipids were removed by passive clearing. The
samples were incubated at 37°C for two months in 4%
SDS and 200 mM boric acid at pH 8.5. The buffer was
changed every other week. During the last clearing
cycle, the nuclear marker DRAQ5 (1:1000, Thermo Fisher
Scientific) was added to each sample. After washing
steps, samples were incubated for 24 h in RIMS80, con-
taining 80 g Nycodenz (PROGEN Biotechnik), 20 mM PS
(phosphate buffer, pH 7.5), 0.1% Tween 20, and 0.01%
sodium azide. Imaging was performed using a Leica SP8
DLS microscope equipped with a 488 and 633 nm diode
laser, an HC PL FLUOTAR 5�/0.15 IMM DLS observing
objective, an L 1.6�/0.05 DLS illuminating objective and
a DLS TwinFlect 7.8 mm Gly mirror cap that creates the
lightsheet. Specimens were positioned in a custom-
made 3D-printed chamber.
Data were analyzed using IMARIS 9.5.1 (Oxford

Instruments). AOB glomerular volume was determined by
measuring the volume of all fluorescently labeled glomer-
ular structures within the AOB. VNO cell density was
measured by counting the number of fluorescently la-
beled cells in a defined volume of vomeronasal sensory
epithelium (VNE). MATLAB R2019b (MathWorks) was
used for plotting and statistical analysis. CorelDRAW
2019 (Corel Corporation) was used for figure preparation.

Preparation of acute slices of mouse VNO
Acute slices of mouse VNO were prepared as previ-

ously described (Shimazaki et al., 2006; Dibattista et al.,
2008; Wong et al., 2018). In brief, the VNO was removed
and transferred to ice-cold artificial CSF (ACSF) contain-
ing the following: 120 mM NaCl, 20 mM NaHCO3, 3 mM

KCl, 2 mM CaCl2, 1 mM MgSO4, 10 mM HEPES, and 10 mM

glucose, pH 7.4. 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% Type I-A agarose (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 vi-
bratome (Vibratome 1000 Plus Sectioning System) at 200
to 250 mm thickness in oxygenated ACSF solution. Slices
were then left to recover for .30min in chilled and oxy-
genated ACSF before electrophysiological experiments
were initiated.

Electrophysiological recordings from VSNs and
stimuli presentation
Slices were viewed with an upright microscope

(Olympus BX51WI) by infrared differential contrast op-
tics with water immersion 20� or 60� objectives. The
slice preparation maintained the VNO cross-sectional
structure and many individual VSNs could be clearly
distinguished by their morphology. Whole-cell or loose-
patch recordings were obtained using patch pipettes
pulled from borosilicate capillaries (WPI) with a PC-10
puller (Narishige) with a resistance of 3–6 MX. Recordings
were obtained 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 per-
fused with oxygenated (95% O2, and 5% CO2) ACSF by
gravity flow. The slice was anchored to the base of the re-
cording chamber using a homemade U-shaped silver wire,
holding down the agar support without touching the slice
itself.
Membrane properties and inward and outward voltage-

gated currents were measured in the whole-cell configu-
ration with a KCl based intracellular solution containing
the following: 80 mM K-gluconate, 60 mM KCl, 10 mM

NaCl, 1 mM MgCl2, 0.023 mM CaCl2, 10 mM HEPES, and
10 mM EGTA, adjusted to pH 7.2 with KOH.
For recordings of Ca21-activated currents, we used a

CsCl based intracellular solution containing the following:
140 mM CsCl, 10 mM HEPES, and 10 mM HEDTA, adjusted
to pH 7.2 with CsOH. The nominally 0 Ca21 solution con-
tained no added Ca21. The 1.5 mM free Ca21 solution was
obtained by adding 3.209 mM CaCl2. The added concentra-
tion was the same as that previously used to obtain 1.5 mM

free Ca21 experimentally determined by Fura-4F (Invitrogen)
measurements by using a LS-50B luminescence spec-
trophotometer (PerkinElmer; Pifferi et al., 2006, 2009a,
b) and based on calculation with the program WinMAXC
(C. Patton, Stanford University, Stanford, CA; Patton et
al., 2004).
Extracellular recordings from the soma of VSNs were

obtained in the on-cell loose-patch configuration with
seal resistances of 40–100 MV. Pipette solution was
ACSF, as the bath solution, and the recordings were
made in voltage-clamp mode with a holding potential of
0mV.
Stimuli were focally delivered through a gravity-fed

multivalve perfusion system (ALA-VM8, ALA Scientific
Instruments). The tip of the perfusion head, with a diame-
ter of 360mm, was placed ;500mm away from the slice.
The time delay of the stimulus was measured using a
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high-K1 ACSF solution. 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. This results in a constant flow across the epi-
thelium and sharp concentration transients, undiluted by
the bath ACSF.

Urine collection and stimulus solutions
Urine was collected from both sexes C57BL/6 mice, fil-

tered with a 0.2-mm filter, and frozen at �80°C. Before
use, male and female urines were mixed in a 1:1 ratio, and
the mixture was diluted to 1:50 in ACSF (pH 7.4). As
mouse urine contains urea and K1, which could poten-
tially cause neurons to fire by direct membrane depolari-
zation, we used artificial urine diluted 1:50 in ACSF as a
negative control. Artificial urine contained the following:
100 mM NaCl, 40 mM KCl, 20 mM NH4OH, 4 mM CaCl2, 2.5
mM MgCl2,15 mM NaH2PO4, 20 mM NaHSO4, and 333 mM

urea, pH 7.4 adjusted with NaOH (Holy et al., 2000). To
test cell viability, we used a high K1 solution (25 mM KCl) by
replacing equimolar amounts of NaCl with KCl in ACSF.
Diluted urine or artificial urine stimuli were applied in 10-s
pulses with an interstimulus interval of at least 4min to avoid
desensitization or adaptation processes (Spehr et al., 2009;
Wong et al., 2018). High K1 solution was applied in 5-s
pulses. 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.
In loose-patch, slow changes in the baseline were corrected
by filtering the recordings offline with a high-pass filter at
2Hz. Spikes were initially detected using an event detection
tool using an arbitrary threshold, and then confirmed by
shape inspection. For spontaneous activity, the mean firing
activity was estimated by dividing the number of spontane-
ous spikes by the duration of recordings in the absence of
stimuli. Interspike interval (ISI) was calculated by measuring
the time between each consecutive spike. Each ISI distribu-
tion was obtained by grouping the ISIs in bins, as indicated in
the figures, and normalized by dividing the value for each bin
by the total number of ISIs. The values in y-axes represent
the percentage of spikes in each bin and the area under the
curve is 100%.
For VSNs showing a high spontaneous activity, it was

difficult to identify a urine response from a single record-
ing. To avoid false positives, we applied at least three re-
petitive stimulations. Each recording was 90 s long
divided into 40 s of prestimulus, 10 s of stimulus, and 40 s
of poststimulus. To analyze the response to urine for a
single cell we took the basal period (40 s prestimulation)
and stimulus period (10 s of stimulation), and we calcu-
lated the basal and the stimulation frequency for each
trace. We defined a threshold level as: BF12*s2, where
BF is the average of basal frequency for all the traces and
s2 is the SD of the basal frequency. A cell was considered
responsive to urine if: (1) the average spike frequency was
above threshold during stimulation; and (2) there was no
response to diluted artificial urine.

Statistical analysis
Data are presented as mean 6 SEM, with n indicating

the number of neurons. VSNs were obtained from at least
five (whole-cell recordings) or 10 (loose-patch recordings)
different WT or mutant mice. Normal distribution of the
data was tested with the Shapiro–Wilk test or with the
Jarque–Bera test. For normally distributed data, statistical
significance was determined using unpaired Student’s t
tests. For multiple comparison of the data, we used
Dunn–Hollander–Wolfe test after Kruskal–Wallis analysis.
Kolmogorov–Smirnov test was used to compare cumula-
tive distributions. p-values,0.05 were considered signifi-
cant. Statistical analysis was performed with IgorPro
software (Wavemetrics).

Results
TMEM16A and TMEM16B expression in the
vomeronasal epithelium
TMEM16A and TMEM16B are co-expressed in micro-

villi of mouse VSNs (Dibattista et al., 2012; Münch et al.,
2018) but their functional role is unclear. By immunohisto-
chemistry, we confirmed that TMEM16A and TMEM16B
are expressed at the apical surface of the vomeronasal
epithelium of WT mice (Fig. 1A), whereas TMEM16A or
TMEM16B immunoreactivity was absent, as expected, in
Tmem16a cKO and Tmem16b KOmice, respectively.
mCherry Tmem16b KO mice (Zhang et al., 2017) allow

visualization of those cells that normally express TMEM16B
by membrane staining with farnesylated mCherry. Figure 1B
clearly shows co-expression of OMP and mCherry in VSNs,
confirming the expression of TMEM16B in VSNs and exclud-
ing TMEM16B expression in supporting cells of the VNO.

Ca21-activated chloride currents in VSNs fromWT,
Tmem16a cKO, and Tmem16b KOmice
To determine the respective contributions of TMEM16A

and TMEM16B to Ca21-activated chloride currents in
VSNs, we used intracellular solutions with nominally 0
Ca21 or with 1.5 mM free Ca21 and obtained whole-cell
voltage-clamp recordings from the soma of neurons in
acute VNO slices from WT, Tmem16a cKO, and
Tmem16b KO mice (Fig. 2). To avoid contributions from
K1 currents (Ca21-activated or voltage-activated), the
pipette solution contained Cs1 instead of K1. Figure 2A
shows representative VSN recordings (holding potential
Vhold = 0mV) from each mouse line at voltage steps
between �100 and 1100mV, followed by a step to
�100mV. In agreement with previous results (Amjad et
al., 2015), we confirmed that VSNs from Tmem16a cKO
mice lacked a significant Ca21-activated chloride current
in the presence of 1.5 mM Ca21. Indeed, the average cur-
rents measured at steady state in 0 Ca21 (�1563pA at
�100 mV and 3266 38pA at 1100mV, n=6) or in 1.5 mM

Ca21 (�626 13pA at �100 mV and 2366 41pA at
1100mV, n=14) were not significantly different (Fig. 2B).
Furthermore, VSN currents activated by voltage steps in
Tmem16a cKO mice did not show any time dependence (red
and green traces), whereasWT currents in 1.5mM Ca21 (black
traces) showed the typical kinetics characterized by an
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instantaneous current followed by an outward or inward relax-
ation at the most depolarizing or hyperpolarizing voltage
steps, respectively. Recordings from VSNs of Tmem16b
KO mice (brown traces; �1576 20pA at �100 mV and
805679pA at1100mV, n=8) revealed Ca21-activated chlo-
ride currents similar to WT mice (�1056 14pA at �100 mV
and 6666 55pA at 1100mV, n=10), further corroborating
previous findings that TMEM16A largely contributes to Ca21-
activated chloride currents in VSNs (Fig. 2B).

Membrane properties and voltage-gated currents of
VSNs from KOmice are not altered
To test whether Tmem16a or Tmem16b deletion

changes VSN passive membrane properties and/or volt-
age-gated currents, we performed whole-cell recordings
in the presence of K1 in the patch pipette.

Representative recordings of voltage-activated inward
and outward currents from each mouse line are shown in
Figure 3A. For I-V relations, we plotted the minimum val-
ues of inward currents during the first 20ms after each
voltage pulse (Fig. 3B, circles) and the outward current
value at the end of each voltage pulse (Fig. 3B, triangles).
Figure 3B shows that I-V relations of voltage-gated cur-
rents were similar in VSNs from WT, Tmem16a cKO, and
Tmem16b KOmice.
Membrane input resistance was evaluated in voltage-

clampmode with a negative pulse of 20mV from a holding
potential of �90mV, as in these conditions voltage-gated
currents are not activated (Dibattista et al., 2008). The av-
erage membrane input resistances of VSNs from WT,
Tmem16a cKO, and Tmem16b KO mice were 3.26 0.3
GV (n=31), 3.26 0.2 GV (n=23), and 2.96 0.4 GV
(n=23), respectively (Fig. 3C). These values were not

Figure 1. TMEM16A and TMEM16B are expressed at the apical surface of the vomeronasal epithelium. A, Confocal micrographs of
coronal sections of the VNO from WT, Tmem16a cKO, or Tmem16b KO mice, as indicated, immunostained with antibody against
TMEM16A (green) and TMEM16B (red). No immunoreactivity to TMEM16A or TMEM16B was detectable in Tmem16a cKO or
Tmem16b KO mice, respectively. B, Confocal micrographs of VNO sections from Tmem16b KO mice expressing mCherry in the
membrane of cells that normally express TMEM16B, immunostained with antibody against mCherry (red) and OMP (green). At the
bottom, a magnification showing the co-expression of mCherry and OMP. Note that mCherry is expressed, as expected, in the
membrane of entire VSNs and not only at the apical side. Cell nuclei were stained by DAPI (blue).
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statistically different, indicating that membrane input re-
sistance is not altered by either the lack of TMEM16A or
TMEM16B.
The resting membrane potential was measured in cur-

rent-clamp mode (Iinject = 0 pA) and was not statistically
different between genotypes (Fig. 3D), with values of
�696 1mV (n=28) for WT, �686 2mV (n=22) for
Tmem16a cKO, and �7162mV (n=20) for Tmem16b KO
VSNs.
These results indicate that the Ca21-activated chloride

channels TMEM16A and TMEM16B do not contribute to
passive membrane properties of mouse VSNs and do not
alter major voltage-gated inward and outward currents in
the range from �100 up to 140mV. As TMEM16A can
also be activated by high positive voltages in absence of
intracellular Ca21 (Xiao et al., 2011; Segura-Covarrubias
et al., 2020), these results show that TMEM16A does not
alter passive properties at membrane potentials up to
140mV.

Spontaneous firing pattern is altered in VSNs from
Tmem16a cKO
It is well known that VSNs display spontaneous firing

activity in the absence of stimuli (Holy et al., 2000; Arnson
and Holy, 2011) and that changes in sensory transduction
components may modify this activity, as for example
VSNs from Trpc2 KO mice showed reduced spontaneous
firing (Arnson and Holy, 2011). Moreover, experiments in
the main olfactory epithelium have shown that deletion of
TMEM16B, which is highly expressed in the cilia of olfac-
tory sensory neurons (OSNs), caused a reduction of spon-
taneous firing activity in those neurons (Pietra et al.,
2016). Based on these findings, we hypothesized that
TMEM16A and TMEM16B might play a role in the sponta-
neous VSN firing.
By performing extracellular loose patch recordings

from individual neurons in VNO slices from WT and mu-
tant mice, we found that VSNs have a highly variable
spontaneous activity among neurons of the same

Figure 2. Ca21-activated chloride currents in VSNs. A, Representative whole-cell recordings obtained with an intracellular solution
containing 0 or 1.5 mM Ca21 from VSNs from WT, Tmem16a cKO, or Tmem16b KO mice, as indicated. The voltage protocol is in the
center of the figure. B, Scatter dot plot with average 6 SEM of steady-state current amplitudes measured at �100 or 1100mV with
intracellular pipette solution containing nominally 0 Ca21 from Tmem16a cKO (red, n=6), or 1.5 mM free Ca21 from Tmem16a cKO
(green, n=14), WT (black, n=10), and Tmem16b KO (brown, n=8) mice (**p, 0.01; Dunn–Hollander–Wolfe test after Kruskal–Wallis
analysis at –100 and 1100 mV), ns: not significant.
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genotype with frequencies varying from 0Hz (no spon-
taneous activity) to ;4Hz (Fig. 4A). The viability of each
neuron was tested by depolarization with a high K1 so-
lution to verify the neurons firing capability, and only
VSNs responding to high K1 were included in the analy-
sis. VSNs that did not show spontaneous activity were:
six out of 50 for WT, five out of 52 for Tmem16a cKO,
and one out of 34 for Tmem16b KO. Thus, at least
88% VSNs from each genotype showed spontaneous
activity.
Although the average spontaneous frequency was not

significantly different among the three genotypes
(0.326 0.08Hz, n=50 for WT; 0.166 0.04Hz, n=52 for
Tmem16a cKO, and 0.656 0.18Hz, n=34 for Tmem16b
KO; Fig. 4B), we measured differences in firing patterns.
To analyze activity patterns, we calculated ISI distribu-
tions from neurons with a mean frequency .0.1 Hz and
plotted the distributions for each mouse line (Fig. 4C).
To avoid overrepresentation of neurons with higher ver-
sus those with lower spontaneous activity, we

normalized the ISI distribution by dividing the number of
spikes for each bin by the total number of spikes for
each single VSN before adding it to create the ISI distri-
bution for each genotype. Moreover, to compare data
from the three genotypes, data were normalized to the
area under the curve (Fig. 4C). Corresponding cumula-
tive fraction plots are shown in Figure 4D. We found
that ISI distributions of spontaneous firing were statisti-
cally different (p, 0.01) between WT and Tmem16a
cKO VSNs, while they did not differ between WT and
Tmem16b KO VSNs. Indeed, in WT and Tmem16b KO
VSNs, ;80% of ISIs range between 50 and 200ms
(black and brown traces, respectively). By contrast, the
ISI distribution for Tmem16a cKO neurons is broader
showing only ;50% of activity in the 50- to 200-ms ISI
range (green traces). These results show that short ISIs
were reduced in Tmem16a cKO compared with WT neu-
rons (Fig. 4C,D), indicating that TMEM16A, but not
TMEM16B, exerts firing pattern control during sponta-
neous activity of VSNs.

Figure 3. Tmem16a or Tmem16b deletion does not affect voltage-gated currents and membrane properties of VSNs. A,
Representative whole-cell recordings of VSNs obtained from the indicated mouse lines. The holding potential was �90mV and volt-
age steps from �110 to 130mV with 20-mV increment were applied. B, Average 6 SEM of the IV relationships of inward currents
(circles) and steady-state outward currents (triangles) from WT (black, n=31), Tmem16a cKO (green, n=23), or Tmem16b KO
(brown, n=23) VSNs. Values were taken at the negative peak and at the end of voltage step as indicated by the symbols in A. C,
Scatter dot plot with average 6 SEM of the membrane resistance (Rm) recorded in voltage-clamp mode (WT, n=31; Tmem16a
cKO, n=23; Tmem16b KO, n=23. Kruskal–Wallis analysis p=0.21). D, Scatter dot plot with average 6 SEM of resting membrane
potential (RMP) recorded in current-clamp configuration (WT, n=28; Tmem16a cKO, n=22; Tmem16b KO, n=20. Kruskal–Wallis
analysis p=0.68).
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Deletion of TMEM16A and resulting changes in
spontaneous firing do not modify axonal targeting to
AOB glomeruli
In the main olfactory epithelium, spontaneous activity of

OSNs is essential for both formation and maintenance of
the glomerular map in the OB (Yu et al., 2004; Lodovichi
and Belluscio, 2012; Lorenzon et al., 2015). Furthermore,
deletion of TMEM16B, the Ca21-activated chloride chan-
nel in OSNs, altered spiking and affected the glomerular
formation of I7-expressing OSNs (Pietra et al., 2016).
While the relation between spiking pattern and glomerular
formation has been investigated in the OB, similar studies
in the AOB were missing. To investigate whether sponta-
neous firing pattern alteration, resulting from TMEM16A
deletion, affects VSN density or glomeruli formation in the
AOB, we crossed Tmem16a cKO with V2R1b-GFP (Del

Punta et al., 2002) mice to generate a mouse line in which
V2R1b expressing VSNs were fluorescently labeled, but
lack TMEM16A (V2R1b-GFP-TMEM16A-cKO). V2R1b-
GFP-TMEM16A cKO mice were homozygous for V2R1b-
GFP and Tmem16a-Flox genes, and heterozygous for
OMP/Cre, while control animals were homozygous for
V2R1b-GFP, Tmem16a-Flox and OMP genes, lacking the
expression of Cre recombinase. We performed VNO and
forebrain tissue clearing to quantify and compare (1) the
number of fluorescently labeled neurons per VNO, and (2)
the V2R1b-specific axonal glomerular architecture in the
AOB, between TMEM16A-deficient V2R1b-GFP mice and
corresponding controls (Fig. 5). Figure 5A–C shows an ex-
ample of a cleared VNE observed with a light sheet micro-
scope and the corresponding 3D reconstruction (Movie
1). Single VSNs were readily observed, and cellular

Figure 4. Tmem16a deletion modifies VSNs spontaneous firing activity. A, Raster plots of recordings of the spontaneous activity of
VSNs from WT (black, n=50), Tmem16a cKO (green, n=52), or Tmem16b KO (brown, n=34) mice. Each row shows spike activity
from a different VSN. B, Mean frequency of spontaneous activity from the cells shown in A. C, ISI distributions of spontaneous firing
from a subset of cells with mean frequency.0.1Hz (bin = 10ms). Values were normalized to the area under each curve to show the
spike percentages for WT (black, n=25), Tmem16a cKO (green, n=18), or Tmem16b KO (brown, n=20) mice. D, Cumulative frac-
tion of ISI distributions (***p , 0.001, Kolmogorov–Smirnov test).
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density was calculated (Fig. 5D). We found no significant
statistical difference in VSN density between V2R1b-
GFP-WT and V2R1b-GFP-TMEM16A-cKO mice (Fig. 5D,
n=5–7). These results indicate that deletion of TMEM16A
does not affect the number of V2R1b-expressing VSNs.
Next, we evaluated the glomerular architecture in the

AOB. We identified several glomeruli innervated by V2R1b
axons, confirming previous reports (Del Punta et al.,
2002). Given the variability in glomerular number between
animals from the same mouse line, ranging between 2
and 10 glomeruli per AOB (Del Punta et al., 2002), we de-
cided to evaluate whether the total volume of AOB glo-
meruli was affected by TMEM16A deletion. Figure 5E–G
shows a representative 3D reconstruction of the AOB with
glomeruli formed by V2R1b-GFP axons (Movie 2). Single
glomeruli were discernable (Fig. 5G, white arrows). A
comparison of GFP-positive glomerular volume between
V2R1b-WT and V2R1b-cKO mice show no significant sta-
tistical difference (Fig. 5H, n=5–6). These results indicate
that deletion of TMEM16A protein in VSNs and resulting
alterations in firing do not affect general glomerular devel-
opment in the AOB.

Response to sensory stimulation is altered in VSNs
from KOmice
Next, we asked whether TMEM16A or TMEM16B dele-

tion affects VSN responses to sensory stimulation. Thus,
we stimulated VSNs with diluted mouse urine, a natural
source of pheromones that has been frequently used to
activate VSNs (Mohrhardt et al., 2018). While recording in
loose-patch configuration, we stimulated VSNs with di-
luted urine and recorded the evoked firing activity.
Stimulus application was repeated at least three times to
avoid the detection of false-positive responses in sponta-
neously active neurons (Fig. 5). The viability of each VSN
was tested by using a short depolarizing high K1 solution
stimulus (Fig. 6A), where unresponsive neurons were dis-
carded. Furthermore, as urine also contains various ions
including K1 that could depolarize neurons (see Materials
and Methods), we stimulated VSNs with diluted artificial
urine (Fig. 6B) Neurons responding to the artificial urine
control stimulus were excluded from the analysis. Finally,
as VSNs display spike frequency adaptation to repetitive

Figure 5. Tmem16a cKO effect on VSN density and glomerular volume. A–C, top, Representative 3D projection image of a VNE
from a V2R1b-WT mouse. Zoom-in indicated by white rectangles. Arrows indicate example fluorescently labeled V2R1b neurons. D,
Scatter dot plot (average 6 SEM) of VSN density in V2R1b-WT and V2R1b-Tmem16a cKO mice (Student’s t test, p=0.1876). E–G,
top, Representative 3D projection image of AOB from V2R1b-WT mouse. Zoom-in indicated by white rectangles. Arrows indicate
exemplary fluorescently labeled V2R1b glomerular structures. H, Scatter dot plot with average 6 SEM of glomerular volume in
V2R1b-WT and V2R1b-Tmem16a cKO mice (Student’s t test, p=0.2573).

Movie 1. Light-sheet fluorescence microscopy of cleared
VNOs. Examples show intact transparent organs from wild type
control (V2R1b-GFP - TMEM16Afl/fl - OMP/OMP; left) and
TMEM16A knockout (V2R1bGFP - TMEM16Afl/fl - OMP/Cre;
right) animals. Three-dimensional rendering displays the VNOs
rotating around their longitudinal axes. [View online]

Movie 2. Light-sheet fluorescence imaging of cleared AOBs.
Examples show intact transparent olfactory bulb samples from
wild type control (V2R1b-GFP - TMEM16Afl/fl - OMP/OMP; left)
and TMEM16A knockout (V2R1bGFP - TMEM16Afl/fl - OMP/
Cre; right) mice. Nuclei are stained with DRAQ5 (grey scale).
Green fluorescence of V2R1b-positive vomeronasal sensory
neuron axons becomes apparent upon fiber coalescence and
convergence in AOB glomeruli. [View online]

Research Article: New Research 9 of 15

September/October 2021, 8(5) ENEURO.0179-21.2021 eNeuro.org

https://doi.org/10.1523/ENEURO.0179-21.2021.video.2
https://doi.org/10.1523/ENEURO.0179-21.2021.video.1
https://doi.org/10.1523/ENEURO.0179-21.2021.video.2


stimulation (Wong et al., 2018), we selected an interstimu-
lus interval between urine application of 4min to avoid
adaptation.
Figure 6 shows representative responses of single

VSNs from WT or mutant mice. A 10-s stimulus of diluted
urine was applied four times and, each time, clearly eli-
cited an increase in firing frequency (Fig. 6C), whereas ap-
plication of diluted artificial urine did not alter spiking
activity (Fig. 6B). The plot of average firing frequency (1-s-
bin width) shows a clear frequency increase during urine
application in VSNs from either genotype (Fig. 6D).
Figure 7 shows reliable responses to repeated urine

stimulation in 17 out of 30 WT, 22 out of 30 Tmem16a
cKO, and 15 out of 34 Tmem16b KO VSNs, indicating that
.45% VSNs from each genotype can respond to urine
(Fig. 7A,B).
Although the mean firing frequency and response dura-

tion to urine were not significantly different among

genotypes (Fig. 7C,D) a more detailed analysis showed
that patterns of firing responses were altered by deletion
of TMEM16A or TMEM16B (Fig. 7E,F). Indeed, ISI distri-
butions and cumulative fractions of mutant mice were dif-
ferent from those of WT. ISI distribution for WT showed a
peak ;200ms, while in the ISI distribution from Tmem16a
cKO and Tmem16b KO the peak was shifted to a shorter ISI
of;100ms. These results indicate that both TMEM16A and
TMEM16Bmodulate firing activity during signal transduction
in mouse VSNs.

Discussion
In this study, we investigated the individual roles of

TMEM16A and TMEM16B in regulating the physiological
activity of VNO neurons. We found that TMEM16A, but
not TMEM16B, modulates spontaneous spike patterns by
increasing activity, while both channels shape phero-
mone-mediated spike activity by increasing ISIs.

Figure 6. Evoked firing activity. A–C, Representative loose-patch recordings of a VSN from each indicated mouse line stimulated
with high K1 (A), diluted artificial urine as control (B), or diluted urine (C). Black bars indicate the time of stimulus presentation. D,
Average firing activity (1-s bin width) for the responses to diluted artificial urine (empty circles) or urine (filled circles) from B, C. Error
bars represent SEM.
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Figure 7. Patterns of evoked firing activity are modulated by TMEM16A and TMEM16B. A, Raster plots showing the responses of
VSNs from each indicated mouse line to diluted urine. Black bars indicate the time of stimulus presentation (10 s). Every neuron
was tested at least three times. Horizontal dotted lines delimit multiple recordings from each VSNs. Numbers on the left indicate the
neuron number. B, Histograms of the number of spikes from neurons in A (100-ms bin width). Each neuron was averaged to equally
contribute to spikes count. C, D, Scatter dot plots with average 6 SEM of the mean frequency (C, Kruskal–Wallis analysis p=0.37)
and duration (D, Kruskal–Wallis analysis p=0.79) of the responses to urine of VSNs from WT (black, n=17), Tmem16a cKO (green,
n=22), or Tmem16b KO (brown, n=15) mice. E, Normalized ISI distributions of firing activity (20-ms bin width). F, Cumulative frac-
tion of the ISI distributions shown in D (***p, 0.001, Kolmogorov–Smirnov test).
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Expression of TMEM16A and TMEM16B in olfactory
systems
While the presence of Ca21-activated chloride currents

in neurons of the main olfactory system is known since
the early 1990s (Kleene and Gesteland, 1981; Kleene,
1993; Kurahashi and Yau, 1993; Lowe and Gold, 1993;
Boccaccio and Menini, 2007; Pifferi et al., 2012; Dibattista
et al., 2017), the first recordings of Ca21-activated cur-
rents from VSNs have been obtained more recently (Yang
and Delay, 2010; Kim et al., 2011; Dibattista et al., 2012;
Amjad et al., 2015).
Ca21-activated chloride channels encoded by TMEM16A

and TMEM16B are characterized by functional differences.
These include slower activation kinetics and higher Ca21

sensitivity for TMEM16A compared with TMEM16B. The
complexity is further increased by the existence of several
spice variants with different properties (Ferrera et al., 2009;
Huang et al., 2012; Ponissery Saidu et al., 2013; Pedemonte
and Galietta, 2014).
In the main olfactory epithelium, TMEM16A and TMEM16B

are expressed in different cell types: TMEM16B is expressed
in the dendritic ends and cilia of OSNs (Stephan et al., 2009;
Sagheddu et al., 2010; Billig et al., 2011), whereas TMEM16A
is present in apical membranes andmicrovilli of a subpopula-
tion of supporting cells (Henriques et al., 2019; Maurya and
Menini, 2014). In the vomeronasal epithelium, however, both
TMEM16A and TMEM16B are found in VSNs (Billig et al.,
2011; Dibattista et al., 2012; Amjad et al., 2015; Münch et al.,
2018), where they co-express in microvilli (Dibattista et al.,
2012; Münch et al., 2018). Here, we confirmed previous re-
sults that TMEM16A is present only in mature VSNs, but not
in VNO supporting cells (Amjad et al., 2015; Münch et al.,
2018). By taking advantage of mCherry Tmem16b KO mice
(Zhang et al., 2017), we showed that TMEM16B is also se-
lectively expressed in mature VSNs. Thus, vomeronasal
TMEM16A and TMEM16B are exclusively expressed in ma-
ture VSNs. The relative expression level of the two channels
has been evaluated in the transcriptomic study of Ibarra-
Soria et al. (2014). They found high expression for both tran-
scripts, with Tmem16a levels about twice that of Tmem16b,
without significant difference between males and females
(Ibarra-Soria et al., 2014; see their Dataset S1 and Dataset
S3).
In OSNs, deletion of TMEM16B completely abolished

Ca21-activated chloride currents measured in whole-cell
recordings (Billig et al., 2011; Pietra et al., 2016). In VSNs,
the deletion of TMEM16A also completely abolished the
current activated by 1.5 mM Ca21 and measured with
voltage steps up to 1100mV. As VSNs also express
TMEM16B we expected to measure substantial residual
current in the absence of TMEM16A. Indeed, although
TMEM16B is less sensitive to Ca21 than TMEM16A, it
should be activated by 1.5 mM Ca21 at 1100mV, as
an EC50 of ;2 mM has been reported at high voltages
(Cenedese et al., 2012; Adomaviciene et al., 2013). We
also attempted to increase intracellular Ca21 to 13 and
100 mM, respectively, but VSNs in slices became leaky
with these solutions. However, previous experiments in
isolated VSNs successfully increased intracellular Ca21

up to 2 mM without finding any measurable Ca21-

activated chloride current in VSNs from Tmem16a cKO
mice (Amjad et al., 2015). Yet, as the average whole-cell
leak current at 1100mV was ;300 pA, we cannot ex-
clude that we missed a small current activated by
TMEM16B. Lack of current in Tmem16a cKO mice was
also measured by Münch et al. (2018) who suggested the
possibility that Ca21 concentration in the microvilli does not
reach the concentration necessary to activate TMEM16B.
We found that deletion of TMEM16B did not significantly re-
duce Ca21-activated chloride currents in VSNs confirming
that most current results from TMEM16A activation. Our re-
sult thus agrees with recently published findings (Münch et
al., 2018). By contrast, our data contradict a previous report
showing a lack of Ca21-activated chloride currents in VSNs
from Tmem16b KOmice (Billig et al., 2011).
It is of interest to note that TMEM16A and TMEM16B

are co-expressed in pinealocytes where they can form
both homomeric and heteromeric channels (Yamamura,
2018), raising the possibility that VSNs also express het-
eromeric channels.

Spontaneous and stimulus-evoked spike activity
In both OSNs and VSNs, Ca21-activated chloride chan-

nels are expected to play a role in the response to odorants
or pheromones, as they are located close to transduction
sites, i.e., in OSN cilia and VSN microvilli. This subcellular
distribution is well suited to sense high Ca21 concentrations
produced in microdomains by transduction cascades
downstream odorant or vomeronasal receptor activation
(Tirindelli et al., 2009; Pifferi et al., 2010). Indeed, although
the transduction cascade components in the two olfactory
systems are very different, transduction currents produce
an increase in intracellular Ca21 in both cases. The resulting
membrane depolarization triggers generation of action po-
tentials that are conducted along OSN or VSN axons to the
main or AOB, respectively. To understand the physiological
role of TMEM16 channels in peripheral sensory neurons of
olfactory systems, it is critical to note that both OSNs and
VSNs maintain high internal chloride concentrations (Reuter
et al., 1998; Kaneko et al., 2004; Kim et al., 2015; Untiet et
al., 2016). Therefore, Ca21-activated chloride channels are
well suited to play an excitatory transduction role by amplify-
ing the depolarizing cation current through chloride efflux. In
addition, these channels might also play a stabilizing role by
setting the membrane potential close to the chloride equilib-
rium potential, preventing excessive depolarization.
In OSNs, extracellular loose patch recordings of spon-

taneous firing activity showed that TMEM16B increased
spontaneous firing, as TMEM16B-deficient OSNs exhib-
ited a reduction in instantaneous frequency (inverse of ISI)
of spontaneous activity (Pietra et al., 2016). This likely re-
sults from random activation of signal transduction pro-
teins that produces a Ca21 increase sufficient to open
ciliary TMEM16B channels that contribute small depolari-
zations and firing activity. As VSNs also display a sponta-
neous activity that is dependent on signal transduction
cascade components (Arnson and Holy, 2011), we hy-
pothesized that TMEM16 channels could also affect
spontaneous VSN firing. Indeed, deletion of TMEM16A,
but not of TMEM16B, caused differences in ISI distribution:
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the percentage of ISIs between 50 and 200ms was reduced
to 50%, compared with 80% in WT VSNs. The decrease in
spontaneous activity after TMEM16A deletion indicates that
TMEM16A favors spike generation, probably by mediating a
chloride efflux that further depolarizes the membrane after
spontaneous activation of signal transduction components,
similarly to TMEM16B in OSNs. As TMEM16A has a higher
Ca21 sensitivity than TMEM16B, a possible explanation for
the lack of contribution of TMEM16B in VSNs is that the
spontaneous activation of the signal transduction cascade
leads to intracellular Ca21 increase, which is insufficient to
activate TMEM16B. Moreover, Tmem16b transcript expres-
sion level has been reported to be half of that of Tmem16a
in VSNs (Ibarra-Soria et al., 2014) indicating that TMEM16B,
in addition to being less sensitive to Ca21, may also have a
lower expression than TMEM16A.
In the main olfactory system, TMEM16B is also involved

in correct OSN glomerular targeting, as its deletion
caused the formation of supernumerary glomeruli for neu-
rons expressing the I7 odorant receptor (Pietra et al.,
2016). In the vomeronasal system, deletion of TMEM16A
did not produce modifications of glomerular targeting for
VSNs expressing the V2R1b receptor, although we can-
not exclude the possibility that this deletion may affect
glomerular targeting of VSNs expressing other receptors.
In OSNs, TMEM16B has been shown to have a dual role

in the control of firing, by increasing basal spiking but reduc-
ing stimulus-induced firing activity. In VSNs, we found that
TMEM16A also plays a similar dual role. Indeed, individual
loss of TMEM16A (or TMEM16B) strongly affected urine-
evoked firing patterns by shifting the peak in the ISI distribu-
tion to;100ms from the value of 200ms in WT. Thus, both
TMEM16A and TMEM16B channels play a role in regulating
VSN firing activity evoked by natural stimuli by doubling ISI.
Stimulation of VSNs with diluted urine can forcefully activate
the signal transduction cascade generating a stronger depo-
larization and higher cytosolic Ca21 increase compared with
spontaneous activation; under these conditions, TMEM16A
and/or TMEM16B could first mediate a chloride efflux that
amplifies the depolarization followed by a chloride influx,
when the membrane potential becomes more positive than
the chloride equilibrium potential, leading to membrane re-
polarization and increase in the ISI. Indeed, the internal chlo-
ride concentration in dendritic knobs of VSNs at rest has
been estimated to be 42 mM (Untiet et al., 2016). In our ex-
perimental conditions, this would produce an equilibrium
potential for chloride near �30mV. Consequently, opening
of Ca21-activated chloride channels would lead to depolari-
zation at lower membrane potential and to repolarization at
increasedmembrane potential.
Another study used Tmem16a/Tmem16b double KO

mice (Münch et al., 2018) and reported a loss of sponta-
neous spiking and drastically diminished stimulus evoked
spiking in VSNs indicating a relevant physiological role of
these channels. Recordings and/or data analysis were
somehow different from ours as they reported that only
;30% of VSNs had spontaneous activity while we meas-
ured spontaneous activity in almost 90% of VSNs from
WT mice, in agreement with previous reports (Holy et al.,
2000; Nodari et al., 2008; Arnson and Holy, 2011; Wong

et al., 2018). This difference could stem from either sam-
ple viability, as depolarization controls were not reported,
or different recording conditions. A more detailed study of
firing activity should be performed in VSNs from the dou-
ble KO model to better elucidate firing patterns. The same
study performed a behavioral test showing that male-
male territorial aggression, an innate VNO-dependent be-
havior in rodents, remained unaltered in double KO
Tmem16a/Tmem16bmice.
It is important to note that our criteria for selecting neu-

rons responding to urine are more stringent with respect to
those of other studies (Kim et al., 2011; Münch et al., 2018)
and could have excluded some VSNs with very high sponta-
neous firing frequencies. We argue that our method, similar
to that used by Arnson and Holy (2011), is suitable to limit
the analysis to a subset of clearly viable neurons.
In summary, our data provide evidence that both

TMEM16A and TMEM16B modulate the pheromone-medi-
ated spike activity of VSNs and provide the foundation for
future work investigating the precise physiological role of
the Ca21-activated chloride currents in VSNs.
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1.1 VOLTAGE-GATED SODIUM CHANNELS SLOW INACTIVATION CONTRIBUTES TO 

PHEROMONE SHORT-TERM ADAPTATION IN VOMERONASAL SENSORY NEURONS   



Results 

- 47 - 
 

Slow inactivation of sodium channels contributes to short-term adaptation in 

vomeronasal sensory neurons 
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Key Points 

- Sensory adaptation reduces the responsiveness to a stimulus to allow the detection of changes in 

stimulus intensity. 

- Most mammals use neurons of the vomeronasal organ for the detection of pheromones but whether 

these neurons adapt to stimuli is still subject of debate. 

- Here, we used diluted urine, which contains a rich mixture of pheromones, as a repeated stimulus 

to elicit spike activity in neurons of the vomeronasal organ. 

- We measured spike frequency adaptation to repeated identical pulses of urine from 2 to 10 s duration 

applied at short time intervals (short-term adaptation). 

- Here we report a novel finding that short-term spike frequency adaptation also occurred when 

spiking activity was induced by current steps, bypassing the transduction cascade. 

- Slow inactivation of Na+ channels partially contributes to short-term spike frequency adaptation to 

repeated stimuli. 

- These results show that neurons of the vomeronasal organ do adapt to repeated natural stimuli and 

that slow inactivation of Na+ channels partially contribute to short-term adaptation. 
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Abstract  

Adaptation plays an important role in sensory systems as it dynamically modifies sensitivity to 

allow the detection of stimulus changes. The vomeronasal system controls many social behaviors in 

most mammals by detecting pheromones released by conspecifics. Stimuli activate a transduction 

cascade in vomeronasal neurons that leads to spiking activity. Whether and how these neurons adapt 

to stimuli is still debated and largely unknown.  Here, we measured short-term adaptation performing 

current-clamp whole-cell recordings by using diluted urine as a stimulus, as it contains many 

pheromones. We measured spike-frequency adaptation in response to repeated identical stimuli from 

2 to 10 s duration that was dependent on the time interval between stimuli. Responses to paired current 

steps also showed spike-frequency adaptation. We found that recovery from slow inactivation of 

voltage-gated Na+ channels occurs in several seconds, a time scale similar to that measured during 

paired pulses adaptation protocols, suggesting that it partially contributes to short-term spike 

frequency adaptation. We conclude that vomeronasal neurons do exhibit a time dependent short-term 

spike frequency adaptation to repeated natural stimuli and that slow inactivation of Na+ channels 

contributes to this form of adaptation. These findings not only increase our knowledge about 

adaptation in the vomeronasal system, but also raise the question of whether slow inactivation of Na+ 

channels may play a role in other sensory systems. 
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INTRODUCTION  

 

In sensory systems, the process of adaptation plays an important physiological role as it reduces 

the responsiveness to a stimulus allowing the detection of additional variations in stimulus intensity. 

It often originates at the peripheral region of sensory systems, at the level of receptor cells and further 

develops in the central nervous system (Torre et al., 1995; Wark et al., 2007; De Palo et al., 2012; 

Webster, 2012). 

Chemosensory systems allow the organism to detect chemicals from the external world and most 

mammals use at least two different olfactory systems: the main and the vomeronasal olfactory system. 

Pheromones are proteins or small molecules released from animals that affect the physiology and/or 

behavior of members of the same species (Tirindelli et al., 2009; Brennan, 2010; Wyatt, 2017). The 

vomeronasal system plays a very important role in the detection of pheromones and the regulation of 

several behaviors including mating, pups care, aggressive and territorial behaviors (Wysocki et al., 

1982; Stowers et al., 2002; Touhara & Vosshall, 2009; Tirindelli et al., 2009; Kaur et al., 2014; 

Mohrhardt et al., 2018; Tirindelli, 2021).  

Pheromones and other natural ligands enter the vomeronasal organ (VNO) and contact receptors 

in vomeronasal sensory neurons (VSNs), bipolar neurons that have a dendrite ending in microvilli 

inside the lumen of the VNO and an axon projecting to the accessory olfactory bulb (AOB). Each 

VSN expresses one or a few types of G protein-coupled receptors V1Rs, V2Rs, FPRs and axons of 

VSNs expressing the same receptor project to various glomeruli in the AOB (Dulac & Axel, 1995; 

Ryba & Tirindelli, 1997; Herrada & Dulac, 1997; Matsunami & Buck, 1997; Rodriguez et al., 1999; 

Rivière et al., 2009; Liberles et al., 2009; Tirindelli et al., 2009; Francia et al., 2014; Mohrhardt et 

al., 2018; Tirindelli, 2021). Ligand binding activates a phospholipase C signaling cascade that leads 

to activation of transient receptor potential canonical 2 (TRPC2) channels allowing the influx of Na+ 

and Ca2+ and the subsequent activation of the Ca2+-activated Cl- channels TMEM16A and TMEM16B 

(Liman & Buck, 1994; Lucas et al., 2003; Dibattista et al., 2012; Amjad et al., 2015; Leinders-Zufall 

et al., 2018). Ligand binding also causes Ca2+ release from intracellular stores that may also directly 

activate Ca2+-activated Cl- channels (Kim et al., 2011). Currents induced by the transduction cascades 

in response to chemical stimuli generates membrane depolarization and action potentials that are sent 

to the AOB (Mohrhardt et al., 2018). 

Although the process of adaptation in the main olfactory system has been extensively 

investigated both at the peripheral and central level, very little is known about adaptation in the 

vomeronasal system (Abbas & Vinberg, 2021; Martelli & Storace, 2021; Brandão et al., 2021). 



Results 

- 51 - 
 

Indeed, adaptation in the vomeronasal organ has been subject of some debate (Holy et al., 2000; 

Nodari et al., 2008; Spehr et al., 2009), but recent work showed additional evidence of adaptive 

responses of VSNs to natural stimuli (Silvotti et al., 2018; Wong et al., 2018). Repeated stimulations 

showed that VSNs present both short-term adaptation, in a time range of tens of seconds, and long-

term adaptation, in a time range of tens of minutes (Wong et al., 2018).  

In this study, we used current-clamp whole-cell recordings to investigate short-term adaptation 

by measuring the effect of a first stimulus on the spiking response elicited by a second identical 

stimulus repeated at different time intervals. We compared both responses to paired stimuli to diluted 

urine and to current steps, to bypass the transduction cascade and analyze also adaptation properties 

of voltage-gated channels independent of stimuli. We found that slow inactivation of Na+ channels in 

mouse VSNs partially contribute to spike frequency adaptation to repeated stimuli.  
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MATERIALS AND METHODS 

Animals and ethical approval 

Mice were handled according to the guidelines of the Italian Animal Welfare Act (Decreto legislativo 

26/2014) and European Union guidelines on animal research (2010/63) under a protocol approved by 

the Italian Ministry of Health. Mice had free access to water and food. Every effort was made to 

reduce the number of animals used. 2-3 month-old C57BL/6 mice were anaesthetized with CO2 and 

decapitated before removal of the VNO. Mice were transferred to a cage (8 x 10 x 12 cm, 

height/width/length) and 100% CO2 was slowly injected into the cage until the animal stopped 

breathing and no longer displayed pedal reflex (near 3 min, gas flow rate was ∼20% of chamber 

volume per minute). 

Acute slices of mouse VNO 

Acute slices of mouse VNO were prepared as previously described (Shimazaki et al., 2006; Dibattista 

et al., 2012; Wong et al., 2018). The VNO was removed and transferred to ice-cold artificial 

cerebrospinal fluid (ACSF). The capsule and all cartilaginous tissues were removed with the help of 

the tip of fine forceps obtaining the two clean halves of the VNO. Each half was embedded in 3% 

low-grade agar (A7002, Sigma, Milan, Italy) prepared in ACSF, once the agar had cooled to 38°C. 

Upon solidification, the agar block was fixed in a glass Petri dish filled by ice-cold oxygenated ACSF 

solution and sliced with a vibratome (Vibratome 1000 Plus Sectioning System) at 200 μm. Slices 

were then left to recover for >30 min before electrophysiological experiments were initiated. 

 

Electrophysiological recordings and solutions 

Slices were viewed with an upright microscope (Zeiss Axioscope, Germany) with water immersion 

40X objective (Olympus, Japan). The slice preparation maintained the VNO cross-sectional structure 

and VSNs could be distinguished by their morphology. Patch pipettes, pulled from borosilicate 

capillaries (WPI, Friedberg, Germany) with a PC-10 puller (Narishige, Tokyo, Japan), had a 

resistance of 3–6 MΩ. Electrophysiological recordings were made using an Axopatch 200B amplifier 

controlled by Clampex 10 via a Digidata 1440A (Molecular Devices, Sunnyvale, CA, USA). 

Experiments were performed at room temperature (20–25°C). The recording chamber was 

continuously perfused by gravity flow with oxygenated (95% O2, and 5% CO2) ACSF containing (in 

mM): 120 NaCl, 20 NaHCO3, 5 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.  
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For current-clamp recordings, the intracellular solution filling the patch pipette contained (in 

mM) 80 K-Gluconate, 60 KCl, 2 Mg-ATP, 10 HEPES, and 1 EGTA, adjusted to pH 7.2 with KOH. 

Paired-pulses experiments were carried out at a 0 pA holding current and stimulus of variable duration 

(from 2 to 10 s) consisted either in diluted urine application or in 5 pA current steps. Inter-pulse 

intervals (IPIs) varied from 2 to 60 s. The time between independent sweeps was at least 2 min to 

avoid cumulative adaptation (Wong et al., 2018). Data were low-pass filtered at 2 kHz and sampled 

at 10 kHz. 

Urine was collected from both sexes C57BL/6 mice, filtered with a 0.2 μm filter, and frozen at -

80°C. Before use, male and female urines were mixed in a 1:1 ratio and the mixture was diluted to 

1:50 in ACSF (pH 7.4). As mouse urine contains urea and K+, which could potentially cause neurons 

to fire by direct membrane depolarization, we used as a negative control artificial urine diluted to 

1:50 in ACSF. Artificial urine contained (in mM): 100 NaCl, 40 KCl, 20 NH4OH, 4 CaCl2, 2.5 MgCl2, 

15 NaH2PO4, 20 NaHSO4, 333 urea, pH 7.4 adjusted with NaOH (Holy et al., 2000; Wong et al., 

2018). To test cell viability, we used a high K+ solution (25 mM KCl) by replacing equimolar amounts 

of NaCl with KCl in ACSF. Urine, artificial urine and high K+ solutions were delivered through an 

8-into-1 multi-barrel perfusion pencil connected to a ValveLink8.2 pinch valve perfusion system 

(Automate Scientific, Berkeley, CA, USA). For each experiment the response to high K+ stimulation 

(Fig. 1) was used to evaluate the arrival of solution to the cell. We included in the dataset only neurons 

that fired in response to high K+ solution and did not respond to artificial urine.  

For voltage-clamp recordings, the intracellular solution filling the patch pipette contained (in 

mM): 135 CsCl, 5 NaCl, 10 HEPES, and 10 EGTA, adjusted to pH 7.2 with NaOH. 100 µM CdCl2 

was added to extracellular ACSF in all recordings, except otherwise stated, to block Ca2+ channels. 2 

µM TTX (Latoxan, Portes-lès-Valence, France) was used to block Na+ channels. Leakage and 

capacitive currents were subtracted. All compounds and chemicals were obtained from Sigma-

Aldrich, unless otherwise stated. 

 

Data analysis  

IgorPro 6.7/8 software (WaveMetrics) was used for data analysis and figures preparation. Individual 

spikes were identified by a custom-written detection procedure and confirmed by shape inspection. 

Data are presented as mean ± standard deviation and number of cells (n). The voltage-gated 

inactivation curves were fitted to the following Boltzmann equation: I/Imax = A +(1-A) / (1+ exp((V 

-Vhalf)/k) where I is the peak sodium current, Imax the maximal peak sodium current, V is the 

membrane potential, Vhalf is the membrane potential at which I is half of Imax, k is the slope constant 

and A is the asymptotic value. Statistical significance was determined using the following tests. 
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Shapiro-Wilk test was used to verify data normality. For data normally distributed, ANOVA for 

repeated measurements was used, followed by paired t-test with Bonferroni correction, while for data 

not normally distributed, statistical significance was determined using Friedman’s test followed by 

Desmar test. The p values associated to Desmar test were calculated using the algorithm in R 

developed by Eisinga et al. (2017). p<0.05 was considered statistically significant.  
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RESULTS 

 

We performed current-clamp whole-cell recordings from the soma of neurons in acute murine VNO 

slices. The average resting membrane potential was -65 ± 6 mV (range -84 to -53 mV), and the 

average input resistance was 1.3 ± 0.5 (n=34). We stimulated VSNs with a time-controlled flow of 

diluted mouse urine, which is very rich in natural ligands for vomeronasal receptors (Moss et al., 

1997; Nodari et al., 2008; Tirindelli et al., 2009; Doyle et al., 2016), and recorded the evoked spiking 

activity (Fig. 1A, green trace). On the same neuron, we used a depolarizing high K+ solution stimulus 

as a positive control to test the neuron viability and to determine the time of arrival of the solution on 

the neuron (Fig. 1A, black trace). Moreover, as urine contains K+, we also performed a control by 

applying diluted artificial urine (Fig. 1A, grey trace), a solution with salt composition similar to urine 

(Holy et al., 2000; Wong et al., 2018) and discarded neurons responding to artificial urine. In this 

way we verified that spiking activity in response to urine was not due to changes in ion concentration. 

The raster plot in Figure 1B shows examples of responses to 5 s urine stimulation from 10 different 

VSNs.  

 

VSNs show short-term spike frequency adaptation in response to repeated natural stimuli 

To evaluate the time-course of adaptation, we first applied a 5 s urine pulse followed by a second 

pulse of the same duration at different interpulse intervals (IPIs). As we have previously reported 

(Wong et al., 2018), we confirm that the number of spikes during the second pulse was smaller for 

short IPIs but recovered toward the value of the first pulse as the IPI increased (Fig. 2A and B). The 

recovery time between each paired pulse was at least 2 min. To quantify sensory adaptation and 

compare results from several neurons, we normalized the average firing frequency during the second 

pulse to the value during the first one (Fig. 2C) and found that spike frequency was significantly 

different at IPI of 5 s (average frequency ratio 0.72 ± 0.18, n=10), whereas for longer IPIs of 10, 20 

and 60 s the frequency was not significantly different.  

To further investigate the dependence of short-term adaptation on stimulus duration, we applied 

urine pulses of shorter (2 s) and longer (10 s) durations than 5 s (Fig. 3A and B). We found that 

repetitive urine stimuli of 2 s showed adaptation only at IPI of 2 s (Fig. 3C). On the other hand, paired 

pulse protocols with longer urine stimulations of 10 s resulted in spike frequency adaptation when 

IPIs of 2, 5 and 10 s were used (average frequency ratios 0.68 ± 0.21 for 2s, 0.79 ± 0.14 for 5 s and 

0.76 ± 0.2 for 10 s, n=9; Fig. 3B and D).  

These results show that short-term adaptation in VSNs depends on the duration of urine 

stimulation as well as on IPI.  
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Figure 1. Diluted urine elicits spike activity in VSNs  

A, whole-cell current-clamp recordings from a VSN stimulated for 5 s with high K+ solution (25 mM KCl, 

black trace), diluted urine (1:50, green trace), or diluted artificial urine (1:50, grey trace). Top, the black bar 

indicates the arrival of the solutions to the neuron based on the response to high K+ solution. B, raster plot of 

urine responses of 10 different neurons stimulated for 5 s. 
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Figure 2. Spike frequency adaptation to repeated urine stimulations 

A, representative whole-cell current-clamp recordings from a VSNs repetitively stimulated with diluted urine 

for 5 s with increasing intervals between pulses of 5, 10, 20 or 60 s, as indicated. Black bars at the top indicate 

the time of urine application. B, number of spikes during the first and the second stimulation at the 

corresponding IPI shown in the same row in A. The paired pulse protocol was repeated three times in the same 

neuron. C, scatter dot plot with averages ± SD of normalized spike frequency of the second with respect to the 

first stimulation for each IPI (n=10, Demsar test after Friedman test, p=0.00029). 
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Figure 3. The duration of urine stimulation affects the extent of spike frequency adaptation 

Representative whole-cell current-clamp recordings obtained stimulating VSNs with diluted urine for 2 (A) or 

10 s (B), with increasing intervals between pulses of 2, 5, 10, 20 or 60 s, as indicated. Black bars indicate the 

time of urine application. C and D, scatter dot plots with averages ± SD of normalized spike frequencies for 

each IPI for urine pulses of 2 (C) or 10 s (D) (for C: n=9, Demsar test after Friedman test p=0.045 for IPI 2 s; 
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for D: n=6, Paired t-test with Bonferroni correction after ANOVA for repeated measurements p=0.018 for IPI 

2 s, p=0.008 for IPI 5 s and p=0.036 for IPI 10 s). 

 

VSNs show short-term spike frequency adaptation to repeated current steps  

To test if short-term adaptation is due to adaptation of components of the signal transduction 

cascade and/or to a signal transduction-independent component, we stimulated VSNs with current 

steps instead of urine, thus inducing spiking activity while bypassing the activation of the signal 

transduction cascade. 

We applied depolarizing current injections of 5 pA, a value that is sufficient to generate action 

potentials but does not saturate spike frequency in VSNs (Liman & Corey, 1996; Shimazaki et al., 

2006). We first stimulated VSNs with a current step lasting 5 s, followed by an identical stimulus at 

time intervals increasing from 2 to 60 s (Fig. 4A and B). Surprisingly, stimulation with paired current 

steps produced short-term adaptation when IPI of 2 and 5 s were used (average frequency ratios 0.8 

± 0.03 for 2 s and 0.87 ± 0.03 for 5 s, n=15).  

We next examined if current step’s duration affects short-term adaptation by repeating the same 

experiments obtained with urine stimuli (Fig. 3), i.e. we applied pairs of current steps of 2 or 10 s 

duration at various IPIs. We found that repetitive current steps of 2 s generated short-term adaptation 

with an IPI of 2 s (average frequency ratio 0.89 ± 0.09, n=13) but not when longer IPIs were used 

(Fig. 5A and C), while current steps of 10 s caused adaptation with IPI of 2 and 5 s (average frequency 

ratios 0.79 ± 0.13 for 2 s and 0.81 ± 0.12 for 5 s,  n=13; Fig. 5B and D). Thus, short-term adaptation 

was very similar when current or urine stimulation was used in VSNs. 

These data indicate that ion channels involved in the generation of action potentials, independent 

of signal transduction cascade components, might contribute to the development of short-term spike 

frequency adaptation in VSNs.  
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Figure 4. VSNs show spike frequency adaptation in response to repeated current steps 

A, representative whole-cell current-clamp recordings of a VSNs repetitively stimulated with a 5 pA 

current step for 5 s with increasing intervals between steps of 2, 5, 10, 20, 60 s, as indicated. Steps at 

the top indicate the time of current injection. B, number of spikes during the first and the second 

stimulation at corresponding IPI shown in the same row in A. C, Scatter dot plot with averages ± SD 

of the normalized spike frequency of the second with respect to the first stimulation for each IPI 

(n=15, Demsar test after Friedman test p=7.5*10-5 for 2 s, p=0.006 for 5 s). 

 



Results 

- 61 - 
 

 

Figure 5. The duration of current step stimulation affects the extent of spike frequency adaptation 

Representative whole-cell current-clamp recordings obtained stimulating VSNs with a 5 pA current step for 2 

(A) or 10 s (B), with increasing intervals between steps of 2, 5, 10, 20 or 60 s, as indicated. Steps at the top 

indicate the time of current injection. C and D, scatter dot plots with averages ± SD of normalized spike 

frequencies for each IPI for current steps of 2 (C) or 10 s (D) (for C: n=13, Demsar test after Friedman test 
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p=0.005 for IPI 2 s; for D: n=10, Paired t-test with Bonferroni correction after ANOVA for repeated 

measurements p=0.0019 for IPI 2 s, p=0.01 for IPI 5 s, p=0.01 for IPI 10 s). 

 

Phase-plane plot analysis of action potentials during repetitive stimulations 

To obtain information about ion channels involved in spike frequency adaptation, we analyzed 

the first action potentials during the first and second paired pulses by using phase-plane plot analysis. 

In this type of analysis, the changes of membrane potential with time (dV/dt) are plotted as a function 

of membrane potential and each action potential is represented by a loop, with the upper and lower 

parts representing the depolarization and repolarization phases, respectively (Jenerick, 1963; 

Naundorf et al., 2006; Bean, 2007). The maximal value of dV/dt is the maximal rising slope of the 

depolarization phase of the action potential, that is related to the amplitude of Na+ currents (Bean, 

2007). In Figure 6A, we superimposed phase-plane plots calculated from the first action potential 

evoked by 10 s urine pulses at different IPIs. At 2 s IPI, the maximal value of dV/dt was clearly lower 

for the second (46 mV/ms, dashed line) compared to the first (59 mV/ms, continuous line) urine pulse, 

while increasing IPIs narrowed the differences in the maximal values of dV/dt between the first action 

potentials of the repeated urine pulses. On average, the ratio between maximal values of dV/dt was 

significantly different at 2 and 5 s IPI (0.74 ± 0.12 for 2 s and 0.81 ± 0.04 for 5 s, n = 6) (Fig. 6B). 

The reduction of the maximal dV/dt value indicates a contribution of Na+ channels to spike frequency 

adaptation to urine (Fig. 6B). Despite the trend, we did not measure any significant difference in 

maximal dV/dt for shorter urine paired pulses of 2 and 5 s (Fig. 6C and D). 

We performed the same analysis when VSNs were stimulated with paired current steps as in 

Figs. 4 and 5. In a similar way to urine stimulation, phase-plane plots for current paired pulses of 10 

s show a clear difference in maximal dV/dt during second stimulation when short IPIs (2, 5 s) were 

used, and no differences were observed at longer IPIs (Fig. 6F). Current pulses of 5 s also displayed 

difference in maximal dV/dt at short IPIs (Fig. 6G), while for current pulses of 2 s results were similar 

to those with urine stimuli (Fig. 6H). 

Taken together, these data indicate that voltage-gated Na+ channels involved in action potential 

generation contribute to short-term spike frequency adaptation in VSNs. 
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Figure 6. Phase-plane plot analysis of action potentials from repeated stimulations 

A, Phase-plane plots of the first action potential in response to a repeated urine stimulation of 10 s 

duration with increasing IPIs ranging from 2 to 60 s, as indicated. Continuous and dashed lines were 

calculated from the first action potential of the first and second urine pulse, respectively. B-D, scatter 

dot plots with averages ± SD of the ratio between the maximal dV/dt values of the first action 

potentials at each IPI. Urine pulse duration 10 (B), 5 (C) and 2 s (D). (for B n=6, Demsar test after 

Friedman test p=0.0021 for IPI 2 s and p=0.0041 for IPI 5s; for C n=6, Friedman test p=0.89; for D 

n=9 Friedman test p=0.051). E, Phase-plane plots of the first action potential in response to a repeated 

5 pA current step of 10 s duration with increasing IPIs ranging from 2 to 60 s, as indicated. Continuous 

and dashed lines were calculated from the first action potential of the first and second current step, 
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respectively. F-H, scatter dot plots with averages ± SD of the ratio between the maximal dV/dt values 

of the first action potentials at each IPI. Current step duration 10 (F), 5 (G) and 2 s (H). (for F n=8, 

Demsar test after Friedman test p=0.00054 for IPI 2 s and p=0.018 for IPI 5 s; for H n=14, Friedman 

test p=0.126). 

 

Inactivation properties of voltage-gated Na+ currents in VSNs  

To measure the inactivation properties of Na+ channels in VSNs, we recorded inward currents 

from individual VSNs in the whole-cell voltage-clamp configuration using a Cs+-based intracellular 

solution to block outward K+ currents. Representative inward currents generated in response to a 

series of step depolarizations from a holding potential of -100 mV are shown in Fig. 7A. As both Na+ 

and Ca2+ currents may contribute to inward currents in VSNs (Liman & Corey, 1996; Ukhanov et al., 

2007), we added 100 μM Cd2+ to the external solution to block Ca2+ currents. The remaining inward 

currents were abolished by the addition of 2 μM TTX, indicating that they were mainly carried by 

TTX-sensitive Na+ channels (Fig. 7A and B). On average, the Na+ current was 83 ± 2 % (n=8) of the 

total inward current at -20 mV. 

To measure the voltage dependence of steady state fast and slow inactivation of Na+ channels, 

we used typical voltage protocols composed of prepulses and test pulse to evaluate the non-

inactivated fraction of Na+ channels (all recordings were performed in the presence of 100 μM Cd2+ 

in the bath). For fast inactivation, we used prepulses of 30 ms at voltages from -90 to 0 mV, followed 

by a test potential of 30 ms at -20 mV (Fig. 7C). Normalized currents plotted as a function of the 

prepulse potential were fitted by the Boltzmann equation (Fig. 7D) and data from several neurons 

gave the following parameters: Vhalf = -46.7 ± 1.6 mV and k = 4.9 ± 1.3 mV (n=8). As Na+ channels 

can also enter a slow inactivated state which might be relevant to our study of adaptation, we induced 

slow inactivation by applying prepulses of 30 s (Fig. 7E) at voltages from -90 to 0 mV, followed by 

a short (20 ms) hyperpolarizing step (to separate fast from slow inactivation) and by a (30 ms) test 

potential at 0 mV (Fig. 7E). The fit with a Boltzmann equation of the normalized current versus the 

prepulse potential (Fig. 7F) resulted in Vhalf = -50.6 ± 2.4 mV and k = 8.7 ±1.3 mV (n=6). These 

results indicate that Na+ channels in VSNs undergo slow inactivation process after continuous 

depolarization.  

As Na+ channels enter a state of slow inactivation upon long depolarization from which they 

recover only after several seconds, we measured the time course of recovery of Na+ channels in VSNs 

with a typical paired-pulse protocol with depolarizing prepulses varying from 1 to 10 s duration. A 

depolarizing prepulse of a selected duration was given from a holding potential of -80 mV to -20 mV 

to induce inactivation, followed by a second pulse (test) with IPIs varying from 1 to 15 s (top line in 

Fig. 8A, B). The neuron was kept at -80 mV during each IPI. Moreover, to allow a complete recovery 
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of the Na+ current, the time between each consecutive paired-pulse was at least 1 min. The peak 

current measured 1 s after each prepulse (from 1 to 10 s duration) was smaller than that measured at 

the prepulse but as IPI increased more channels recovered from inactivation and the peak current 

produced by the second pulse gradually recovered toward the initial value. Figure 8A and B shows 

the superimposition of ratios of the peak currents evoked by the second and first pulses at IPIs from 

1 to 15 s for depolarizing prepulses of 1 or 10 s, respectively. The first test pulse, applied 1s after the 

depolarizing prepulse, produced a Na+ current of decreasing amplitude as the prepulse duration 

increased (average current ratios 0.89 ± 0.08 for 1 s, 0.77 ± 0.14 for 2 s,  0.55 ± 0.17 for 5 s, 0.44 ± 

0.19 for 10 s, n=6) (Fig. 8A-C). When the IPI increased, the recovery of the Na+ current toward its 

initial amplitude was slower for longer prepulse durations and the time necessary to recover to 90% 

of the initial peak amplitude was 2, 6, 11 or 15 s for prepulse durations of 1, 2, 5, or 10 s respectively 

(Fig. 8A, B, D).  

These data show that voltage-gated Na+ channels in VSNs present slow inactivation and that 

recovery from slow inactivation requires several seconds and depends on the duration of the 

inactivation step. The time scale of seconds for recovery from slow inactivation is similar to what 

measured during short-term adaptation protocols, suggesting that slow recovery from inactivation of 

Na+ channels partially contribute to short-term spike frequency adaptation observed in VSNs. 
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Figure 7. Inactivation of Na+ currents in VSNs 

 A, Families of whole-cell voltage-gated inward currents recorded from a VSN elicited by voltage steps from 

-80 to +60 mV with 10 mV increment from a holding potential of -100 mV. The patch pipette contained a Cs+-

based intracellular solution. The neuron was exposed successively to bath solutions containing 100 µM Cd2+ 

and 100 µM Cd2+ plus 2 µM TTX, as indicated. B, current-voltage relations for the peak inward currents from 

the recordings in A. C and E, current recordings from the same VSN shown in A in response to stimulation 

protocols to measure inactivation in the presence of 100 µM Cd2+. A test pulse was preceded by a prepulse at 

the indicated voltages of 30 ms (C) or 30 s (E) duration to measure fast and slow inactivation, respectively. In 

C one every two traces is shown.  D and F, normalized currents versus membrane potential from the 

experiments shown in C and E were fitted with a Boltzmann equation with Vhalf = -46.9 mV, k = -6.9 mV for 

fast inactivation (D) and Vhalf = -45.2 mV, k = 8.3 mV and asymptotic value A = 0.18 for slow inactivation (F).    
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Figure 8. Time course of recovery of Na+ channels from inactivation induced by depolarization steps 

varying from 1 to 10 s duration 

A and B, representative whole-cell voltage-clamp recordings of Na+ currents in a VSN in the presence of 100 

µM Cd2+. Currents were elicited by a paired pulse protocol consisting of a depolarization prepulse from -80 to 

-20 mV of 1 (A) or 10 s (B) duration followed by a short (10 ms) test pulse at increasing recovery intervals 

ranging from 1 to 15 s. The holding potential was -80 mV. For each IPI, the peak current measured at the test 

pulse was normalized to the prepulse peak current and superimposed. C, scatter dot plots with averages ± SD 

of the normalized peak currents measured at 1s after the prepulse of the indicated duration (Paired t-test with 

Bonferroni correction after ANOVA for repeated measurements p=0.0025 for 1 s, p=0.0018 for 5 s, p=0.0022 

for 5 s, n=6). (D) recovery from inactivation as a function of IPIs at the indicated prepulse duration.  
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DISCUSSION  

 

In this work we investigated the molecular mechanism underlying short-term adaptation in VSNs 

using whole-cell recordings from a VNO slice preparation.  

We found that VSNs undergoes short-term adaptation when stimulated with a paired-pulse 

protocol using diluted urine as a natural source of pheromones (Fig. 2-3), confirming previous results 

obtained by using in situ Ca2+-imaging and extracellular electrophysiology recordings (Wong et al., 

2018). Surprisingly, we found that short-term adaptation in VSNs was still present when they are 

stimulated by a current step injection independently of signal transduction activation (Fig. 4-5). The 

analysis of action potential firing suggested that sodium channels could be an important player during 

short-term adaptation (Fig. 6). We therefore isolated sodium currents in VSNs and found that these 

channels present slow-inactivation processes with a similar time scale of the short-term adaptation 

observed after paired pulse protocol (Fig. 7-8). Our results strongly suggest that slow inactivation of 

sodium channels is an important component of short-term adaptation during pheromone encoding by 

the VNO.  

 

Sensory short-term adaptation depends on the duration of VSNs urine stimulation. 

Short-term adaptation has been previously observed in VSNs using paired-pulse urine 

stimulations and recording the calcium dynamics or the firing activity extracellularly (Wong et al., 

2018). Paired urine stimulation of 5 s induced a reduction in the number of spikes in the second 

stimulus respect to the first one for IPI shorter than 20 s (Wong et al., 2018). We performed whole-

cell recordings from VSNs in slice preparation and show that short-term adaptation was present when 

neurons were stimulated with paired 5 s urine pulses with an IPI of 5 s. Short-term adaptation was 

evaluated by comparing the number of spikes of the second respect to the first response. Adaptation 

recovered for IPIs longer than 10 s, although in most experiment at 10 s it was still present (Fig. 2). 

Wong et al.(2018) in loose-patch extracellular recordings showed that short term adaptation 

recovered fully in 20 seconds, while longer times were needed for in situ-Ca imaging recordings. 

We extended our investigation changing the duration of the stimulus. We found that paired 2 s 

long urine stimulation was less effective since short adaptation was present only at the smallest IPI 

of 2 s. At the contrary the 10 seconds long stimuli induced adaptation that required longer times to 

fully recover (Fig. 3). 

 

 

Contribution of action potential machinery to short-term adaptation in VSNs. 
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Spehr and colleagues proposed a Ca2+/Calmodulin feedback working on sensory transduction 

cascade as underlying mechanism of sensory adaptation in VSNs (Spehr et al., 2009). In order to test 

if the there is an additional contribution, independent of signal transduction activation, we applied to 

VSNs paired pulse stimulation protocol with a current steps alternatively to urine stimulation, 

therefore bypassing the activation of the signal transduction cascade. 

Surprisingly, paired current step stimulation of 5 pA for 5 s induced a reduction in the number 

of spikes in the second stimulus respect to the first one (Fig. 4), similarly to what observed with urine 

stimulation (normalized frequency for current step and urine stimulation at 5 s IPI is respectively 0.87 

± 0.03 and 0.72 ± 0.06). Short-term adaptation was observed also at 2 s IPI, while it was not 

statistically significant at longer ones (Fig 4C). 

We changed the duration of the current step and similarly to what observed for urine stimulation, 

shortening of duration of the stimulus to 2 s was less effective in inducing short term adaptation, that 

was present only for the shorter IPI of 2 s. In contrast, a stimulus of 10 s induced short-term adaptation 

up to 10 s IPIs, as observed with urine stimulation.  

We found that a comparable amplitude and recovery time of short-term adaptation when a 

physiological urine stimulus is replaced with a no-sensory stimulation, such as a current step, 

indicating that an additional process contribute to the adaptation independently by the modulation of 

the transduction machinery.   

 

Voltage-gated sodium channels contribute to pheromone adaptation in vomeronasal sensory 

neurons 

We performed the phase plot analysis to compare the action potential dynamics of the of the first 

action potentials evoked by pair-pulse stimulation. We found a significant difference in the upstroke 

of the action potential during the second stimulation (Fig. 6A, E) since a lower maximal dV/dt reflects 

the slower speed of the spike rise and it is directly proportional to the availability of voltage-gated 

sodium channels. Therefore, the analysis of the action potential in control and adapted state of VSNs 

suggest a contribution of sodium channels to short term adaptation. 

Voltage-gated sodium channels undergo rapid activation to initiate the rising phase of action 

potential, followed by fast and slow inactivation processes. While fast inactivation attenuates inward 

sodium conductance on the milliseconds time scale, slow inactivation occurs when prolonged or high 

frequency depolarizations over the span of seconds reduce the number of channels available to 

provide excitatory inward currents (Silva, 2014). Therefore, slow inactivation of voltage-gated 

sodium channels plays a role in controlling membrane excitability, firing properties, and in particular 

spike frequency adaptation in the nervous system (Fleidervish et al., 1996; Toib et al., 1998). 
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Several sodium channels isoforms have been found to be expressed in VSNs either at mRNA 

level by RT-PCR or by immunohistochemistry (Nav1.1, Nav1.2, Nav1.3, Nav1.5, Nav1.6 and 

Nav1.7) and they differ as expression levels and localization in different compartments (Fieni et al., 

2003; Bolz et al., 2017). A mixture of them is likely contributing to the generation of action potentials 

in VSNs and to the Na+ current we recorded in whole-cell experiments.  

Slow inactivation has similar, albeit not identical characteristics, for different sodium channels 

isoforms, that can differ in extent, kinetics, voltage dependence (Ulbricht, 2005; Silva, 2014). 

However, a hallmark is the much slower time scale respect to the fast inactivation process, seconds 

against milliseconds. 

Our results show that sodium currents recorded in VSNs present slow inactivation that increased 

for longer stimulus length (Fig. 7 E-F) and recovered in the same time scale of recovery from short 

term adaptation after paired pulse protocol stimulation with urine or current step (Fig. 8). 

A modulatory mechanisms of firing activity has been reported in VSNs by Ukhanov et al. (2007), 

that showed that prolonged depolarization obtained by current injection causes spike frequency 

adaptation due to the coupling of L-type calcium currents and BK large–conductance potassium 

currents. We observed spike frequency adaptation in most experiments when VSNs were stimulated 

with long stimuli either with urine or with current injection (see Fig 3 and 5, responses to 10 s). 

However, this mechanism cannot account for a change in the upstroke of the action potential (Fig. 6). 

Many studies reported voltage gated sodium channels slow inactivation associated to activity 

dependent modulation of neuronal excitability. By way of example, in neocortical pyramidal cells 

sodium channels slow inactivation is associated to cumulative adaptation of spike firing caused by 

prolonged and repetitive depolarizing stimuli and to a slowing of the rising phase of the action 

potentials (Fleidervish et al., 1996). In hippocampus CA1 pyramidal neurons cumulative inactivation 

is involved in regulating back-propagating action potential amplitude and can influence dendritic 

excitation (Mickus et al., 1999; Jung et al., 2013).  

Interestingly, slow inactivation of sodium channels has been already associated to an adaptation 

process in the visual sensory system in salamander, where in retinal ganglion cells it is involved in 

light temporal contrast adaptation (Kim & Rieke, 2003). Increasing contrast causes an increase in 

input current variance and consequently of the spike rate that in turn reduces sodium channels 

availability through slow inactivation (Kim & Rieke, 2003). 

Our work confirms former evidence of short-term adaptation in VSNs when stimulated with the 

urine by using the whole-cell patch clamp technique and show evidence for the contribution of a 

novel molecular mechanism. We show that short-term adaptation is surprisingly present also when 

VSNs are stimulated by paired pulse current steps, bypassing the transduction cascade. The extent 
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and the time course of adaptation observed in VSNs is consistent with the involvement of voltage 

gated sodium channel slow inactivation process, that occurs in the timescale of seconds. In conclusion 

our work proposes an important contribution of the intrinsic properties of individual VNSs to the 

sensory adaptation to natural stimuli.  
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2 CONCLUSIONS 

The AOS has the capacity for adaptive learning, experience, and state-dependent plasticity (Dey et 

al., 2015; Griffiths and Brennan, 2015; Stowers and Liberles, 2016). In many case, early stages of 

plasticity start at peripheral level, but the mechanisms are still elusive since the physiological role of 

many putative components of the transduction cascade remains unclear. In the first part of my thesis, 

I contributed to the investigation of the peripheral modulation of spontaneous and evoked activity in 

VSNs defining exciting directions for future investigation.    

We explored the role of calcium-activated chloride current in VSNs by using electrophysiological 

recordings on WT and genetically modified mice:  the cKO mice for Tmem16a gene and the total KO 

mice for Tmem16b gene are a good model to study the role of calcium-activated chloride currents in 

vomeronasal physiology. The resting membrane properties and voltage-gated currents in VSNs are 

not altered by the absence of both TMEM16A and B channels. To check if TMEM16A and 

TMEM16B are involved in firing activity, we recorded spontaneous and evoked activity in loose-

patch configuration. We found that VSNs from acute slices have spontaneous activity with similar 

mean frequencies in WT, TMEM16A cKO and TMEM16B KO, however the TMEM16A mice show 

a significant difference in instant frequency of spontaneous activity. Indeed, the cumulative fraction 

curve of inter-spike intervals (ISI) is shifted towards longer intervals in TMEM16A cKO mice, but 

not in TMEM16B KO mice, suggesting that TMEM16A calcium-activated chloride channels are 

active during spontaneous firing activity and favor spikes generation resulting in an instant frequency 

increase under physiological conditions. On the other hand, during urine-evoked activity the massive 

efflux of chloride, through both TMEM16A and TMEM16B channels, coupled with the equilibrium 

potential of chloride ion near -30 mV could explain the effect on ISI distribution of evoked spikes 

towards shorter intervals in stimulated VSNs from TMEM16A cKO and TMEM16B KO. The 

dynamic of chloride currents during signal transduction in VSNs is a key factor in understanding the 

role of TMEM16 channels in VNO signaling. We can conclude that calcium-activated chloride 

currents play a dual role in activity modulation of VSNs: drive the depolarization during spontaneous 

firing and contain/modulate the frequency of the response during evoked activity; the contribution of 

each channel requires further investigations.   

In the second part of my thesis, I analyzed short-term adaptation properties of VSNs. We recorded 

the voltage changes of VSNs in whole-cell configuration using two dissimilar sources of stimuli: 

urine as natural activator of sensory transduction and current step as non-sensory stimulus to further 

investigate the differences between sensory and non-sensory information processing in VSNs.  Since 
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we are interested on molecular mechanisms underlying short-term adaptation, we used the common 

double-pulse protocol with different time intervals between stimulations (Spehr et al., 2009; Wong et 

al., 2018). The mean spike frequency of the second response proportionally decreases depending on 

the duration of stimulation and on the length of the interval in between. The longer pulses result in 

stronger degree of adaptation for both the stimuli used suggesting the inspection of molecular 

mechanisms also downstream the transduction machinery. Moreover, the interval within two 

consecutive stimulations necessary for the recovery of former spiking properties strongly depends on 

the duration of previous activity as a memory-like form of plasticity. Unexpectedly, independently of 

signal transduction activation, short-term adaptation in VSNs is still present and the analysis of action 

potential firing suggests that sodium channels slow inactivation as an important player during short-

term adaptation. By isolation of sodium currents in VSNs we found slow-inactivation processes in 

sodium channels kinetics with a similar timescale of the short-term adaptation observed after paired 

pulse protocol. Our results strongly suggest that slow inactivation of sodium channels is an important 

component of short-term adaptation during pheromone encoding by the VNO.  

The modulation of VSNs activity occurs at different levels upstream and downstream the transduction 

machinery with the contribution of several molecular mechanisms. We suggest two additional 

mechanisms involved in modulation at peripheral level, the calcium-activated chloride channels 

TMEM16A and TMEM16B, and slow inactivation of sodium channels that might be relevant in 

pheromone decoding.   
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