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Abstract 

 

 

The olfactory system is a chemosensory system that detects volatile molecules, called 

odorants, responsible for valuable information from the environment such as sources of food, 

predators or hazardous substances. The detection of odorants is carried out by the olfactory 

sensory neurons, the primary cellular sensors. The vast variety of molecules that the olfactory 

system can detect is due to the expression of a huge repertoire of molecular receptors that 

directly bind the odorants, called olfactory receptors. These are the primary molecular sensors 

which are expressed mainly in the ciliary membrane of the olfactory sensory neurons. Each 

olfactory sensory neuron expresses only one type of olfactory receptor, and all neurons 

transduce the odorant signals by a common signaling pathway. The core elements of this 

signaling pathway are well established: the binding of odorants by an olfactory receptor leads 

to the sequential activation of Gαolf and adenylyl cyclase III. The increase of ciliary cAMP 

opens CNG channels, and the entry of calcium through these channels leads to the opening of 

the calcium-activated chloride channel TMEM16B allowing an efflux of chloride ions from 

the cell. The opening of CNG and TMEM16B channels underlies the depolarizing receptor 

potential induced by the detection of odorants in olfactory sensory neurons.  

In addition to the core elements of the odorant transduction machinery, other proteins 

could play a role in the detection of odorants, especially as potential regulators of the 

transduction machinery. For example, some members of the stomatin family are highly 

expressed in the olfactory epithelium. Stomatin-domain proteins have emerged as general 

regulators of ion channels and transporters and have been shown to be involved in transduction 

mechanisms in other sensory systems. Stomatin-domain proteins are highly conserved and 

anciently evolved membrane proteins. In the mammalian genome, five members have been 

identified: Stomatin, stomatin-like protein-1 (STOML-1), stomatin-like protein-2 (STOML-2) 

stomatin-like protein-3 (STOML -3) and Podocin. Some members of this family have been 

shown to be expressed in the olfactory epithelium and Stomatin and STOML-3 mRNAs are 

present at very high levels. Stomatin and STOML-3 proteins have been isolated in calcium-

dependent signaling complexes in cilia extracts from the olfactory epithelium and STOML-3 

proteins have been shown to localize mainly in the cilia of the neurons, where transduction of 

odorants takes place, and to interact with ACIII.  

The main aim of this thesis was to confirm and extend our understanding about the 

expression and localization of the stomatin family in the olfactory epithelium. I confirmed the 

localization of STOML-3 in the cilia of the olfactory sensory neurons. Moreover, we found 

that Stomatin is present also in these structures. In contrast, I revealed that STOML-1 and 

STOML-2 localizes in the central layer of the olfactory epithelium, in the soma of the neurons.  

To study the role of these proteins in the function of the olfactory epithelium I used a 

loss of expression approach. I used two KO mice models: a STOML-3 KO and a 



Stomatin/STOML-1/STOML-3 triple KO. First, I studied in detail the development in these 

KO animals. I did not find differences in the number of olfactory neurons, apoptotic, globose 

or horizontal basal cells and in the morphology of the cilia of the neurons. I did not observe 

changes in the expression and the localization of several members of the transduction 

machinery and potential targets of stomatin-domain proteins. 

Then, I measured the physiological response to odorants in KO animals by performing 

electro-olfactogram recordings. I found a reduction in the amplitude of the response in both 

KO animals, especially in older mice. The magnitude of the reduction was similar in both KO 

mice, suggesting that STOML-3 is the main responsible for this effect. 

The results in this thesis establish the first evidences that stomatin-domain proteins 

modulate the odorant response in mice and provide the foundation for future work aimed at 

clarifying the physiological role of the stomatin family in the olfactory system. 
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1. Introduction 

 

 

1.1 The sense of smell 

 The sensory systems such as the visual, auditory, somatosensory, gustatory and 

olfactory system provide the animals with the ability to detect and perceive changes in the 

environment. Among all of them, the gustatory and the olfactory systems are grouped in the 

sensory category called chemosensation, that is the ability to detect molecules present in the 

environment: airborne molecules in the case of the olfactory system and fluid-phase molecules 

in the case of the gustatory system. A hallmark feature of the chemosensory systems is the huge 

range of diversity of molecules they can detect. The olfactory system allows organisms to 

discriminate thousands of low molecular mass compounds, mainly aliphatic and aromatic 

carbon-based molecules with diverse functional groups, for example: aldehydes, esters, 

ketones, alcohols, alkenes, carboxylic acids, amines, imines, thiols, halides, nitriles, sulphides 

and ethers (Bozza et al., 2002; Dulac and Torello, 2003; Firestein, 2001; Mombaerts, 2004). 

The olfactory system detects volatile molecules, which can provide valuable 

information from the environment, for example sources of food, spoiled food, detection of prey 

or predators approaching, and also nonvolatile molecules which can regulate social interaction 

among conspecific individuals. Olfaction is critical for animal survival and reproduction and 

not surprisingly the systems of chemical detection are the most ancient evolved (Ache and 

Young, 2005; Firestein, 2001; Tirindelli et al., 2009). One more remarkable feature of the 

olfactory system is the ability to detect a wide range of intensities of stimuli. Indeed, activity-

dependent feedback mechanisms during the transduction signaling induce the adaptation of the 

sensory neurons contributing to the increase of the dynamic range of the response (De Palo et 

al., 2012; Kurahashi and Menini, 1997; Zufall and Leinders-Zufall, 2000). Finally, the 

olfactory system can be also extremely selective, for example the mouse is even able to 

distinguish between enantiomer molecules (Laska and Shepherd, 2007). 

 

 

1.2 The olfactory system  

The olfactory system can be divided in two parts: the peripheral olfactory system, which 

is in contact with the external environment and where the detection of external stimuli takes 

place; and the central olfactory system, in the forebrain, which is involved in processing of the 

sensory information generating the odor perception and motor and emotional responses 

(Firestein, 2001; Imai, 2014; Su et al., 2009).  

The peripheral olfactory system is located in the nasal cavity of the mouse head. The 

nasal cavity is a large, air-filled space above and behind the nose. The nasal septum divides the 
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nasal cavity in two fossae and each fossa is the continuation of one of the two nostrils. The 

nasal cavity is the uppermost part of the respiratory system and provides the nasal passage for 

inhaled air from the nostrils to the respiratory tract (Barrios et al., 2014). The airborne 

molecules enter into the nasal cavity during the breathing cycle and can be detected by the 

diverse organs that compose the olfactory system. Concentration of the odorants together with 

other factors such as the oscillatory entrance into the nasal cavity of these molecules during 

sniffing determine the neural activity generated by their detection in the primary sensory 

neurons (Mainland et al., 2014; Wachowiak, 2011). 

The peripheral olfactory system comprises several organs: the Grueneberg’s ganglion 

(GG), the septal organ of Masera (SO), the vomeronasal organ (VNO) and the olfactory 

epithelium (OE). These structures differ in terms of location in the nasal cavity (Figure 1), size, 

type and number of sensory neurons, complexity of the receptors they express, and the 

projection of their sensory neurons to the central nervous system (Barrios et al., 2014; Chamero 

et al., 2012; Kaupp, 2010; Munger et al., 2009; Su et al., 2009; Tirindelli et al., 2009). 

 

 
 

Figure 1: Anatomical localization of different olfactory subsystems in the mouse nasal 

cavity. A, schematic sagittal view of the olfactory cavity showing the spatial location of the 

four olfactory subsystems with their projections to the olfactory bulb (OB). In green the 

olfactory epithelium OE (also called main olfactory epithelium MOE), which projects the 

axons of the OSNs to the main olfactory bulb (MOB). The MOB contains the largest portion 

of the OB. The vomeronasal organ (VNO) in yellow and orange sends the axons of the 

vomeronasal sensory neurons to the accessory olfactory bulb (AOB). In purple the septal organ 

of Masera (SO), which make projections into a specific location in the ventral MOB. Finally, 

the Grueneberg’s ganglion (GG) in blue, which projects to the dorso-caudal region of the MOB 

close to the AOB. Sensory neurons from the olfactory system express the protein called 

olfactory marker protein (OMP). B, sagittal whole-mount view of the nasal cavity and forebrain 

using an OMP-IRES-tau:LacZ mouse stained blue with X-gal (images modified from Munger 

et al., 2009; Tirindelli et al., 2009). 

 

 

1.3 The olfactory epithelium 

The general features of the olfactory system are conserved across vertebrates. The OE 

is a pseudostratified sensory epithelium located in the nasal cavity. The OE is the biggest of 

the four olfactory subsystems and it extends over a big portion of the nasal cavity from anterior 

to posterior and from dorsal to ventral regions of the cavity (Figure 1). In addition to the wide 
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distribution, the OE is arranged in cartilage-supported folds called turbinates, which increase 

dramatically its surface (Figure 2A). The OE is composed mainly by three cell types: the 

supporting or sustentacular cells (SC), the basal cells (BS) and the olfactory sensory neurons 

(OSN) which are the primary sensory cells detecting the odorants entering into the nasal cavity 

(Figure 2B).  

The three cellular components are arranged in separate layers. The cell bodies of the 

supporting cells are aligned almost in a single layer in the apical part of the epithelium. 

Supporting cells are columnar epithelial cells with broad apical cell bodies, which make thinner 

projection towards the lamina propria. Their apical membranes present microvilli, which 

protrude into the nasal cavity and are intermingled with the cilia of the OSNs. The physiological 

role of supporting cells is still not well understood and several functions have been proposed. 

Data suggested that supporting cells provide electrical isolation of the dendrites of the OSNs 

(Breipohl et al., 1974) and regulate the ionic composition of the mucus (Menco et al., 1998). 

Supporting cells express several types of cytochrome P450 isoforms providing a possible 

mechanism to detoxification of the inhaled xenobiotic molecules (Dahl and Hadley, 1991; Ling 

et al., 2004). Finally, supporting cells are responsible for phagocytosis of dead cells (Suzuki et 

al., 1996).  

The OE maintains a steady-state population of OSNs because undergoes constitutive 

neurogenesis throughout the animal lifespan (Graziadei and Graziadei, 1979; Mackay-Sim and 

Kittel, 1991). The neurogenesis relies on the basal cells, which as the name indicates have basal 

location in the OE (Figure 2B). The basal cells are composed by two subpopulation of stem 

cells: the globose basal cells (GBCs) and the horizontal basal cells (HBCs). Olfactory 

neurogenesis is normally sustained through differentiation of globose basal cells, which are 

proliferatively active neurogenic progenitor cells (Carter et al., 2004; Fletcher et al., 2017; Iwai 

et al., 2008). However, the OE can be regenerated also after the targeted destruction of the 

sensory neurons or sustentacular cells, or more severe injury to the entire tissue (Graziadei et 

al., 1979; Herrick et al., 2017; Iwai et al., 2008). Indeed, following such type of injury, the 

quiescent HBCs become activated to differentiate and reconstitute all major cell types in the 

epithelium (Fletcher et al., 2017; Iwai et al., 2008; Leung et al., 2007).  

The epithelial surface is covered by a layer of mucus that is produced by Bowman’s 

glands. The secretory portion of the glands resides in the lamina propria, and the duct of each 

gland crosses the OE until it reaches the lumen of the olfactory cavity (Figure 2B-3C; Nomura 

et al., 2004). 
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Figure 2: Anatomical organization of the olfactory epithelium.  A, left, schematic sagittal 

view of the olfactory cavity with the spatial location of the OE in yellow (image modified from 

Munger et al., 2009). The dotted lines represent the planes of the coronal sections of the nasal 

cavity stained with DAPI which are shown on the right, in blue (Data unpublished from 

Gonzalez & Menini). The OE is arranged in folds called turbinates which increase in 

complexity towards the posterior region of the nasal cavity. The turbinates fill the space of the 

cavity increasing the sensitive surface. B, scheme of a magnified section of the OE showing 

the main different cell types in color code (image modified from Encyclopaedia Britannica, 

2012). 

 

 

1.3.1. The olfactory sensory neurons  

The OSNs are responsible for the detection of the odorants that arrive to the OE during 

breathing or sniffing. The cell bodies of the OSNs locate in the central layer of the OE, above 

the basal cells and below the supporting cells (Figure 2B). The OSNs are the most abundant 

cell type in the OE and express the olfactory marker protein (OMP), a protein that has been 

widely used as molecular marker of mature olfactory neurons, and recently it has been found 

play key role in the physiology of the neurons controlling the basal levels of cAMP (Figure 

3A; Dibattista and Reisert, 2016). OMP also expresses in the sensory neurons from the other 

organs of the olfactory system (Figure 1B). The OSNs are bipolar cells with a single dendrite 

and a single axon (Figure 3B). Each OSN extends the dendrite to the luminal surface of the 

OE, among the bodies of the supporting cells (Figure 3C). Each dendritic ending terminates 

with an enlargement called “knob” from which several immotile cilia irradiate (Figure 3 B-D; 

Morrison and Costanzo, 1990). The cilia are very important structures because they contain all 

the molecular machinery that detects the odorants and transduce their binding with the 
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receptors into an electrical signal. Moreover, the geometry of the cilia ensures a very high 

surface/volume ratio that optimizes the detection capability of the OSNs. The cilia are 

embedded in a layer of mucus mainly produced by the Bowman’s glands. Therefore, the 

odorants entering during the breathing cycle must be solubilized by the mucus to come in 

contact with the cilia of the sensory neurons. Moreover, the ionic composition of the mucus 

plays a fundamental role to ensure the ionic gradients necessary to sustain the transduction 

currents (Kleene, 2008). 

 

 

Figure 3: Anatomical organization of the olfactory sensory neurons. A, confocal image of 

a coronal section from mouse OE immuno-stained for the olfactory marker protein in red. OMP 

is broadly localized in each neuron including soma, dendrite, cilia and axon. Nuclei are stained 

in blue with DAPI (Data unpublished from Gonzalez & Menini). B, differential interference 

optic image from an isolated frog OSN where is possible to distinguish the bipolar morphology 

of this type of neurons: c, cilia; d, dendrite; s, soma; a, axon (modified from Kleene and 

Gesteland, 1981). C, scanning electron image of rat OE. Different structures are highlighted in 

color code: in yellow the OSNs, in pink the Bowman’s glands, in gray mainly supporting cells 

in the upper part of the OE (no scale bar available) (modified from Nomura et al., 2004). D, 

image of human OSN knob with its cilia obtained with scanning electron microscope (factor 

of magnification x18525, no scale bar available; modified from Morrison and Costanzo, 1990). 
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The primary chemo-electrical signal is generated in the cilia and distal dendrite of each 

OSN. The transduction process produces a graded receptor potential in response to odorant 

detection. These graded electrical signals are subsequently transformed into action potentials 

that travel along the single axons of the OSNs, conveying the information about odorant 

detection. The axons of the OSNs contain voltage dependent channels that are involved in the 

electrical conduction of the action potentials (Bolz et al., 2017; Schild and Restrepo, 1998; 

Weiss et al., 2011). From a functional point of view, we could divide the OSNs in two parts: 

the cilia, where the detection of the odorants occurs, and the axon, which transmits the action 

potentials working as conduction cable.  

The olfactory system can recognize and discriminate a large number of molecules and 

this capability is based on the expression of more than 1000 olfactory G coupled protein 

receptors (GPCR) in mouse and rat (Buck and Axel, 1991). These proteins are named olfactory 

or odorant receptors (OR) as they are the primary molecular sensors of odorants. The ORs are 

located on the surface of the OSNs, mainly in the cilia. Although the general organization of 

the OE is very similar among vertebrates, large differences in terms of the number of OR genes 

are present, for example: human, 388 genes; mouse, 1037 genes; rat, 1201 genes; dog, 871 

genes; chicken, 82 genes; frog, 410 genes (Tirindelli et al., 2009). Each OSN expresses only 

one type of OR. The hundreds or thousands OSNs expressing a given type of receptor are 

dispersed randomly in only one of four zones present in the olfactory cavity through the 

dorsoventral axis (Ressler et al., 1993, 1994; Sullivan et al., 1995). 

The MOB is the first relay center of the olfactory information carried by the OSNs. In 

mice, the MOB is the most anterior brain structure, dorso-posterior with respect to the nasal 

cavity and immediately above the cribriform plate. The precise specificity in the connectivity 

is essential to translate electrical activity into meaningful neuronal code, and the olfactory 

system follows a particular organizational principle to achieve this. Molecular-genetic studies 

using transgenic mice have shown that neurons expressing a particular receptor, no matter 

where they are found in the OE, converge to 2 or few single spots on each of the two hemi 

bulbs of the MOB (Feinstein and Mombaerts, 2004; Mombaerts et al., 1996; Vassalli et al., 

2002). These spots are called glomeruli, which are spherical neurophil-like structures of 50–

100 µm in diameter and are located in the external layer of the OB. The axons of OSNs and 

the dendrites of the main projection cells in the bulb, the mitral cells, converge in the glomeruli. 

Each glomerulus receives afferences only from OSNs expressing the same type of OR. This 

sets a sensory map, with the glomerulus as a functional unit where the information coming 

from a single type of OR is integrated and maintained in a separated channel. In addition, other 

neurons are involved in the connection among different glomeruli and among the mitral cells 

(periglomerular cells and granule cells respectively) integrating the information. Eventually, 

the information is sent to other centers in the brain such as the anterior olfactory nucleus, the 

piriform cortex, the cortical amygdala or the lateral entorhinal cortex (Courtiol and Wilson, 

2017; Nagayama et al., 2014). 
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1.3.2. Olfactory transduction 

The sensory cilia are enriched in the ORs and other signaling components that mediate 

the transduction cascade. The olfactory transduction is a chain of molecular events, which 

occurs in the cilia of the OSNs after the binding of an odorant to a specific OR (Figure 4). This 

process translates a discrete chemical signal, the odorant, into a graded electrical one, the 

depolarizing receptor potential. The odorant receptors are the variable component in 

transduction, and a given OSN expresses only one type of OR, but the other components are 

constant and common to all OSNs. 

 

Figure 4: Core elements of the odorant transduction machinery. The odorant transduction 

is mediated by a signaling pathway composed by multiple steps. The ORs in the membrane of 

the cilia of the OSNs bind to the odorants arriving into the nasal cavity. This binding leads the 

activation of the Gαolf-containing heterotrimeric G-protein. Then Gαolf subunit activates the 

adenylyl cyclase type III (ACIII) which produces cAMP. cAMP gates a cyclic nucleotide-gated 

(CNG) cation channels composed by three types of subunits: CNGA2, CNGA4 and CNGB1b. 

This allows the depolarizing influx of Na+ and Ca2+.The increase of cytosolic calcium opens 

the calcium activated chloride channel named TMEM16B, which allows the efflux of chloride 

outside the cell contributing to further depolarize the OSN. Other proteins such a 

phosphodiesterase (PDE) and calmodulin are involved in the negative feedback of this process. 

PDE decrease the levels of cAMP and calmodulin reduces the sensitivity of the CNG channel 

to cAMP (modified from Munger et al., 2009).  

 

 

The binding of an odorant molecule to an OR induces a conformational change in the 

receptor that activates a Gαolf-containing heterotrimeric G-protein (Belluscio et al., 1998; 

Jones and Reed, 1989). The activated Gαolf subunit activates the adenylyl cyclase type III 

(ACIII), the key enzyme of this process (Bakalyar and Reed, 1990; Pace et al., 1985; Wong et 

al., 2000). ACIII is a membrane protein that converts adenosine triphosphate (ATP) into cyclic 

adenosine monophosphate (cAMP). The increasing of cAMP concentration in the ciliary lumen 

results in the opening of cyclic nucleotide-gated (CNG) cation channels that are permeable to 

cations like Ca2+, Na+ and K+ (Boccaccio and Menini, 2007; Firestein, 2001; Nakamura and 
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Gold, 1987; Pifferi et al., 2006). This channel is composed by different subunits: CNGA2, 

CNGA4 and CNGB1b (Bönigk et al., 1999; Brunet et al., 1996; Liman and Buck, 1994; 

Michalakis et al., 2006; Zheng and Zagotta, 2004). The opening of CNG channels produces a 

net depolarizing current, essential for the generation of action potentials in the OSNs. The entry 

of calcium has several consequences. Calcium gates calcium-activated chloride channels in the 

OSNs (Boccaccio and Menini, 2007; Kurahashi and Yau, 1993; Lowe and Gold, 1993; Reisert 

and Reingruber, 2019). This current is mediated by the channel TMEM16B (Billig et al., 2011; 

Dibattista et al., 2017; Pifferi et al., 2012; Stephan et al., 2009). The OSNs have high chloride 

concentration inside the cilia (Kaneko et al., 2001, 2004; Nakamura et al., 1997; Reuter et al., 

1998) so the opening of this calcium-activated chloride currents produces a further depolarizing 

efflux of Cl¯ which is important in the response amplification (Kurahashi and Yau, 1993; Li et 

al., 2018; Lowe and Gold, 1993; Pietra et al., 2016; Reisert and Reingruber, 2019)  

The use of signaling pathway during transduction of odorants represents an advantage 

because it allows amplification in each step of this process, but additionally it gives the 

possibility to introduce negative feedback. To ensure faithful temporal representation of odor 

stimuli and extension of the dynamic range of detection, the OSNs uses mechanisms of 

termination and adaptation of the response to odorants and Ca2+ is a key player in this process. 

Calcium binds to calmodulin which in turn decreases the sensitivity of the CNG channel to 

cAMP and therefore closes the channel (Bradley et al., 2004; Pifferi et al., 2006). In fact, OSNs 

expressing CNG mutant channels unable to bind calmodulin have a defected in the termination 

of the response to stimulation with odorants (Song et al., 2008). Additionally, odor-induced 

elevated cAMP is degraded by phosphodiesterases (PDEs). Two members of the calmodulin-

dependent PDE family are expressed in the OSNs; PDE1C in the cilia and PDE4A in the 

dendrite, cell body and axon terminals but not in the cilia (Borisy et al., 1992; Cygnar and 

Zhao, 2009; Yan et al., 1995). Though PDE1C is expressed in the cilia, only double knockout 

mice for PDE1C and PDE4 present an impairment in the odorant response. These mutant mice 

have a slower termination of the response to short odorant stimuli and a decrease in the 

adaptation to long odorant stimulation (Cygnar and Zhao, 2009). 

The previous elements constitute the canonical members of the odorant transduction 

machinery in mouse and most of vertebrates, however there are some other identified proteins 

that contribute to this process. As mentioned before the cytosolic chloride concentration in the 

cilia of the OSNs is high and important for the signal amplification during transduction. This 

high concentration of chloride possibly is in part maintained by the Na+/K+/2Clˉ co-transporter 

NKCC1 (Hengl et al., 2010; Nickell et al., 2006, 2007; Reisert et al., 2005). In addition, it has 

been found that Nckx4, a potassium-dependent Na+/Ca2+ exchanger which contributes to 

remove intracellular Ca2+ after the stimulation, is necessary for rapid response termination and 

proper adaptation of the OSNs. Indeed, Nckx4−/− mutant mice displayed prolonged odor evoked 

responses and stronger adaptation due to a prolonged increase of intracellular Ca2+ (Stephan et 

al., 2011). Finally, it has been found that also calcium-ATPases can participate in the ionic 

homeostasis in mice (Saidu et al., 2009) and other vertebrate species (Antolin et al., 2010; 

Castillo et al., 2007). 

Several members of the odorant transduction machinery have high expression levels in 

the OE, as expected for an organ specialized in odorant detection, but additionally, members 
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of this machinery can express specifically in the OSNs and not in other cell types in the OE or 

other tissues. These conditions have been exploited in order to identify molecules that can 

participate in olfactory detection. In fact, in the past, differential expression screenings allowed 

the molecular identification of what we know today are the core elements of the odorant 

transduction machinery, for example the Gαolf and ACIII (Bakalyar and Reed, 1990; Jones and 

Reed, 1989). This differential expression of the elements of odorant transduction could be 

explained by regulation of olfactory-specific gene promotors and transcription factors. In fact, 

Wang et al. (1993) reported the characterization of the promotor sequences of various 

differentially expressed genes in the rat OE, including members of the odorant transduction 

machinery like Gαolf, ACIII and one of the subunits in the CNG channel (Wang et al., 1993). 

They found a particular consensus DNA-binding regulatory site for the binding of transcription 

factor Olf-1. Moreover, they found two additional gene, named 50.06 and 50.11, which also 

contain this olfactory specific regulatory sequence. Later, the mouse homologue of gene 50.11 

was identified as the member of stomatin family, STOML-3 (see paragraph 1.4.4.; Goldstein et 

al., 2003). 

 

 

1.4 Stomatin-domain protein family 

1.4.1 Identification of stomatin proteins 

The stomatin family is composed by small and highly conserved proteins present in all 

domains of life. The members of this family are defined by the presence of a core domain called 

stomatin domain. Stomatin-domain proteins have broad expression in cells and tissues, and 

they mainly associate to the cytosolic side of the cell membrane. The first mammalian stomatin-

domain protein was originally identified in the search of the causes of a particular type of 

anemia called stomatocytosis. One of the main causes of anemia is the breaking of the red 

blood cells, called hemolytic anemia. The causes of hemolytic anemia are diverse, but a very 

common characteristic is the alteration of the shape of the red blood cells leading to their 

rupture. For example, in one of the first types of identified anemias, some of the red blood cells 

were sphere-shaped instead of the normal bi-concave disk shape, and therefore this type of 

anemia was named spherocytic anemia or spherocytosis (Dhaliwal et al., 2004). Some anemias 

are inherited diseases, due to mutations mainly in genes encoding proteins associated with the 

cytoskeleton (e.g. Spectrin) or cytoskeleton-membrane adaptor proteins (e.g. Ankyrin), which 

alter the shape of the cell. Another gene mutated in patients with hereditary spherocytosis is 

the anion exchanger 1 (also called Band 3 anion transport protein or Slc4a1) which exchanges 

HCO3ˉ and Clˉ. This exchanger is critical for the function of the red blood cells because it 

allows bicarbonate to move out from the erythrocytes. SLC4A1 interacts with many proteins 

in the membrane of erythrocytes forming highly organized complexes which also interact with 

the cytoskeleton. The abnormal shape observed in these patients can be a consequence of 

changes in the osmotic balance or alterations in the interaction of proteins in the membrane of 

the erythrocytes (Dhaliwal et al., 2004; Lux, 2016; Reithmeier et al., 2016).  
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In 1961, Lock et al. identified a different type of hemolytic anemia. Using stained films 

of blood cells, they showed that many of the erythrocytes of some anemic patients contained a 

well demarcated, linear unstained area across their center, instead of the normal circular area 

of pallor. This mouth-like alteration is very similar to the stoma of plant leaves, so these 

researchers decided to choose the term ‘stomatocytosis’ to describe this condition which 

differed from hereditary spherocytosis (Figure 5; Lock et al., 1961).  

 

 

Figure 5:  Morphology of red blood cells from a patient with stomacytosis. A, light 

microscope picture of red blood cells from first study reporting the characterization of 

stomacytosis (scale bar is not available from the original reference) (Lock et al., 1961). B, 

Scanning electron micrograph of a stoma in a leaf of Hebe spp (factor of magnification or scale 

bar are not available from the original reference; modified from Willmer and Fricker, 1996). 

 

 

Some findings suggested that in stomacytosis is characterized by a defect in the ion 

permeability of the membrane in the red blood cells (Oski et al., 1969). For this reason, part of 

the effort to study the causes of this disease was directed to identify changes in the membrane 

of these cells. In 1982, by using one-dimensional sodium dodecyl sulfate (SDS) gel 

electrophoresis with protein extracts from red blood cell membranes, it was possible to identify 

a band that decreased in patients with stomacytosis. Indeed, by this type of electrophoresis it 

was possible to observe 8 strong bands numbered from 1 to 8, band number 1 with the highest 

molecular mass and band number 8 with the lowest molecular mass. Band 7 could be separated 

into three components with approximate molecular weights of 30,000, 28,000, and 26,000 Da. 

It was found that the 28,000-dalton component (called band 7.2b) decreased in some patients 

with stomacytosis (Figure 6A; Lande et al., 1982). Some years later, it was determined the 

molecular identity of this band. A first analysis revealed a high composition of hydrophobic 

amino acids in the N-terminal of the predicted protein sequence (Figure 6B; Hiebl-Dirschmied 

et al., 1991; Stewart et al., 1992). Over the years, this misregulated protein took the name 

Stomatin. Mutations causing stomacytosis have not been found in the Stomatin gene. However, 

in recent years, particular mutations on the previously mentioned anion exchanger 1 (Slc4a1), 
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different to those that causes spherocytic anemia, has been found in individuals with 

stomacytosis (Bruce et al., 2005, 2009). Finally, it has been found that stomatin interact with 

SLC4A1 and aquaporin-1 suggesting a possible role of stomatin in the regulation of ion 

transport and osmotic balance (Rungaldier et al., 2013). 

In the late 90s the view about stomatin-domain proteins began to expand. Mutant 

screenings in Caenorhabditis elegans allowed to find different genes Mec-2, Unc-1 and Unc-

24, which showed high homology with human Stomatin. MEC-2 was found expressed 

predominantly in six touch-receptor neurons and to be essential in mechanotransduction 

(Huang et al., 1995). UNC-1 was found required for normal responsiveness to volatile 

anesthetics (Rajaram et al., 1998) and UNC-24 was found required for normal locomotion 

(Barnes et al., 1996). Altogether, these findings revealed some important information: 

stomatin-like genes and proteins could be present even in basal organisms, they have a high 

level of conservation, more than one stomatin-like gene could be present in the genome of one 

species and stomatin-like proteins can play diverse roles. With the development of massive 

sequencing technologies during 90’s and next decade, these general features about the stomatin 

family were further confirmed. 

 

 

Figure 6: Original identification of the protein absent in patients with stomacytosis. A, 

One-dimensional SDS gel electrophoresis of the erythrocyte membrane proteins. Band 7 is 

resolved into three components with approximate molecular weights of 30,000, 28,000, and 

26,000. The 28,000-dalton component is present in normal patients, left column, and it is absent 

in patients with stomacytosis, right column (image modified from Lande et al., 1982). B, Kyte-

Doolittle hydrophobicity plot using the predicted amino acid sequence from the original report 

about the sequence identification of the human Stomatin gene involved in stomacytosis and 

that correspond to the band of 28,000-dalton in A (image modified from Stewart et al., 1992). 

 

 

1.4.2. Evolutionary and structural features of the stomatin proteins 
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Stomatin-like proteins have been identified in all three domains of life. The 

conservation among these proteins is notable, indeed bacterial and human homologs share up 

to 50 % identity. The distinctive feature of stomatin proteins is the presence of a conserved 

domain of ~120 aa residues, called stomatin domain which has an even higher conservation 

with respect to the entire sequence of the proteins (Figure 7). The stomatin domain is further 

related to the SPFH domain (stomatin/prohibitin/flotillin/HflK/ domain), which is found also 

in prokaryotes and eukaryotes.  

 

Figure 7: Sequence conservation of the stomatin-domain proteins. Sequence alignment of 

mouse stomatin-like protein 3 (mmSTOML-3, expasy accession # Q6PE84), mouse Stomatin 

(mmSTOM, expasy accession # P54116), Pyrococcus horikoshii  stomatin-like protein 
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(pSTOM, expasy accession # O59180), C. elegans MEC2 (ceMEC2, expasy accession # 

Q27433), mouse Podocin (mmPODO, expasy accession # Q91X05), mouse stomatin-like 

protein 1 (mmSTOML-1 , expasy accession # Q8CI66) and mouse stomatin-like protein 2 

(mmSTOM-2, expasy accession # Q99JB2). The sequence alignment contains the region 

starting from the membrane hairpin (boxed) and ending at the C-terminal domain of stomatin. 

Cysteines shown to be palmitoylated are indicated by * and the proline in the membrane 

hydrophobic domain required for hairpin formation is indicated by ◆. The amino acids in 

yellow letters correspond to extremely conserved amino acids. In gray, there are other very 

conserved amino acids among the different stomatin-domain proteins in this alignment (image 

modified from Lapatsina et al., 2012). 

 

 

The conservation in the SPFH domain also is observed at the structural level. 

Mammalian family members of the SPFH domain proteins include the prohibitins, flotillins, 

stomatins and the erlins. SPFH domain-containing proteins are all anchored to cellular 

membranes, including the plasma membrane, endosomes, the Golgi apparatus, mitochondria 

and the endoplasmic reticulum. This wide distribution also has been accompanied with 

implication in diverse cellular function, for example in vesicle and protein trafficking, ion 

channel regulation, cell proliferation, apoptosis and mitochondrial function (Browman et al., 

2007; Green and Young, 2008; Tavernarakis et al., 1999).  

In mammals, the stomatin family is composed by 5 members: stomatin, stomatin-like 

protein 1 (STOML-1), stomatin-like protein 2 (STOML-2), stomatin-like protein 3 (STOML-

3) and podocin. Stomatin-domain proteins are composed by about 300 amino acids and are 

organized in 3 domains: harpin hydrophobic domain in the N-terminal, the stomatin domain in 

the middle and a C-terminal domain (Figure 8A). All stomatin proteins share the same basic 

topology. A typical stomatin-domain protein is an integral membrane protein localized at the 

inner leaflet of the membrane with a single, relatively short (around 30 aa), hydrophobic 

membrane hairpin insertion domain. A single conserved proline residue in the hydrophobic 

region is required for the formation of the hairpin structure. Stomatin-domain proteins also 

have conserved cysteine residues close to or in the hydrophobic region, which can be 

palmitoylated. This modification contributes to the localization of these proteins to mainly lipid 

rafts. The stomatin domain follows the hydrophobic domain and constitutes most of the protein, 

followed by a 60 amino acid C-terminal domain, which is less conserved with respect to the 

other domains. Biochemical membrane fractioning in combination with mutational studies 

have revealed that residues in the C-terminal domain also contribute to the association to the 

lipid rafts on the cell membrane (Umlauf et al., 2006). Both N- and C-terminals of the stomatin 

protein are intracellular.  

The stomatin domain is composed by about 120 amino acids and corresponds to the 

most conserved portion of the protein (Figure 7). It is composed by both α-helices and β-sheets. 

The N-terminus of stomatin domain is organized in two β-sheets (β1 and β2) followed by four 

α-helices (α1, α2, α3 and α4). An additional β-sheet (β3) is located at the C-terminus. The β-

strands form a curved β-sheet while the α-helices are located inside the groove generated by 

the β-sheet (Figure 8B). This structural arrangement is highly conserved even from bacteria 

and in other members of the SPFH domain family. A characteristic of the stomatin-domain 
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proteins is their ability to oligomerize among themselves, forming homo or hetero oligomers. 

Biochemical studies have revealed that the stomatin-domain proteins can form high order 

oligomers composed of more than 10 single monomers (Mairhofer et al., 2009; Snyers et al., 

1998; Umlauf et al., 2006). Some amino acid residues the C-terminal domain are essential for 

oligomerization. Structural studies also have further supported the oligomerization of these 

proteins. It has been possible to determine the structure of the stomatin-domain proteins 

forming dimers, trimers and recently high order ring-like structures composed by more than 10 

monomers (Figure 9; Brand et al., 2012; Takekawa et al., 2019; Yokoyama et al., 2008). These 

structural studies have further supported the hypothesis that residues in the C-terminal of the 

stomatin domain could contribute to oligomerization.  

 

 

Figure 8: Topology of stomatin-domain proteins and the stomatin domain structure. A, 

stomatin-domain proteins are ~300 aa integral-membrane proteins. They locate in the inner 

leaflet of the cell membrane. These proteins contain 3 domains: a short hydrophobic domain in 

the N-terminal (in gray), a ~120 aa stomatin domain in the middle (in blue) and a C-terminal 

domain (green). They have some conserved cysteine residues in the N-terminal region that can 

be palmitoylated (red twist). The stomatin-domain proteins also have a conserved proline 

residue in the hydrophobic domain important in determine the hairpin topology of this domain 

(modified from Browman et al., 2007). B, crystal structure of the stomatin domain of mouse 

Stomatin. This domain is composed by 3 β-strands forming an anti-parallel, curved β -sheet 

and 4 α-helices. N-and C-termini are located at opposing sides of this domain (modified from 

Brand et al., 2012). 
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Figure 9: Crystal structures of some stomatin domains forming oligomers. A, structure of 

mouse stomatin domain forming dimers, one monomer is in purple and another monomer in 

orange (Brand et al., 2012). B, structure of Pyrococcus horikoshii p-stomatin forming trimers, 

the monomers are represented in blue, green and red (Yokoyama et al., 2008). C, structure of 

FliL, a stomatin-like protein in Vibrio alginolyticus which form ring-like assemblies, one 

monomer in red and the rest of them in cyan (Takekawa et al., 2019).  

 

 

STOML1 and STOML-2 have some differences regarding the canonical domain 

composition and subcellular localization of the stomatin family. STOML-1 has a C-terminal 

sterol carrier protein-2 (SCP2) domain that is absent in other mammalian stomatin-like proteins 

(Mairhofer et al., 2009). From the original molecular identification study of STOML-1 (Seidel 

and Prohaska, 1998), it was found that STOML-1 has a broad expression in cells and tissues 

and it is specially enriched in the brain and the heart. The physiological role of STOML-1 is 

less known. It has been found that STOML-1 is located in the cell membrane and intracellular 

vesicles, mainly in late endosomes, but is especially enriched in the latter (Kozlenkov et al., 

2014; Mairhofer et al., 2009). In fact, it has been found that targeting of STOML-1 to late 

endosomes is caused by a sorting signal at the N-terminus and mutation of this signal results 

in plasma membrane localization of STOML-1 (Mairhofer et al., 2009). STOML-2 is the most 

sequence divergent member of the stomatin family, and also it has a wide expression like 
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STOML-1 (Wang and Morrow, 2000). STOML-2 has been found predominantly in 

mitochondria; in fact, this protein has a mitochondrial localization sequence at its N-terminus 

(Da Cruz et al., 2008). STOML-2 also lacks the N-terminal hydrophobic domain. Because of 

the wide expression of STOML-2 and its particular localization on mitochondria, STOML-2 

could play a role in an important basal cell function. In fact, mutations that lead to loss the 

expression STOML-2 are lethal (Lapatsina et al., 2012). 

 

 

1.4.3. Physiology of the stomatin proteins 

1.4.3.1. Stomatin proteins in the erythrocyte membrane  

Regulation of ion channels and transporters is one of the main functions associated with 

the stomatin-domain proteins. The first hint for this role comes from the finding that the 

erythrocytes from patients affected by hereditary stomacytosis are leaky to cations (Oski et al., 

1969). As mentioned before, despite that the stomatin gene of patients with hereditary 

stomacytosis does not have mutations, in some of these patients have been found mutations in 

the anion exchanger 1 gene (Slc4a1; Bruce et al., 2005). Recently, it was shown that stomatin 

and SLC4A1 can interact directly in the membranes of erythrocytes (Rungaldier et al., 2013). 

Some recent indirect measures suggest this interaction also has a functional impact on the 

activity of SLC4A1 (Genetet et al., 2017). A stopped-flow spectrofluorometer was used in 

combination with pH- or chloride-sensitive fluorescent indicators to indirectly determine the 

flow of bicarbonate and chloride in erythrocyte membranes in normal patients and patients with 

hereditary stomacytosis. Bicarbonate and chloride flow were slower in membranes from 

patients with stomacytosis (Genetet et al., 2017). Similar findings were obtained using a cell 

heterologous expression system. However, the link between this modulation on the SLC4A1 

and the defects observed in the erythrocytes in stomacytosis is still unclear. 

 

 

1.4.3.2. Stomatin proteins in mechanotransduction 

 A better characterization of the regulation of ion channels by stomatin-domain proteins 

has been obtained by investigation of mechanotransduction in Caenorhabditis elegans. Mutant 

screenings allowed the identification of proteins involved in the mechanical transduction by 

mechanoreceptor sensory neurons. From 302 neurons of this organism, around 30 are 

considered mechanoreceptors. A subset of these mechanoreceptors in Caenorhabditis elegans 

uses a DEG/ENaC channel complex to transduce mechanical forces (Chalfie, 2009; Geffeney 

and Goodman, 2012). The complex contains two pore-forming subunits, MEC-4 and MEC-10, 

as well as other accessory subunits such as MEC-2, MEC-6, MEC-7 and others (Figure 10A). 

This complex localizes in regular puncta along the touch receptor neurons. MEC-4 and MEC-

10, which belong to the DEG/ENaC ion channel family, form an amiloride-sensitive sodium 

channel that transduce the mechanical force (Chalfie, 2009; Geffeney and Goodman, 2012). 
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They form the ion channel that allows the generation of the mechanoreceptor current induced 

by mechanical stimulation (Chalfie, 2009; Geffeney and Goodman, 2012). MEC-2, a stomatin 

like protein, has been found essential for mechanotransduction in C. elegans (Huang et al., 

1995; Zhang et al., 2004). MEC-2 interacts by the stomatin domain with MEC-4 and has the 

same pattern of localization in the touch receptor neurons (Huang et al., 1995; Zhang et al., 

2004). Several mutated MEC-2 alleles have been identified that cause touch insensitivity. Some 

of these mutations are on the stomatin domain. They disrupt the MEC-2 puncta pattern of 

localization in the touch neurons and these neurons become insensitive (Zhang et al., 2004, 

2004). In oocytes, the amiloride sensitive current is abolished by co-expression of MEC-4 with 

various forms of MEC-2 with mutations in the stomatin domain (Zhang et al., 2004). Moreover, 

several mutated MEC-2 alleles, which causes insensitivity, produce mutated proteins lacking 

the ability to bind cholesterol (Huber et al., 2006). For example, the MEC-2(P134S) mutant, 

which has a substitution of a serine for a proline in the hydrophobic region that precedes the 

stomatin domain, cannot bind cholesterol even though it can oligomerize and interact properly 

with the MEC-4 (Huber et al., 2006). These data suggest that loss of touch sensitivity results 

from the loss of cholesterol binding by MEC-2 and demonstrate the importance of the in vivo 

binding to cholesterol (Huber et al., 2006). Single channel recordings of the MEC-4/10 

expressed in oocytes showed that co-expression with MEC-2 does not alter dramatically the 

open probability of the channel, but produces a small increase in the amplitude of single 

channel conductance (Brown et al., 2008). At the macroscopic level, MEC2 increases the 

current mediated by MEC-4/10 without altering their membrane expression. This current 

increase is lost in the MEC-2(P134S) mutant, unable to bind to cholesterol, but also in the 

MEC-2(C140/174A) mutant that has a substitution in two conserved cysteine residues that are 

palmitoylated and contribute to cholesterol binding. These findings further support a role of 

MEC-2 as a positive regulator of MEC-4 by placing this channel in a particular lipid 

environment (Brown et al., 2008).  

The role of stomatin-domain proteins in mechanotransduction and touch sensitivity is 

conserved during the evolution. For example in mammals, STOML-3 is expressed in a subset 

of dorsal root ganglion (DRG) neurons and studies of mutant mice lacking STOML-3 showed 

that STOML-3 is an important determinant of the skin mechanoreceptor functions. Indeed, 

about 35% of skin mechanoreceptors do not respond to mechanical stimuli in STOML-3 knock 

out mice (Figure 10B). At the behavioral level, the loss of STOML-3 impairs tactile 

discrimination capability and touch-evoked pain following neuropathic injury (Wetzel et al., 

2007). It is still unclear the precise molecular mechanisms by which STOML-3 controls the 

response of skin mechanoreceptors. However, it has been found that STOML-3 functionally 

interacts with the mechanosensitive ion channels Piezo-1 and Piezo-2, increasing the sensitivity 

of these channels to mechanical stimulations (Figure 10C; Poole et al., 2014). In addition, 

repetitive mechanical stimulations lead to a reduction of the amplitude of the Piezo currents 

and this phenomenon is partially prevented by the presence of STOML-3 (Figure 10D; Poole 

et al., 2014a). Finally, mutations in residues important for oligomerization and in the stomatin 

domain of STOML-3 lead to lose this effect (Poole et al., 2014). 
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Figure 10: Stomatin-domain proteins are involved in mechanotrasduction in different 

species. A, A subset of mechanosensory neurons Caenorhabditis elegans uses a DEG/ENaC 

channel complex to transduce mechanical stimuli. Multiple proteins compose this complex. 

MEC-4 and MEC-10 are the pore-forming subunits of the channel that allows the generation 

of the mechanoreceptor current induced by mechanical stimulation. MEC-2 is a stomatin-like 

protein, which is essential for mechanosensitivity. In particular MEC-2 can interact and 

regulate MEC-4 (modified from Chalfie, 2009). B, normally, more than 90% of sensory fibers 

innervating the skin of mouse are mechanoreceptors. The percentage of fibers that become 

insensitive to mechanical stimulation increase in STOML-3 knock out mice to around 35% 

(modified from Wetzel et al., 2007). C, Co-expression Piezo2 with STOML-3 decrease the 

threshold of mechanical stimuli that induces the current (modified from Poole et al., 2004). D, 

Overexpression of STOML-3 in N2a cells prevents the desensitization of Piezo-1 mediated 

currents (modified from Poole et al., 2004).  
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1.4.3.3. Regulation of the acid-sensing ion channel family (ASIC) by stomatin proteins  

Stomatin-domain proteins also modulate the acid-sensing ion channel family (ASIC). 

In vertebrates, 6 members compose the ASIC family: ASIC1a, ASIC1b, ASIC2a, ASIC2b, 

ASIC3 and ASIC4. ASIC1a/ASIC1b and ASIC2a/ASIC2b are splice variants. These channels 

express broadly and are implicated in several functions, for example pain perception (Bianchi 

and Driscoll, 2002). Stomatin, STOML-1 and STOML-3 can interact with the ASIC channels 

and regulate them in diverse ways.  

In particular, Stomatin has been found to interact with ASIC1a, ASIC2a and ASIC3 in 

heterologous systems (Figure 11A; Brand et al., 2012; Price et al., 2004). Co-expression of 

stomatin with ASIC3 abolishes the proton-sensitive current by ASIC3 (Figure 11C), whereas 

co-expression of stomatin with ASIC2a does not alter the amplitude of the proton sensitive 

current. However, the speed of desensitization of the channel in a sustained stimulus of low pH 

increases (Figure 11D). Co-expression of stomatin with ASIC1a does not alter the amplitude 

of the proton evoked current or the time constant of desensitization (Brand et al., 2012; Price 

et al., 2004). 

STOML-3 can interact directly with ASIC2a, ASIC2b and ASIC3 (Figure 11B; 

Lapatsina et al., 2012; Wetzel et al., 2007) and a decrease in the proton induced current by the 

presence of STOML-3 in CHO cells expressing ASIC2a has been measured (Figure 11E; 

Lapatsina et al., 2012). This STOML-3 regulation observed in heterologous system could also 

have an impact on DRG neurons. In fact, DRG neurons from STOML-3 knock out mice also 

have an increase in the current induced by stimulation of low pH (Figure 11F; Wetzel et al., 

2007). 

STOML-1 expresses broadly in tissues and cells, including a subset of DRG neurons 

(Figure 12A). In DRG neurons, STOML-1 proteins localize in the cell membrane and mostly 

in intracellular vesicles. STOML-1 is expressed in approximately half of the DRG neurons, 

mainly in small diameter ones (Kozlenkov et al., 2014). Using heterologous expression 

systems, it was found that STOML-1 decreases and almost abolishes the ASIC1a current 

induced by stimulation at low pH (Figure 12B). This effect was not observed using a version 

of STOML-1 that loses the SCP2 domain, pointing out a possible divergent mechanism of 

regulation by STOML-1 respect to other stomatin family members. STOML-1 does not have 

any effect in the amplitude of the pH-induced current of ASIC1b, ASIC2a ASIC3; however, it 

accelerates the inactivation time constant when the stimulus is removed in the case of ASIC3 

(Kozlenkov et al., 2014). Additionally, in DRG neurons from STOML-1 knock out mice, 

showed a tendency to have a smaller amplitude of the currents induced by stimulation with low 

pH (Kozlenkov et al., 2014). These findings support that STOML-1 have different modulatory 

roles depending on the target. 
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Figure 11: Stomatin-domain proteins interact and modulate the acid sensitive ion 

channels ASICS. A, COS-7 cells were transfected with ASIC1a, ASIC2a, or ASIC3 and 

stomatin-Flag (FL). Immunoprecipitated was performed with anti-Flag antibody and the 

immunoprecipitates were probed with either ASIC1a, ASIC2a, or ASIC3 antibodies as 

indicated. ASIC1a, ASIC2a, and ASIC3 co-immunoprecipitate with stomatin (modified from 

Price et al., 2004). B, CHO cells were transfected with Flag-ASIC1a, Flag-ASIC1b, Flag-

ASIC2a, Flag-ASIC2b, Flag-ASIC3 and Flag-ASIC4 and STOML-3-Strep. 

Immunoprecipitated was performed with anti-Strep antibodies and they were probed with anti-

Flag antibodies as indicated. All ASIC channels were found to interact with STOML-3 

(modified from Lapatsina et al., 2012b). C, representative currents evoked by application of 

pH 5 to CHO cells expressing ASIC3 or co-expressing ASIC3 and stomatin. Stomatin inhibits 

ASIC3 acid-evoked current (modified from Price et al., 2004). D, representative currents 

evoked by application of pH 3.5 to CHO cells expressing ASIC2a or co-expressing ASIC2a 

and stomatin. Stomatin increases the rate of ASIC2 desensitization (modified from Price et al., 

2004). E, representative currents evoked by application of pH 5 to CHO cells expressing 

ASIC2a or co-expressing ASIC2a and STOML-3. STOML-3 reduces the amplitude of the 
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ASIC2a-mediated current (modified from Lapatsina et al., 2012b). F, Proton gated currents in 

DRG neurons from STOML-3 WT (STOML-3+/+) and STOML-3 KO (STOML-3-/-) mice. 

Amplitude of sustained current at pH 5 was larger in KO animals (Wetzel et al., 2007).  

 

 

Figure 12: STOML-1 inhibits ASIC1a currents. A, thoracic DRG neuron section illustrating 

that STOML1 (by X-gal staining in blue) is present in small diameter DRG neurons (red 

arrows) and absent in large diameter DRG neurons (black arrowheads) (modified from 

Kozlenkov et al., 2014). B, representative currents evoked by application of pH 4.0 to CHO 

cells expressing ASIC1a or co-expressing ASIC1a and STOML-1. STOML-1 almost 

completely ablated the ASIC1a-mediated current (modified from Kozlenkov et al., 2014). 

 

 

1.4.3.4. TRPC6 regulation by podocin 

 Finally, some evidence supports also Podocin, the last mammalian member of the 

stomatin family, as an ion channel regulator. Podocin localizes specifically in the podocytes of 

kidney in mammals and could be involved in the formation of the filtration barrier. In humans, 

mutations in the Podocin gene cause congenital nephrotic syndrome, which is a severe genetic 

kidney disorders characterized by disruption of the filtration barrier. Mutations in some other 

identified genes that express in the podocytes also can lead to similar kidney defects, for 

example, alterations on the transient receptor potential channel 6 (TRPC6) gene. TRPC6 and 

Podocin share the same location in the podocytes and it was found that they can physically 

interact. Moreover, this physical interaction also leads to changes in the functional properties 

of TRPC6 (Huber et al., 2006). Co-expression of TRPC6 and Podocin in oocytes increase the 

current of TRPC6 induced by stimulation with OAG (oleoyl-2-acetyl-sn-glycerol). It was 

found that the stomatin domain of podocin is required for the binding to TRPC6, and 

additionally that the stomatin domain can bind cholesterol and substitution mutation in residues 

in the stomatin domain that allow the binding to cholesterol also impair the modulation of 

podocin on the TRPC6. Therefore, this finding further supports a cholesterol dependence in 

the regulation of Podocin on TRPC6 (Huber et al., 2006). 

 

 

1.4.4. Expression of the stomatin family in the olfactory system 
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 As already mentioned in section 1.3.2, the STOML-3 promoter region contained 

specific sequences for the binding of olfactory-specific transcription factors (Goldstein et al., 

2003; Wang et al., 1993). In 2002/3, two research groups, Goldstein et al. and Kobayakawa et 

al. reported the expression of STOML-3 in the OE. Northern blot experiments revealed the 

presence of STOML-3 transcripts in the OE from adult mice and no in other tissues such as 

brain, eyes, liver, spleen, lung, thymus and testis (Figure 13A; Goldstein et al., 2003; 

Kobayakawa et al., 2002). The expression of STOML-3 transcripts in the OE from mouse was 

confirmed by RT-PCR. It was found to be absent in the VNO, retina and tongue, further 

supporting the very restricted expression of STOML-3 to the OE (Figure 13B; Kobayakawa et 

al., 2002). Moreover, by RT-PCR Kobayakawa et al., (2002) found that also Stomatin is 

expressed in the OE as well as in the VNO, retina and the tongue (Figure 13B). By in situ 

hybridization, STOML-3 and Stomatin transcripts were found present in the layer of the OSNs 

in the OE and were found absent in the supporting cells (Figure 13 C and D; Goldstein et al., 

2003; Kobayakawa et al., 2002).  
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Figure 13: Expression of STOML-3 and Stomatin transcripts in the olfactory epithelium 

of mouse. A, Northern blot using total RNA isolated from different tissues from adult mice 

and tested with a STOML-3 antisense probe. The green arrow indicates the STOML-3 band. 

The red arrow indicates the bands obtained by the use of a probe to target the ribosomal protein 

S26 as positive control of presence of RNA (modified from Goldstein et al., 2003). B, Total 

RNA was isolated from the OE, VNO, retina, and tongue. Samples were treated with RNase-

free DNase I and then reverse transcribed. PCR was performed with STOML-3, stomatin and 

tubulin (positive control) primers. Last line corresponds to negative control, adding STOML-3 

primers and, as template, a sample with no retro-transcriptase added during template synthesis. 

STOML-3 mRNA expresses only in the OE. Stomatin mRNA expresses in the OE, VNO, retina 

and tongue (modified from Kobayakawa et al., 2002). C and D, high magnification image of 

in situ hybridization using an antisense probe to target STOML-3 and Stomatin transcripts in 

the OE. STOML-3 and Stomatin transcripts are express in the OSNs and are absent in the 

supporting cells (C, modified from Goldstein et al., 2003. D, modified from Kobayakawa et 

al., 2002).  

 

 

By using antibodies against STOML-3 and immunohistochemistry, it was found that 

STOML-3 protein was preferentially localized in the apical portions of OSNs in adult mice, 

possibly in the cilia and knobs of the OSNs (Figure 14A; Goldstein et al., 2003; Kobayakawa 

et al., 2002). STOML-3 protein was absent in the axons emerging from the basal region of the 

OE or in the glomeruli in the MOB (Goldstein et al., 2003; Kobayakawa et al., 2002). Goldstein 

et al. (2003) also found STOML-3 protein expression in dendrites and soma. Similar findings 
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have been confirmed by later reports, however they showed that STOML-3 protein was 

enriched in the apical portion of the OSNs (Kulaga et al., 2004; Tadenev et al., 2011). The 

STOML-3 enrichment in the cilia has been confirmed by Western blot comparing the signal 

obtained using the cilia fraction of the OE respect to total OE as sample source (Kurtenbach et 

al., 2017). Tadenev et al. (2011) additionally showed, by immunohistochemistry, the 

colocalization of STOML-3 with the ORI7, further supporting the localization of STOML-3 

protein in the cilia of the OSNs. The expression of STOML-3 also was studied in genetically 

modified mice which express STOML-3 fused to the green fluorescent protein GFP (STOML-

3-GFP). In this type of mice, using whole mount en face preparations, the signal of STOML-

3-GFP was observed in the base of the cilia of the OSNs, complementing the apical localization 

of STOML-3 observed in the previous immunohistochemical experiments (Figure 14C).  

 

 
 

Figure 14: Localization of STOML-3 proteins in the olfactory epithelium of mouse. A, 

Guinea pig antiserum was produced using peptides based on the sequence of mouse STOML-3 

gene. Peptides correspond to the 19 N-terminal residues of the deduced STOML-3 amino-acid 

sequence. Antiserum was used in immunohistochemistry in coronal sections of the OE of adult 

mice. Immunoreactivity is mainly present in the cilia of the OSNs. B, magnified view of a 

small portion of the image in A (modified from Kobayakawa et al., 2002). C, on face whole 

mount of OE preparation from a mouse expressing the fusion protein STOML-3-GFP. 

Fluorescent signal of GFP is present mainly in the basal part of the cilia of the OSNs (modified 

from Tadenev et al., 2011). 

 

 

 In recent years, transcriptomic and proteomic research in the mouse OE have supported 

the expression of other stomatin family members such as STOML-1 and STOML-2, in addition 

to STOML-3 and Stomatin (Ibarra-Soria et al., 2014; Kanageswaran et al., 2015; Saraiva et al., 

2015). Although, there are some discrepancies among the results of these studies, they all agree 

in the absence of podocin in the OE. Moreover, the transcriptomic data show that Stomatin and 

STOML-3 are among the highest expressed transcripts in the mouse OE, while STOML-1 and 

STOML-2 expression levels seems lower. The high expression of Stomatin and STOML-3 

transcripts in the OE has been confirmed by qRT-PCR by Wetzel et al. (2007), and also 

pointing out that among several tissues tested, the OE has the highest expression levels for 

these two transcripts.  
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Several proteomics studies have been focused on the detection of the proteins in the 

cilia of the OSNs using biochemically isolated cilia extracts from the OE of mice and rats. All 

these studies agreed in the presence of Stomatin and STOML-3 in the cilia extracts, and one in 

particular suggested the presence of STOML-2 (Klimmeck et al., 2008; Kuhlmann et al., 2014; 

Mayer et al., 2008; Stephan et al., 2009).  

The possible role of stomatin-domain proteins in OSNs is still very unclear. 

Kobayakawa et al. (2002) found that STOML-3 was enriched in the lipid raft fraction of the 

membrane from OE, colocalizing with caveolin-1, a lipid raft associated protein that organizes 

signaling complexes in this submembrane structure. In fact, using immunoprecipitation and 

Western blot, caveolin-1 has been shown to interact with components of the transduction 

machinery like the Gαolf and ACIII (Schreiber et al., 2000). Interestingly, by biochemical 

experiments the amount of cyclic AMP in ciliary membrane extracts from mouse OE produced 

by ACIII activators (forskolin and GTPγS) was increased upon the incubation with antibodies 

against STOML-3 (Kobayakawa et al., 2002).  
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2. Materials and methods 

 

 
2.1 Animals 
 

To study the role of the stomatin-domain proteins in the development and function of 

the olfactory system, we used two knock-out mouse lines for stomatin protein genes provided 

by professor Gary Lewin (Max Delbrück Center for Molecular Medicine, Berlin, Germany). 

The first mouse line named in this study KO, which is knock-out for STOML-3 (Wetzel et al., 

2007) and the second mouse line named in this study TKO, which is knock-out for Stomatin, 

STOML-1 and STOML-3 (Kozlenkov et al., 2014; Moshourab et al., 2013; Wetzel et al., 2007). 

Animals were used at 2 ages: 2 months or 6 months old. The mouse colonies were maintained 

in the animal house facility at the International School for Advances studies (SISSA) in Trieste. 

Animals were maintained in temperature-controlled environment with a twelve-hour light/dark 

cycle and continues supply of food and water. All animals were handled in accordance with 

the Italian Guidelines for the Use of Laboratory Animals (Decreto Legislativo 24/14) and 

European Union guidelines on animal research (2010/63/UE). To obtain the OE for the 

different experiments the mice were sacrificed by CO2 inhalation, decapitated, and then the 

skin and posterior part of the head were removed and separated from the most apical part which 

contain the nasal cavity with the whole olfactory epithelium.  

 

 

2.2 mRNA isolation and polymerase chain reaction PCR 
 

mRNA was extracted from 10-20 mg of the olfactory epithelium of wild type (WT) 

mice using magnetic beads mRNA isolation kit (New England Biolabs). cDNA was synthetized 

using the Protoscript First-Strand DNA Synthesis Kit from 100-500 ng of mRNA (New 

England Biolabs). PCR was performed in thermocycler ThermaCycler2720 

(LifeTechnologies) using Taq DNA polymerase and Thermopol buffer (New England 

Biolabs), 0.2 mM for each dNTPs and 200 pmol forward/reverse target-specific primers. 

Cycling parameters were: an initial denaturation step (95 °C, 2 minutes) followed by 35 cycles, 

each of these cycles included a denaturation step (95 °C, 30 seconds), a primer annealing step 

(62-64 °C, 30 seconds), and an extension step (72 °C, 60 seconds). Reaction was completed by 

a final extension step at 72 °C for 5 minutes. Contamination from genomic DNA was tested by 

using a sample of the mRNA without retrotranscription step. Quality of the olfactory 

epithelium cDNA was tested by using primers for targets expressed in this tissue such as 

Gapdh, olfactory receptor 73 (OLFR73), Tmem16B or Gαolf. All amplicons were purified and 

sent to sequencing to confirm the molecular identity of the respective targets. cDNA from testis 

(Clontech Laboratories) was used to set a positive control for PCR amplification to confirm 

that the primers of podocin are properly working. The sequences of all primers used are listed 

in Table 1.  
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Target Primer forward Primer reverse 
Tm 

(°C) 

Amplicon 

length 

(bp) 

Accession 

number 

GAPDH  TGCTGAGTATGTCGTGGAGTCT TGCTGTAGCCGTATTCATTGTC  62 691 NM_008084. 

OLFR73 GCTGGTATTGGGATCCTATGCTT  CGTCCACTTGCTGACTTCATCTT  62 272 NM_054090.1 

Gαolf CTGCACGTCAATGGCTTCAA  TCACGGCAATCGTTGAACAC  64 910 NM_177137.5 

Tmem16B GCAGAAAGTCCAGTGAATTCC  GCCCAGCAGCCATCAGGTTG  64 385 NM_153589.2 

Stomatin AAGACAGAACTGGGAGCTTGTG  TGATAACCATGGACGCTTCTTTC  64 654 X91043.1 

STOML-1 GGATGATTGTGTTTCGACTGG  TTATCATCTCCAAGGTGTCTGG  64 548 BC037074.1 

STOML-2 TACAAGGCAAGTTACGGTGTGG  GAGAATGCGCTGACATACTGCT  64 523 AK002793.1 

STOML-3 CCCAATCTCAGTATGGATGTGC  AGGCTTTAGCAGTGACCTTCTTAT  64 745 BC138667.1 

Podocin CATCAAGCCCTCTGGATTAGG  AGCGACTGAAGAGTGTGCAAGT  64 713 AJ302048.1 

 

Table 1. Primers used to perform PCR amplification and temperature of annealing 

during PCR reactions.  

 

 

2.3 Immunohistochemistry 
 

The head containing the nasal cavity was fixed in 4% paraformaldehyde in PBS pH 7.4 

for 4 hours at 4 ◦C. After fixing, heads of adult mice were incubated in 0.5 M EDTA for 2 days 

or 4 days for 2 months or 6 months old mice respectively. The tissues were cryoprotected by 

incubation in 30% sucrose in PBS pH 7.4 overnight. Tissue was immersed in cryostat 

embedding medium (BioOptica) and immediately frozen at −80 ◦C. 18 μm coronal sections 

were cut on a cryostat and mounted on Superfrost Plus Adhesion Microscope Slides 

(ThermoFisher Scientific). The sections were air-dried for 3 hours. To wash the cryostat 

embedding medium from tissue, slices were incubated 15 minutes with PBS. Tissue was treated 

for 15 minutes with 0.5 % sodium dodecyl sulphate in PBS for antigen retrieval, then washed 

and incubated in blocking solution (2% normal goat serum, 0.2% Triton X-100 in PBS) for 90 

minutes and finally overnight at 4 ◦C in primary antibodies diluted in blocking solution. The 

antibodies used in this study are listed in Table 2 together with the dilutions used. After removal 

of the excess of primary antibodies with PBS washes, sections were incubated with Alexa 

Fluor-conjugated secondary antibodies (1:500 dilution) in TPBS (Tween 20 0.2% in PBS) for 

2 hours at room temperature, washed and mounted with Vectashield (Vector Laboratories) or 

FluoromontG (ThermoFisher). DAPI (5 μg/ml) was added in solution containing secondary 

antibody to stain the nuclei. Secondary antibodies used were Alexa 594-conjugated donkey 

anti-goat, Alexa-594 conjugated chicken anti-rabbit Alexa 488-conjugated goat anti-rabbit, 

Alexa 488-conjugated donkey anti-mouse (ThermoFisher). For antibodies anti-Ki67 and anti-

p63 we used heat antigen retrieval protocol instead of treatment with SDS. Tissue was put in a 

container with sodium citrate buffer (10 mM Sodium Citrate, 0.05% Tween 20, pH 6.0) and 

heated at 100 ºC with microwave for 5 min. After cool down, sodium citrate buffer was washed 

and the rest of procedure was the same as mentioned before. To reveal antibodies anti STOML-

1 and STOML-3 we applied the tyramide signal amplification method using the Tyramide 

SuperBoost™ Kit (ThemoFisher; Hunyady et al., 1996). Immunoreactivity was visualized with 
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a confocal microscope (Nikon A1R or C1). Images were acquired using NIS Element software 

(Nikon) at 1,204x1,1024-pixel resolution and were not modifies other than to balance 

brightness and contrast.  

 

 

Antibody Company 
Catalog 

number 
Dilution 

Acetylated Tubulin Sigma T7451 1:100 

Active Caspase3 BD Pharmigen 559565 1:250 

ACIII Santa Cruz sc-588 1:100 

CNGA2 Santa Cruz sc-13700 1:100 

Ki67 Santa Cruz sc-7846 1:250 

OMP WAKO 544-10001 1:1000 

p63 Biocare Medical CM 163 1:250 

Stomatin Santa Cruz sc-48309 1:200 

STOML-1 Proteintech 12852-1-AP 1:200 

STOML-2 Abcam ab191883 1:200 

STOML-3 Proteintech 13316-1-AP 1:200 

TMEM16B Novus NBP1-90739 1:250 

 

Table 2. Primary antibodies and dilutions used in this study 

 

 

2.4 Cell culture and transfection 
 

HEK-293T (Sigma) cells were grown in DMEM medium supplemented with 10% fetal 

bovine serum, 100 IU/ml penicillin and 100 μg/ml streptomycin at 37 °C in a humidified CO2 

incubator. Transfection of HEK-293T cells was made with X-tremeGENE 9 DNA Transfection 

Reagent (Roche) following the protocol recommended by the supplier. mCherry or EGFP-

fusion stomatin-domain protein constructs were used to transfect the cells. In particular we 

used, Stomatin-mCherry, STOML-1-mCherry, STOML-2-EGFP and STOML-3-mCherry. 

Plasmids were kindly provided by professor Gary Lewin (Max Delbrück Center for Molecular 

Medicine ,Berlin, Germany; Lapatsina et al., 2012). After 24-48 hours from transfection the 

cells were plated on circular coverslips coated with poly-L-lysine to improve the adhesion and 

used for immunocytochemistry experiments.  

 

 

2.5 Immunocytochemistry 
 

Transfected cells were grown for around 12 hours on the coverslips. They were fixed 

with 4% paraformaldehyde in PBS pH 7.4 for 20 min at room temperature. After washes with 

PBS, cells were incubated in quenching solution (0.1 M of glycine) for 15 minutes at room 

temperature and then washed again with PBS. Then cells were permeabilized 0.01% Triton X-

100 in PBS for 15 min and then washed again. In some cases, alternative antigen retrieval 
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treatment was performed before permeability step treating the cells 0.05% SDS in PBS for 10 

minutes and then washed. After incubation with blocking solution (2% FBS, 0.2% Triton X100 

in PBS) for 15 minutes, cells were incubated in primary antibodies diluted in blocking solution 

for 4 hours at 4 °C. Cells were incubated with Alexa Fluor-conjugated secondary antibodies 

(1:500 dilution) in TPBS (Tween 20 0.2% in PBS) for 45 minutes at room temperature, washed 

and mounted with Vectashield (Vector Laboratories) or Fluoromont-G (ThemoFisher). DAPI 

(5 μg/ml) was added in solution containing secondary antibody to stain the nuclei.  

 

2.6 Whole mount cilia staining 
 

The olfactory turbinates were exposed by bisecting the head along the midline and 

removing the septum. The tissues were fixed with 4% paraformaldehyde in PBS pH 7.4 for 20 

min at room temperature and then washed with PBS. Endogenous biotin was blocked by using 

Avidin/Biotin Blocking Kit (Vector Laboratories) following the according to the 

manufacturer's protocol. Then, the preparation was incubated for 2 hours with the biotinylated 

lectin Dolichos biflorus agglutinin (VectorLabs) at 20 µg/ml concentration in PBS. Then tissue 

was washed at least 3 times with PBS, 10 minutes each wash. Tissue was incubated for 3 hours 

with Streptavidin-Alexa Fluor594 (ThermoFisher) diluted 1:500 in PBS and washed again. 

Then turbinates were dissected out from the nasal cavity and mounted on FluoroDishes (World 

Precision Instruments) with Vectashield (Vector Laboratories) or Fluoromont-G 

(ThemoFisher). A coverslip was gently placed on the tissue to press and close the cilia to the 

glass bottom of the FluoroDish. 

 

2.7 Electro-olfactogram recordings 
 

Experimental procedure was similar as described by Zhao et al. (1998). Briefly, after 

sacrifice of the mouse, the olfactory turbinates were exposed by bisecting the head along the 

midline and removing the septum. The turbinate preparation was then attached on the stage of 

a dissecting microscope and a recording electrode was placed at the surface of the olfactory 

epithelium on one of the medial turbinates (Figure 15). The recording electrode was made with 

borosilicate glass (WPI) with tip diameter of about 10-20 μm. The tip of the pipette was filled 

with Ringer’s solution with 0.5 % agar and finally back filled with Ringer’s solution. Ringer’s 

solution contain (in mM) 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 Hepes, pH 7.4 with NaOH. 

The pipette was mounted in a pipette holder with a silver chloride electrode for electrical 

recording and placed on the surface of the olfactory epithelium. The ground electrode was 

located directly in the brain of the mouse.  
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Figure 15: Experimental setup for air-phase EOG recording. EOG is a field potential 

recording that measures the extracellular changes on the potential induced by application of a 

stimulus. The recording electrode (A) is placed on the surface of the OE (B) and is connected 

to an amplifier and digitizer (C) to record a negative change in the voltage when an odorant is 

applied. OE is continuously expose to a flux of humidified air (D). Odorant in air-phase is 

generated using vial containing odorant solution at different concentrations (E) and it is 

delivered to the OE by injecting pressured air using a picospritzer system (F) (from Cygnar et 

al., 2010). 
 

 

A continuous flow of humidified air controlled by a Picospritzer (around 2 psi) was 

blown over the surface of the epithelium to keep it humid. The vapor of odorant stimuli 

solutions was puffed into the stream of humidified air to stimulate the epithelium. The odorant 

stimuli were delivered by 10 psi pulse. The pulse of stimuli was controlled by a Picospritzer 

controlled valve. Pulses of 100 milliseconds were used to make the stimulation. Isoamyl acetate 

(IAA, Sigma) was used as stimuli. Odorant solutions were prepared as 5 M stocks in dimethyl 

sulfoxide (DMSO) and then were diluted with water. Odorants were prepared at a liquid 

concentration from 10–7 M to 1 M. The recordings were made in 3 distal points from the 

olfactory epithelium, in the anterior region of turbinate II, in the posterior region of turbinate 

II and ventrally in the turbinate IV (Figure 16). Responses were recorded and digitized for 

further analysis. The data were collected with an Axopatch 1D amplifier controlled by Clampex 

9.2 (Axon Instruments, USA). The signals were recorded at a sampling rate of 1 kHz and low‐

pass filtered at 20 Hz. Data were further analyzed using IgorPro 6.3.7.2 software 

(Wavemetrics). Data are given as mean ± sem. 
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Figure 16: View from turbinates exposed in sagittal sections of the mouse head. In this 

preparation the different turbinates can be identified II, II’, III and IV. Recordings were 

obtained from the regions indicated with orange points.  
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3. Aims 

 

 
The specific aims of this work were: 

 

• To investigate in detail the expression of all stomatin proteins in the olfactory 

epithelium. 

 

• To study the development of the olfactory epithelium and olfactory sensory neurons in 

STOML-3 single KO mice and Stomatin/STOML-1/STOML-3 triple KO mice. 

 

• To study the physiological response to odorants of the olfactory epithelium in these two 

stomatin KO models and in WT using electro-olfactogram recordings. 
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4. Results 

 

 

 

 

 

 

 

 

4.1 Knockout of Stomatin-domain protein STOML-3 reduces the 

odorant response of mouse olfactory sensory neurons 
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Knockout of Stomatin-domain protein STOML-3 reduces the 

odorant response of mouse olfactory sensory neurons 
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ABSTRACT 

 

Olfactory sensory neurons use a cAMP-based signal cascade to transduce the 

chemosensory signal in neuronal activation. Here, we focused on the stomatin-domain proteins 

to find possible new regulators of olfactory transduction. Using RT-PCR and 

immunohistochemical approaches, we confirmed the localization of STOML-3 in the cilia of 

the olfactory sensory neurons. Interestingly, we found that also Stomatin is present only in the 

cilia. In contrast, we revealed that STOML-1 and STOML-2 localize in the central layer of the 

olfactory epithelium, in the soma of the neurons. Then we compared the development of the 

olfactory epithelium and the physiological response to odorants in wild-type (WT) and 

knockout (KO) mice for STOML-3. We did not find significant differences in the number of 

olfactory neurons, apoptotic, globose or horizontal basal cells, in the morphology of the cilia 

of the neurons. We also did not observe changes in the expression and localization of several 

members of the transduction machinery and potential targets of stomatin-domain proteins. 

Using electro-olfactogram recordings, we found a reduction in the amplitude of the response 

to odorants in several regions of the olfactory epithelium providing the first evidence that the 

stomatin protein STOML-3 modulates the odorant response in mice and the foundation for 

future work aimed at clarifying the physiological role of stomatin proteins in the olfactory 

system. 
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INTRODUCTION 

 

Sensory receptors cells are devoted to detect and transduce the properties of sensory 

stimuli generating cellular electrical signals depending on the type, amplitude and temporal 

profile of the stimulus. These signals are relayed to specific areas of the brain to further 

processing leading to behavioral response. 

In vertebrates, the initial steps of olfaction occur in olfactory sensory neurons (OSNs), 

located in the olfactory epithelium (OE) in upper reaches of the nasal cavity (Firestein, 2001; 

Menini et al., 2004; Tirindelli et al., 2009). The OSNs are bipolar neurons with a single dendrite 

that terminates with a knob, from which protrude several tiny cilia, where the transduction 

takes place. Odorant molecules bind to olfactory receptor proteins, and this interaction triggers 

an increase in the ciliary concentration of cAMP through the activation of receptor-coupled G-

protein and adenylate cyclase. Cyclic nucleotide-gated (CNG) channels located in the ciliary 

membrane are directly activated by cAMP, causing a depolarizing influx of Na+ and Ca2+ ions 

(Bönigk et al., 1999; Brunet et al., 1996). Ca2+ inside the cilia play many roles, both excitatory 

and inhibitory. Indeed, Ca2+ can gate the TMEM16B/Ano-2 Ca2+- activated Cl¯ channel, which 

in the presence of high intracellular Cl¯ contributes to depolarize the cell; on the other hand, 

Ca2+ can modulate, via calmodulin and other unidentified mechanisms, the CNG channels, 

contributing to the response termination and adaptation (Billig et al., 2011; Matthews and 

Reisert, 2003; Pifferi et al., 2010; Stephan et al., 2009; Tirindelli et al., 2009). Ca2+ handling is 

regulated by Na+/ Ca2+ exchangers (both dependent and independent on K+), Ca2+-ATPase 

pump and by mitochondrial buffering system (Castillo et al., 2007; Fluegge et al., 2012; Reisert 

and Matthews, 1998). 

Despite a well-established knowledge of basic components of the olfactory transduction 

cascade, it is still missing a complete understanding of the regulatory mechanisms allowing a 

precise coding of the stimuli properties. To obtain a clearer view of the olfactory transduction, 

we focused on stomatin-domain proteins. 

Proteins of the stomatin family are membrane protein characterized by the presence of 

a structurally conserved core domain called stomatin-domain of near 120 residues, that is 

further related to the SPFH domain (Stomatin, Prohibitin, Flotillin, HflK/HflC; Green and 

Young, 2008; Lapatsina et al., 2012; Tavernarakis et al., 1999). Stomatin proteins are found in 

all three domains of life with a remarkable conservation, with bacterial and human homologous 

sharing 50% identity. In the mammal genome 5 members have been identified (Stomatin, 

stomatin-like protein-1 or STOML-1, stomatin-like protein-2 or STOML-2, stomatin-like 

protein-3 or STOML-3 and Podocin), all sharing 40/84% sequence similarity in the stomatin-

domain and having similar membrane topology characterized by a single, relatively short, 

hydrophobic membrane insertion domain, followed by the core stomatin domain (Green and 

Young, 2008; Lapatsina et al., 2012). A single conserved proline residue (known to be a potent 

helix breaker) is required to form the membrane interacting hairpin. Both N- and C-termini of 

the proteins are intracellular and unique for every protein (Boute et al., 2000; Owczarek et al., 

2001; Salzer et al., 1993; Seidel and Prohaska, 1998; Snyers et al., 1998). Several recent studies 

began to reveal some common aspects of the physiology of the stomatin proteins. In particular, 

it has been demonstrated that they can form oligomers, they mostly localize to membrane 

domains and they can modulate ion channel activity, even if the precise mechanisms of this 

regulation is still unclear (Brand et al., 2012; Lapatsina et al., 2012; Poole et al., 2014). 

Interestingly, data obtained from different approaches have shown that stomatin proteins are 

expressed by olfactory sensory neurons. In particular, two independent differential screening 

found that STOML-3 mRNA was expressed by OSNs and STOML-3 protein localizes primarily 

on the olfactory cilia, the site of olfactory transduction (Goldstein et al., 2003; Kobayakawa et 
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al., 2002). Moreover, proteomics data have shown that also stomatin and STOML-2 are 

expressed on olfactory cilia and intriguingly Stomatin and STOML-3 have been detected by 

screening for protein complex binding Ca2+-calmodulin that it is well known directly modulates 

several components of the olfactory signaling transduction (Klimmeck et al., 2008; Mayer et 

al., 2008, 2009; Pifferi et al., 2010). 

Here, we analyzed in details the expression and the subcellular localization of the 

stomatin-domain proteins in the olfactory epithelium revealing that Stomatin and STOML-3 

are targeted to the cilia of OSNs, the site of the olfactory transduction. Then, by using a knock-

out (KO) mouse line for STOML-3 protein, we found that, although KO mice have a normal 

development and neurogenesis of OSNs, they show a reduced odorant response in specific 

regions of the OE especially at older age. 
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MATERIALS AND METHODS 

Animals 

 

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

Laboratory Animals (Decreto Legislativo 24/2014) and European Union guidelines on animal 

research (63/2013). To obtain the OE the mice were sacrificed by CO2 inhalation, decapitated, 

and then the skin and posterior part of the head were removed and separated from the most 

apical part, which contains the olfactory cavity. 

 
mRNA extraction and RT-PCR  

 

mRNA was extracted from 10-20 mg of the olfactory epithelium of WT mice using 

magnetic beads mRNA isolation kit (New England Biolabs). cDNA was synthetized using the 

Protoscript First-Strand DNA Synthesis Kit from 100-500 ng of mRNA (New England 

Biolabs). PCR was performed in thermocycler ThermaCycler2720 (LifeTechnologies) using 

Taq DNA polymerase and Thermopol buffer (New England Biolabs), 0.2 mM for each dNTPs 

and 200 pmol forward/reverse target-specific primers. Cycling parameters were: an initial 

denaturation step (95 °C, 2 minutes) followed by 35 cycles, each of these cycles included a 

denaturation step (95 °C, 30 seconds), a primer annealing step (62-64 °C, 30 seconds), and an 

extension step (72 °C, 60 seconds) step. Reaction was completed by a final extension step at 

72 °C for 5 minutess. cDNA from testis (Clontech Laboratories) was used as positive control 

for podocin PCR amplification.  

The following primer sequences were used to amplify target DNAs: GAPDH fwd 5'- 
TGCTGAGTATGTCGTGGAGTCT-3' rev 5'-TGCTGTAGCCGTATTCATTGTC-3' (Tm=62 

°C; 691 bp; GenBank. accession no. NM_008084.3); OLFR73 fwd 5'-

GCTGGTATTGGGATCCTATGCTT-3' rev 5'- CGTCCACTTGCTGACTTCATCTT-3' 

(Tm=62 °C; 272 bp; GenBank. accession no. NM_054090.1); Gαolf fwd 5'-

CTGCACGTCAATGGCTTCAA-3' rev 5'-TCACGGCAATCGTTGAACAC-3' (Tm=64 °C; 

910 bp; GenBank. accession no. NM_177137.5); Tmem16B fwd 5'- 

GCAGAAAGTCCAGTGAATTCC-3' rev 5'-GCCCAGCAGCCATCAGGTTG-3' (Tm=64 

°C; 385 bp; GenBank. accession no. NM_153589.2); Stomatin fwd 5'- 

AAGACAGAACTGGGAGCTTGTG-3' rev 5'- TGATAACCATGGACGCTTCTTTC-3' 

(Tm=64 °C; 654 bp; GenBank. accession no. X91043.1); STOML-1 fwd 5'- 
GGATGATTGTGTTTCGACTGG-3' rev 5'- TTATCATCTCCAAGGTGTCTGG-3' (Tm=64 

°C; 548 bp; GenBank. accession no. BC037074.1); STOML-2 fwd 5'-

TACAAGGCAAGTTACGGTGTGG-3' rev 5'-GAGAATGCGCTGACATACTGCT-3' 

(Tm=64 °C; 523 bp; GenBank. accession no. NM_054090.1 AK002793.1); STOML-3 fwd 5'- 
CCCAATCTCAGTATGGATGTGC-3' rev 5'-AGGCTTTAGCAGTGACCTTCTTAT-3' 

(Tm=62 °C; 745 bp; GenBank. accession no. BC138667.1); Podocin fwd 5'- 

CATCAAGCCCTCTGGATTAGG-3' rev 5'-AGCGACTGAAGAGTGTGCAAGT -3' 

(Tm=62 °C; 713 bp; GenBank. accession no. AJ302048.1). The products were visualized 

following agarose gel electrophoresis (1.5%) and DNA was stained with Midori Green 

Advance (Nippongenetics). 

 

Immunohistochemistry and cell counting 

 

The head containing the nasal cavity was fixed in 4% paraformaldehyde in PBS pH 7.4 

for 4 hours at 4 °C. After fixing, heads of adult mice were incubated in 0.5 M EDTA for 2 days 

or 4 days for 2 months or 6 months old mice respectively. The tissues were cryoprotected by 
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incubation in 30% sucrose in PBS pH 7.4 overnight. Tissue was immersed in cryostat 

embedding medium (BioOptica) and immediately frozen at −80 °C. 18 μm coronal sections 

were cut on a cryostat and mounted on Superfrost Plus Adhesion Microscope Slides 

(ThermoFisher Scientific). The sections were air-dried for 3 hours. To wash the cryostat 

embedding medium from tissue, slices were incubated 15 minutes with PBS. Tissue was treated 

for 15 minutes with 0.5 % sodium dodecyl sulphate in PBS for antigen retrieval, then washed 

and incubated in blocking solution (2% normal goat serum, 0.2% Triton X-100 in PBS) for 90 

minutes and finally overnight at 4 °C in primary antibodies diluted in blocking solution. The 

following primary antibodies (catalog number, dilution; company) were used: mouse 

monoclonal anti-acetylated tubulin (T7451; 1:100; Sigma); polyclonal rabbit anti-active 

caspase-3 (559565; 1:250; BD Pharmigen); polyclonal rabbit anti-ACIII (sc-588; 1:100, Santa 

Cruz Biotechnology); polyclonal goat anti-CNGA2 (sc-13700; 1:100, Santa Cruz 

Biotechnology); polyclonal rabbit anti-Ki67 (sc-7846, 1:250, Santa Cruz Biotechnology); 

polyclonal goat anti-OMP (544-10001, 1:1000, Wako); mouse monoclonal anti-p63 (CM163, 

1:250, Biocare Medical); polyclonal goat anti-Stomatin (sc-48309, 1:200, Santa Cruz 

Biotechnology); polyclonal rabbit anti-STOML-1 (12852-1-AP, 1:200, Proteintech); 

polyclonal rabbit anti-STOML-2 (ab191883,1:200, Abcam); polyclonal rabbit anti-STOML-3 

(13316-1-AP, 1:200, Proteintech), polyclonal rabbit anti-TMEM16B (NBP1-90739,1:250, 

Novus). After removal of the excess of primary antibodies with PBS washes, sections were 

incubated with Alexa Fluor-conjugated secondary antibodies (1:500 dilution) in TPBS (Tween 

20 0.2% in PBS) for 2 hours at room temperature, washed and mounted with Vectashield 

(Vector Laboratories) or FluoromontG (ThermoFisher). DAPI (5 μg/ml) was added in solution 

containing secondary antibody to stain the nuclei. Secondary antibodies used were Alexa 594-

conjugated donkey anti-goat, Alexa-594 conjugated chicken anti-rabbit Alexa 488-conjugated 

goat anti-rabbit, Alexa 488-conjugated donkey anti-mouse (ThermoFisher). For antibodies 

anti-Ki67 and anti-p63 we used heat antigen retrieval protocol instead of treatment with SDS. 

Tissue was put in a container with sodium citrate buffer (10 mM Sodium Citrate, 0.05% Tween 

20, pH 6.0) and heated at 100 ºC with microwave for 5 min. After cool down, sodium citrate 

buffer was washed and the rest of procedure was the same as mentioned before. To reveal 

antibodies anti STOML-1 and STOML-3 we applied the tyramide signal amplification method 

using the Tyramide SuperBoost™ Kit (ThemoFisher; Hunyady et al., 1996). Immunoreactivity 

was visualized with a confocal microscope (Nikon A1R or C1). Images were acquired using 

NIS Element software (Nikon) at 1,204x1,1024-pixel resolution and were not modifies other 

than to balance brightness and contrast. For the cell counting we used three mice for each 

genotype, we collected three adjacent sections from three different OE regions (anterior part of 

turbinate II, II Ant, posterior part of turbinate II, II Post, and turbinate IV) and for each section 

we selected two areas to count the cells. Number of cells are reported as average ± SEM. 

Statistical significance was determined using unpaired Student’s t-tests and p values <0.05 

were considered significant. 

 

 

Cell culture, transfection and immunocytochemistry 

 

HEK-293T cells (Sigma) were grown in DMEM medium supplemented with 10% fetal 

bovine serum, 100 IU/ml penicillin and 100 μg/ml streptomycin at 37°C in a humidified CO2 

incubator. Transfection of HEK-293T cells was made with X-tremeGENE 9 DNA Transfection 

Reagent (Roche) following the protocol recommended by the supplier. mCherry or EGFP-

fusion stomatin protein constructs were used to transfect the cells. In particular we used, 

Stomatin-mCherry, STOML-1-mCherry, STOML-2-EGFP and STOML-3-mCherry 

(Lapatsina et al., 2012). After 24-48 hours from transfection the cells were plated on coverslips 



  Results 

40 

 

coated with poly-L-lysine to improve the adhesion and used for immunocytochemistry 

experiments the day after. The cells were fixed with 4% paraformaldehyde in PBS pH 7.4 for 

20 minutes at room temperature. After washes with PBS, cells were incubated in quenching 

solution (0.1 M of glycine) for 15 minutes and then washed again with PBS. Then cells were 

permeabilized with 0.01% Triton X-100 in PBS for 15 min and then washed. In some cases, 

antigen retrieval treatment was performed before permeabilization step treating the cells with 

0.05% SDS in PBS for 10 minutes and then washed. After incubation with blocking solution 

(2% FBS, 0.2% tritonX100) for 15 minutes, cells were incubated in primary antibodies diluted 

in blocking solution for 4 hours at 4 °C. After washes, the cells were incubated with Alexa 

Fluor-conjugated secondary antibodies (1:500 dilution) in TPBS (Tween 20 0.2% in PBS) for 

45 minutes at room temperature, washed and mounted with Vectashield (Vector Laboratories) 

or Fluoromont-G (ThemoFisher). DAPI (5 μg/ml) was added in solution containing secondary 

antibody to stain the nuclei.  

 
Whole mount cilia staining 

 

The olfactory turbinates were exposed by bisecting the head along the midline and 

removing the septum. The tissues were fixed with 4% paraformaldehyde in PBS pH 7.4 for 20 

min at room temperature and then washed with PBS. Endogenous biotin were blocked by using 

Avidin/Biotin Blocking Kit (Vector Laboratories) following the according to the 

manufacturer's protocol. Then, the preparation was incubated for 2 hours with the biotinylated 

lectin Dolichos biflorus agglutinin (VectorLabs) at 20 µg/ml concentration in PBS. Then tissue 

was washed at least 3 times with PBS, 10 minutes each wash. Tissue was incubated for 3 hours 

with Streptavidin-Alexa Fluor594 (ThermoFisher) diluted 1:500 in PBS and washed again. 

Then turbinates were dissected out from the nasal cavity and mounted on FluoroDishes (World 

Precision Instruments) with Vectashield (Vector Laboratories) or Fluoromont-G 

(ThemoFisher). A coverslip was gently placed on the tissue to press and close cilia to the glass 

bottom of the FluoroDish. 

 

Electro-olfactogram recordings 

 

Experimental procedure was similar as described by (Zhao et al., 1998). Briefly, after 

sacrifice of the mouse, the olfactory turbinates were exposed by bisecting the head along the 

midline and removing the septum. The turbinate preparation was then attached on the stage of 

a dissecting microscope and a recording electrode was placed at the surface of the olfactory 

epithelium on one of the medial turbinates. The recording electrode was made with borosilicate 

glass (WPI) with tip diameter of about 10-20 μm. The tip of the pipette was filled with Ringer’s 

solution with 0.5 % agar and finally back filled with Ringer’s solution. Ringer’s solution 

contain (in mM) 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 Hepes, pH 7.4 with NaOH. The pipette 

was mounted in a pipette holder with a silver chloride electrode for electrical recording and 

placed on the surface of the olfactory epithelium. The ground electrode was located directly in 

the brain of the mouse.  

A continuous flow of humidified air was blown over the surface of the epithelium to 

keep it humid. The vapor of odorant stimuli solutions was puffed into the stream of humidified 

air to stimulate the epithelium. The odorant stimuli were delivered by 10 psi pulse. The pulse 

of stimuli was controlled by a Picospritzer controlled valve. Pulses of 100 milliseconds were 

used to make the stimulation. Isoamyl acetate (IAA, Sigma) was used as stimuli. Odorant 

solutions were prepared as 5 M stocks in dimethyl sulfoxide (DMSO) and were then diluted 

with water. Odorants were prepared at a liquid concentration from 10–7 M to 1 M. The 

recordings were made in 3 distal points from the olfactory epithelium, in the anterior region of 
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turbinate II, in the posterior region of turbinate II and ventrally in the turbinate IV. Responses 

were recorded and digitized for further analysis. The data were collected with an Axopatch 1D 

amplifier controlled by Clampex 9.2 (Axon Instruments, USA). The signals were recorded at 

a sampling rate of 1 kHz and low‐pass filtered at 20 Hz. Data were further analyzed using 

IgorPro 6.3.7.2 software (WaveMetrics). Data were given as mean ± sem. 
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RESULTS 

 

Expression and localization of stomatin-domain proteins in the olfactory epithelium. 

 

We screened the expression of stomatin-domain proteins by RT-PCR on mRNA from 

the OE. We detected the expression of mRNA of Stomatin, STOML-1, STOML-2, STOML-3 

but not Podocin (Fig. 1A). As controls, we could amplified Podocin from cDNA from testis 

(data not shown) and we detected the housekeeping gene GAPDH only from OE cDNA but not 

from retrotranscriptase free sample (Fig. 1B). As expected, we also observed in the OE the 

expression of the olfactory receptor OLFR-73, Gαolf and Tmem16B (Fig. 1C). The identity of 

amplicons were verified by sequencing. 

 

 

Figure 1. Stomatin-domain proteins are expressed in the olfactory epithelium. (A) Primers 

specific for Stomatin, STOML-1, STOML-2, STOML-3 and Podocin were used to amplify 

cDNA obtained from mRNA of OE. (B) Negative control experiment showing the lack of the 

amplification of the housekeeping gene GAPDH from retrotranscriptase free sample (-RT). (C) 

Positive control experiments showing the expression of genes specifically expressed in the OE. 

 

Then we analyzed the localization of stomatin-domain proteins in OE by 

immunochemistry experiments. We first tested the specificity of commercially available 

antibodies against stomatin-domain proteins on HEK 293T cells transiently transfected with 

plasmids containing the cDNA sequence of Stomatin, STOML-1, STOML-2 or STOML-3 fused 

with EGFP or mCherry. Figures 2-5 show that cells transfected with of Stomatin, STOML-1, 

STOML-2 and STOML-3 produced a strong and specific immunoreactivity exclusively to their 

respective antibody. 
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Figure 2. Specificity of goat anti-Stomatin antibody in HEK 293T cells expressing 

stomatin-domain proteins. Fluorescence images of the staining with anti-Stomatin antibody 

of HEK 293T cells transiently transfected with plasmid containing the cDNA of the indicated 

stomatin-domain proteins fused with EGFP or mCherry. Specific staining was observed only 

in Stomatin-expressing cells whereas no immunoreactivity was detected in cells transfected 

with other stomatin-domain proteins.  
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Figure 3. Specificity of rabbit anti-STOML-1 antibody in HEK 293T cells expressing 

stomatin-domain proteins. (A) Fluorescence images of the staining with anti-STOML-1 

antibody of HEK 293T cells transiently transfected with plasmid containing the cDNA of the 

indicated stomatin-domain proteins fused with EGFP or mCherry. Specific staining was 

observed only in STOML-1-expressing cells whereas no immunoreactivity was detected in 

cells transfected with other stomatin-domain proteins. 
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Figure 4. Specificity of rabbit anti-STOML-2 antibody in HEK 293T cells expressing 

stomatin-domain proteins. (A) Fluorescence images of the staining with anti-STOML-2 

antibody of HEK 293T cells transiently transfected with plasmid containing the cDNA of the 

indicated stomatin-domain proteins fused with EGFP or mCherry. Specific staining was 

observed only in STOML-2-expressing cells whereas no immunoreactivity was detected in 

cells transfected with other stomatin-domain proteins.  
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Figure 5. Specificity of rabbit anti-STOML-3 antibody in HEK 293T cells expressing 

stomatin-domain proteins. (A) Fluorescence images of the staining with anti-STOML-3 

antibody of HEK 293T cells transiently transfected with plasmid containing the cDNA of the 

indicated stomatin-domain proteins fused with EGFP or mCherry. Specific staining was 

observed only in STOML-3-expressing cells whereas no immunoreactivity was detected in 

cells transfected with other stomatin-domain proteins. (B) Confocal micrographs of coronal 

sections of the olfactory epithelium from STOML-3 KO mice immunostained for STOML-3 

and for the cilia marker acetylated tubulin (AcTb). Cell nuclei were stained with DAPI (blue). 

 

 

We therefore used the same antibodies to examine the localization of stomatin-domain 

proteins in the OE. We detected a strong immunoreactivity for Stomatin and STOML-3 at the 

luminal surface of the sensory epithelium (Fig. 6). Double staining for Stomatin or STOML-3 

and acetylated tubulin (AcTb), a canonical marker for cilia (Piperno and Fuller, 1985), showed 

that Stomatin and STOML-3 are localized on the cilia at the site of olfactory transduction. In 

the olfactory epithelium of STOML-3 KO mice, STOML-3 immunoreactivity was absent, 

while AcTb was normally expressed at the level of the ciliary layer (Fig. 7). These results 

demonstrate the loss of the STOML-3 protein in the olfactory epithelium of KO mice and 

confirm the specificity of the antibody against this protein. Interestingly, in STOML-3 KO 

mice, Stomatin is mislocalized, and it does not reach the ciliary layer remaining trapped in the 

knobs of the OSNs (Fig. 7). Moreover, we found that STOML-1 and STOML-2 were expressed 
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by OSNs, but they do not localize to the cilia. Immunostaining of STOML-1 showed a diffuse 

distribution in the soma of the OSNs, whereas STOML-2 is localized in small puncta around 

the OSN nuclei (Fig. 6). The subcellular localization of STOML-1 and STOML-2 was not 

altered in STOML-3 KO mice (Fig. 7). 

 

 

Figure 6. Stomatin-domain protein expression in the olfactory epithelium. Confocal 

images of coronal section of the olfactory epithelium immunostained for Stomatin, STOML-1, 

STOML-2 or STOML-3 (red) and acetylated tubulin (AcTb, green). Stomatin and STOML-3 

were expressed in the ciliary layer at the luminal surface of the epithelium, while STOML-1 

and STOML-2 localized in the soma of the olfactory sensory neurons. Cell nuclei were stained 

with DAPI (blue). 
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Figure 7. Stomatin-domain protein expression in the olfactory epithelium from STOML-

3 KO mice. Confocal images of coronal section of the olfactory epithelium immunostained for 

Stomatin, STOML-1, STOML-2 or STOML-3 (red) and acetylated tubulin (AcTb, green). 

STOML-3 is not expressed in KO mice. STOML-1 and STOML-2 are normally localized in 

the soma of the olfactory sensory neurons, while Stomatin does not reach the ciliary layer. Cell 

nuclei were stained with DAPI (blue). 

 

 

 

Development of the Olfactory Epithelium in STOML-3 KO mice. 

 

We evaluated whether STOML-3 has an influence on the development of the OE, 

therefore we performed immunostaining to identify most of the different cell types present in 

the OE. We used the olfactory marker protein (OMP) as the typical marker for mature olfactory 

sensory neurons (Keller and Margolis, 1975); active Caspase-3 for apoptotic cells (Thornberry 

and Lazebnik, 1998); Ki-67 and p63 to stain the globose and horizontal basal cells respectively 

(Fletcher et al., 2011). To obtain a quantitative comparison between WT and STOML-3 KO 

mice we counted the immunopositive cells in three different regions of the OE: anterior part of 

turbinate II (II Ant), posterior part of turbinate II (II Post) and turbinate IV. Finally, we 

performed experiment both in 2 and 6 months old mice. We did not find significant differences 

between WT and STOML-3 KO mice in all the regions of the OE both in 2 and 6 months old 
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mice indicating that STOML-3 is not involved in the controlling the proliferation and the 

development of OSNs (Fig. 8). 

Then we analyzed the localization of several protein involved in the olfactory 

transduction in STOML-3 KO mice such as ACIII (Bakalyar and Reed, 1990), the main subunit 

of CNG channel, CNGA2 (Bönigk et al., 1999) and the Ca2+ activated Cl¯ channel TMEM16B 

(Billig et al., 2011; Stephan et al., 2009). Figure 9A shows that ACIII, CNGA2 and TMEM16B 

are localized at the luminal surface of the OE both in WT and in STOML-3 KO mice. No 

significant differences were found between different OE regions. Moreover, double 

immunohistochemical labeling with the ciliary marker AcTb shows that all the components of 

the olfactory transduction we have investigated were normally targeted to the cilia also in 

STOML-3 KO mice (Fig. 9B). 

Finally, we used whole mount preparation to analyze the ciliary structure using the 

Dolichos biflorus agglutinin that stains a subset of OSNs (Lipscomb et al., 2002; Talaga et al., 

2017). Figure 10 shows that the number of cilia per OSN and the total length of the cilia for 

each OSN was not significantly different between WT and STOML-3 KO mice and no 

significant difference were found between different OE regions (Fig. 11). Overall, we observed 

no overt structural alterations in the OE of STOML-3 KO mice. 
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Figure 8. STOML-3 KO mice do not show defects in the development of OSNs. (A) 

Confocal images of coronal section of the olfactory epithelium from WT and STOML-3 KO 

mice immunostained for OMP, active Caspase-3, Ki-67 and p63. Cell nuclei were stained with 

DAPI (blue). (B) Scatter dot plot with average ± sem showing the number of OMP, active 

Caspase-3, Ki-67 and p63 immunopositive cells in different OE regions from WT and STOML-

3 KO mice at age of 2 and 6 months (mice, n=3). 
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Figure 9. Localization of ACIII, CNGA2 and TMEM16B in olfactory epithelium from 

WT and STOML-3 KO mice. (A) Confocal images of coronal section of anterior and 

posterior region  the olfactory epithelium from WT and STOML-3 KO mice immunostained 

for ACIII (left), CNGA2 (middle) and TMEM16B (right). (B) Confocal images of coronal 

section of the olfactory epithelium from WT and STOML-3 KO mice double immunostained 

for Acetylated tubulin (AcTb) and ACIII (left), CNGA2 (middle) or TMEM16B (right). Cell 

nuclei were stained with DAPI (blue). 
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Figure 10. OSN cilia organization in WT and STOML-3 KO mice. (A) Whole-mount 

preparation of OE from WT and STOML-3 KO mice with the cilia of an OSN labeled by 

Dolichos biflorus agglutinin. Scatter dot plot with average ± sem showing the number of cilia 

per OSN (B) and the total length of the cilia for each OSN (C) from WT and STOML-3 KO 

mice. 
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Figure 11. OSN cilia organization in WT and STOML-3 KO mice. Scatter dot plot with 

average ± sem showing the number of cilia per OSN (A) and the total length of the cilia for 

each OSN (B) located in different region of OE from WT and STOML-3 KO mice. 

 

Odorant response in STOML-3 KO mice. 

To test whether the lack of STOML-3 alters the odorant response of the OSNs, we 

performed electro-olfactogram (EOG) recordings. Using this approach, we measured odorant-

induced changes in voltage across the olfactory epithelium monitoring the electrical activity of 

a population of OSNs close to recording electrode (Scott and Scott-Johnson, 2002). In a similar 

way to the experiments investigating the OE development, we measured the EOG responses in 

three different regions of the OE: anterior part of turbinate II (II Ant), posterior part of turbinate 

II (II Post) and turbinate IV. Moreover, we performed experiment both in 2 and 6 months old 

mice. Figure 12A shows representative EOG responses induced by 100 ms long pulse of vapor 

phase of isomyl acetate (IAA) solutions with concentration ranging 10-7 to 1 M in 2 months 

old WT and STOML-3 KO mice. We found that the amplitude of the odorant response from II 

Ant region is significantly smaller in STOML-3 KO. Indeed, upon stimulation with vapor from 

1 M IAA solution the EOG amplitude was 16.4 ± 0.7 mV in WT mice and 12 ± 1 mV in 

STOML-3 KO (n=9-10 *<0.05 Student’s t-test, Fig. 12 B). In contrast, recordings from II Post 

and turbinate IV did not shown statistically significant differences between WT and STOML-

3 KO mice. Recordings from 6 months old mice shown a significant reduction in the amplitude 

in the odorant-evoked response both in II Ant and in II Post region. In particular, stimulation 

with vapor from 1 M IAA solution in II Ant region induced an EOG response of 18 ± 1 mV 

and 13 ± 1 mV in WT and STOML-3 KO mice respectively (n=9-10 *<p0.05 Student’s t-test, 

Fig. 12 CD). Similarly, in II Post region the EOG response upon the same stimulation was of 

10.6 ± 0.3 mV in WT and 8.3 ± 0.6 mV in STOML-3 KO mice (n=9-10 *<p0.05 Student’s t-

test, Fig. 12 CD). In addition, recordings from turbinate IV showed a reduced amplitude 

without reaching the statistically significant level (Fig. 12 CD).  
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Figure 12. Odorant response in WT and STOML-3 KO mice. Representative EOG 

recordings from WT (black traces) or STOML-3 KO (blue traces) 2 months (A) or 6 months 

(C) old mice. The responses were evoked by 100 ms stimulation with isoamyl acetate vapors 

of increasing concentrations. EOG recordings were obtained from indicated OE locations. 

Dose–response relationships of average peak EOG amplitudes from WT (black traces) or 

STOML-3 KO (blue traces) 2 months (B) or 6 months (D) old mice (n=9-10 *<0.05 Student’s 

t-test).  
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 We further analyzed the kinetics of the EOG recordings. We measured the latency as 

the time between the starting of the stimulus and the time at which the response comes to 1% 

of its peak value; the rise time as the interval between the beginning of the response and the 

time of the peak response; the time constant of the monoexponential fit of the recovery phase 

of the EOG response. We did not find significant differences in the kinetics of the EOG 

recordings between WT and STOML-3 mice in all tested regions of OE both in 2- and 6-months 

old animals (Fig. 13). 

 

 

 

Figure 13. Kinetics of the odorant response in WT and STOML-3 KO mice. Representative 

normalized EOG recordings from 2 months old WT (black traces) or STOML-3 KO (blue 

traces) mice in II Ant region. The responses were evoked by 100 ms stimulation of vapors of 

the indicated IAA solution concentration. (B) Scatter dot plot with average ± sem showing the 

values of latency (left), rise time (middle) and time constant (right) in WT or STOML-3 KO 

mice at each odorant concentration (n=9-10). 
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DISCUSSION 

 

In this study, we have provided a comprehensive investigation of the localization of 

stomatin-domain proteins in the mouse OE. We found that Stomatin and STOML-3 are targeted 

to the OSN cilia, while STOML-1 and STOML-2 are localized in the OSN soma. Using 

knockout for STOML-3 we found that even if the OE development is normal, the lack of 

STOML-3 causes a reduction in the amplitude of the physiological response to odorants in 

some OE region especially in older mice. 

 

Expression of stomatin proteins in OE 

Several proteomic and transcriptomic studies had pointed out that stomatin proteins are 

expressed in the OE (Ibarra-Soria et al., 2014; Kanageswaran et al., 2015; Klimmeck et al., 

2008, 2008; Kuhlmann et al., 2014; Mayer et al., 2009; Saraiva et al., 2015; Stephan et al., 

2009). Here, we reported the first detailed investigation on the expression and subcellular 

localization of all stomatin proteins in OE. By RT-PCR, we confirmed the expression of 

Stomatin, STOML-1, STOML-2 and STOML-3 in the OE (Ibarra-Soria et al., 2014; 

Kanageswaran et al., 2015; Saraiva et al., 2015; Wetzel et al., 2007; Fig. 1). We also found that 

Podocin is not expressed. Using specific antibodies, we confirmed the localization of STOML-

3 on the OSN cilia (Goldstein et al., 2002; Kobayakawa et al., 2002; Kulaga et al., 2004; 

Kurtenbach et al., 2017; Tadenev et al., 2011). We found that also Stomatin is targeted to the 

cilia confirming previous proteomic data (Klimmeck et al., 2008, 2008; Kuhlmann et al., 2014; 

Mayer et al., 2009; Stephan et al., 2009). This localization suggests a possible role of Stomatin 

and STOML-3 in the regulation of olfactory transduction. Moreover, the mislocalization of 

Stomatin in STOML-3 mice indicates the involvement of STOML-3 in the targeting of 

Stomatin to the cilia. 

Even if some previous studies reported the presence of STOML-1 and STOML-2 in 

preparations of ciliary proteins, we showed that these two members of stomatin protein family 

are localized in the soma of the OSNs (Kuhlmann et al., 2014; Mayer et al., 2009, 2009). These 

results could explain by a possible contamination in the isolation of ciliary proteins. 

 

Physiological role of STOML-3 in olfactory sensory neurons 

 

Previously, it has been shown that absence or alteration in the activity of members of 

the transduction machinery could lead to alterations in the development of key structures in the 

olfactory epithelium. This could be due to alterations in the homeostasis of the OSNs or to the 

role played in OSN development in addition to the involvement into the odorant transduction 

cascade. For example, the absence of ACIII leads to a decrease in the number of mature OSNs 

due to an increase of apoptotic cells and without affecting the rate of cell proliferation in the 

OE the (Zhang et al., 2017). On the other hand, ACIII seems to be also involved in the cilia 

development. Indeed, in coronal sections of the OE, the immunostaining with AcTb is reduced 

in ACIII KO mice (Zhang et al., 2017). Using whole mount preparation, Challis et al. (2016) 

found that ACIII KO mice display a reduction in the length of the cilia. The role of the cAMP 

signaling on the ciliogenesis have been further supported by observing similar alterations in 

PDE1C/PDE4 double KO mice (Challis et al., 2016) and in mice with a dominant-negative 

form of cAMP-dependent protein kinase A (PKA, Kaneko-Goto et al., 2013).  

We investigates in detail the development of several structures in the OE of STOML-3 

KO animals. They displayed normal formation of the folds of turbinates and they did not have 

alterations in the density of OSNs, apoptotic, globose or horizontal basal cells.  
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Previous biochemical data showed an alteration of cAMP production in OE cilia 

extracts treated with antibodies against STOML-3 (Kobayakawa et al., 2002). Moreover, the 

expression of STOML-3 is strongly misregulated or mislocalized in KO mice for some Bardet–

Biedl Syndrome (BBS) proteins. BBS proteins have been involved in ciliogenesis and transport 

inside the cilia (Jin and Nachury, 2009; Nachury and Mick, 2019). In humans, mutations in 

BBS protein leads to multiple symptoms, for example, blindness, obesity and deafness and also 

causes anosmia (Jin and Nachury, 2009). In mice, the absence BBS proteins also leads to 

anosmia and an altered development of the olfactory cilia (Kulaga et al., 2004; Tadenev et al., 

2011). Therefore, we tested if STOML-3 KO could have alterations in the development of cilia. 

We did not observe significant differences in the number and the total length of cilia per neuron 

demonstrating that STOML-3 is not involved in the regulation of ciliogenesis. 

We used EOG recordings to study the responsiveness of the olfactory epithelium to 

odorant stimulation (Scott and Scott-Johnson, 2002). This technique has been used to evaluate 

the role of several elements of the olfactory transduction process. For example, in CNGA2, 

ACIII or Gαolf KO mice the EOG response is almost completely abolished (Belluscio et al., 

1998; Brunet et al., 1996; Wong et al., 2000). Moreover, other type of alterations in the EOG 

response kinetics have been observed specially in mutants of molecules involved in negative 

feedback on the odorant transduction. For example, slower decaying phase after a short odorant 

stimulus, or slower adaptation under prolonged stimulation (Cygnar and Zhao, 2009; Song et 

al., 2008; Stephan et al., 2012). This suggests that the EOG response represents the electrical 

activity of the OSNs, in particular the odor-evoked activity of the members of the odor 

transduction machinery, and therefore support this technique as a valuable tool to test the role 

in the responsiveness of the olfactory epithelium of uncharacterized proteins and even get some 

hints about possible functions. We found a reduction in the amplitude of the response to short 

pulse stimulation with IAA in STOML-3 KO mice, especially at older ages. This reduction is 

more profound in the anterior-dorsal portion of the OE.  

Our results exclude that this reduction of EOG response could be due to a decrease of 

the number of mature OSNs or to an alteration of their ciliary structure. We also found that in 

STOML-3 mice key elements of the olfactory transduction are correctly targeted to the cilia. 

However, quantitative Western blot experiments will better test if STOML-3 controls the 

expression level of ACIII, CNGA2, TMEM16B or other components of the signaling cascade.  

Since, stomatin proteins can physically and functionally interact with different types of 

ion channels (Lapatsina et al., 2012; Poole et al., 2014), we can speculate that STOML-3 could 

modulates also CNG and/or TMEM16B. Immunoprecipitation experiment and patch-clamp 

recording will be necessary to fully investigate this scenario. In STOML-3 mice, we found also 

a reduction in expression level of Stomatin that remains trapped in knobs of some OSNs 

without reaching the cilia. This could indicate a possible interaction between Stomatin and 

STOML-3 with relevant physiological implications, therefore it would be very interesting to 

investigate by using Stomatin KO and Stomatin and STOML-3 double KO mice to understand 

the relative role of these proteins in the odorant detection. Finally, additional experiments are 

need to test is the observed reduction of odorant-responses can give rise to behavioral relevant 

alterations.  

 

 

Conclusions 

 

In summary, our data provide a definitive demonstration that STOML-3 is expressed in 

the cilia of OSNs together with Stomatin. STOML-3 is not involved in OE development, but 

controls the responsiveness of OSN to odorant. The data will allow to deeper investigation of 

the physiological role of stomatin proteins in OE.  
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4.2 Knockout of Stomatin-domain proteins Stomatin, STOML-1 

and STOML3 reduces the odorant response of mouse olfactory 

sensory neurons   
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In order to obtain a better understanding of the role of the stomatin-domain proteins in 

the OE, we started to characterize the phenotype of other KO mouse line. We used a triple 

knock for Stomatin, STOML-1 and STOML-3 (TKO) and we repeated most of the experiment 

performed on STOML-3 KO mice. 

 

Development of the Olfactory Epithelium in TKO mice. 

 

We evaluated whether the lack of Stomatin, STOML-1 and STOML-3 has an influence 

on the development of the OE, therefore we performed immunostaining to identify most of the 

different cell types present in the OE. We used the olfactory marker protein (OMP) as the 

typical marker for mature olfactory sensory neurons (Keller and Margolis, 1975); active 

Caspase-3 for apoptotic cells (Thornberry and Lazebnik, 1998); Ki-67 and p63 to stain the 

globose and horizontal basal cells respectively (Fletcher et al., 2011). To obtain a quantitative 

comparison between WT and TKO mice we counted the immunopositive cells in three different 

regions of the OE: anterior part of turbinate II (II Ant), posterior part of turbinate II (II Post) 

and turbinate IV. Finally, we performed experiment both in 2 and 6 months old mice. We did 

not find significant differences between WT and T KO mice in all the regions of the OE both 

in 2 and 6 months old mice indicating that T3 is not involved in the controlling the proliferation 

and the development of OSNs (Fig. 1). 

Then we analyzed the localization of several protein involved in the olfactory 

transduction in TKO mice such as ACIII (Bakalyar and Reed, 1990), the main subunit of CNG 

channel, CNGA2 (Bönigk et al., 1999) and the Ca2+ activated Cl¯ channel TMEM16B (Billig 

et al., 2011; Stephan et al., 2009). Figure 2A shows that ACIII, CNGA2 and TMEM16B are 

localized at the luminal surface of the OE both in WT and in TKO mice. No significant 

differences were found between different OE regions. Moreover, double immunohistochemical 

labeling with the ciliary marker AcTb shows that all the components of the olfactory 

transduction we investigated were normally targeted to the cilia also in TKO mice (Fig. 2B). 

Finally, we used whole mount preparation to analyze the ciliary structure using the 

Dolichos biflorus agglutinin that stains a subset of OSNs (Lipscomb et al., 2002; Talaga et al., 

2017). Figure 3 shows that the number of cilia per OSN and the total length of the cilia for each 

OSN was not significantly different between WT and TKO mice and no significant difference 

were found between different OE regions (Fig. 3 C-D). Overall, we observed no significant 

structural alterations in the OE of TKO mice. 
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Figure 1. T KO mice do not show defects in the development of OSNs. (A) Confocal images 

of coronal section of the olfactory epithelium from WT and TKO mice immunostained for 

OMP, active Caspase-3, Ki-67 and p63. Cell nuclei were stained with DAPI (blue). (B) Scatter 

dot plot with average ± sem showing the number of OMP, active Caspase-3, Ki-67 and p63 

immunopositive cells in different OE regions from WT and TKO mice at age of 2 and 6 months. 
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Figure 2. Localization of ACIII, CNGA2 and TMEM16B in olfactory epithelium from 

WT and TKO mice. (A) Confocal images of coronal section of anterior and posterior region  

the olfactory epithelium from WT and TKO mice immunostained for ACIII (left), CNGA2 

(middle) and TMEM16B (right). (B) Confocal images of coronal section of the olfactory 

epithelium from WT and TKO mice double immunostained for Acetylated tubulin (AcTb) and 

ACIII (left), CNGA2 (middle) or TMEM16B (right). Cell nuclei were stained with DAPI 

(blue). 
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Figure 3. OSN cilia organization in WT and TKO mice. (A) Whole-mount preparation of 

OE from WT and TKO mice with the cilia of an OSN labeled by Dolichos biflorus agglutinin. 

Scatter dot plot with average ± sem showing the number of cilia per OSN (B) and the total 

length of the cilia for each OSN (C) from WT and TKO mice. Scatter dot plot with average ± 

sem showing the number of cilia per OSN (D) and the total length of the cilia for each OSN 

(E) located in different region of OE from WT and TKO mice. 

 

 

Odorant response in TKO mice. 

To test whether the lack of Stomatin, STOML-1 and STOML-3 alters the odorant 

response of the OSNs, we performed electro-olfactogram (EOG) recordings. Using this 

approach, we measured odorant-induced changes in voltage across the olfactory epithelium 

generated by the electrical activity of a population of OSNs close to recording electrode (Scott 

and Scott-Johnson, 2002). In a similar way to the experiments investigating the OE 
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development, we measured the EOG responses in three different regions of the OE: anterior 

part of turbinate II (II Ant), posterior part of turbinate II (II Post) and turbinate IV. Moreover, 

we performed experiment both in 2 and 6 months old mice. Figure 4A shows representative 

EOG responses induced by 100 ms long pulse of vapor phase of isomyl acetate (IAA) solutions 

with concentration ranging 10-7 to 1 M in 2 months old WT and TKO mice. We found that the 

amplitude of the odorant response from II Ant region is significantly smaller in TKO. Indeed 

upon stimulation with vapor from 1 M IAA solution the EOG amplitude was 16.4 ± 0.7 mV in 

WT mice and 10.3 ± 0.9 mV in TKO (n=9-10 *<p0.05 Student’s t-test, Fig. 4 B). In contrast, 

recordings from II Post and turbinate IV did not shown statistically significant differences 

between WT and TKO mice. Recordings from 6 months old mice shown a significant reduction 

in the amplitude in the odorant-evoked response both in II Ant and in II Post region. In 

particular, stimulation with vapor from 1 M IAA solution in II Ant region induced an EOG 

response of 18 ± 1 mV and 14 ± 2 mV in WT and TKO mice respectively (n=9-10 *<p0.05 

Student’s t-test, Fig. 6 CD). Similarly, in II Post region the EOG response upon the same 

stimulation was of 10.6 ± 0.3 mV in WT and 8.5 ± 0.5 mV in TKO mice (n=9-10 *<p0.05 

Student’s t-test, Fig. 4 CD). In addition, recordings from turbinate IV showed a reduced 

amplitude without reaching the statistically significant level (Fig. 4 CD).  
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Figure 4. Odorant response in WT and TKO mice. Representative EOG recordings from 

WT (black traces) or TKO (orange traces) 2 months (A) or 6 months (C) old mice. The 

responses were evoked by 100 ms stimulation with isoamyl acetate vapors of increasing 

concentrations. EOG recordings were obtained from indicated OE locations. Dose–response 

relationships of average peak EOG amplitudes from WT (black traces) or TKO (orange traces) 

2 months (B) or 6 months (D) old mice (n=9-10 *<0.05 Student’s t-test).  
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 We further analyzed the kinetics of the EOG recordings. We measured the latency as 

the time between the starting of the stimulus and the time at which the response comes to 1% 

of its peak value; the rise time as the interval between the beginning of the response and the 

time of the peak response; the time constant of the monoexponential fit of the recovery phase 

of the EOG response. We did not find significant differences in the kinetics of the EOG 

recordings between WT and TKO mice in all tested regions of OE both in 2- and 6-months old 

animals (Fig 5). 

 

 

 

Figure 5. Kinetics of the odorant response in WT and TKO mice. Representative 

normalized EOG recordings from 2 months old WT (black traces) or TKO (orange traces) mice 

in II Ant region. The responses were evoked by 100 ms stimulation of vapors of the indicated 

IAA solution concentration. (B) Scatter dot plot with average ± sem showing the values of 

latency (left), rise time (middle) and time constant (right) in WT or TKO mice at each odorant 

concentration (n=9-10). 
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5. Conclusions 

 

 
In this work, we provide novel information regarding the expression and localization 

of all stomatin-domain proteins in the mouse OE. We confirmed the localization of STOML-3 

in the cilia of the OSNs, where the sensory transduction takes place. Remarkably, we found 

that also Stomatin is present only in these structures. In contrast, we revealed that STOML-1 

and STOML-2 localize in the soma of the neurons.  

To understand the physiological role of these proteins in the OE, we investigated the 

development of OSNs and other OE cell types in two KO mice models. A first line is a 

knockout for STOML-3, while the second is a Stomatin/STOML-1/STOML-3 triple knock out 

(TKO). Then we used the EOG recordings to compare the physiological responses to odorant 

stimulation in WT with those of mutant mice. 

We found that in both, STOML-3 KO and TKO, the number of mature OSNs was not 

significantly different from WT mice. Moreover, the cilia number and length were not affected 

in both mutant models. These data strongly suggest that stomatin-domain proteins Stomatin, 

STOML-1 and STOML-3 are not involved in the regulation of OSN development. Interestingly 

also several components of the olfactory transduction cascade are normally targeted to the cilia 

also in the absence of stomatin-domain proteins. 

Despite the normal OE development in mutant mice, we found a reduction in the 

amplitude of the response in both KO animals, especially in older mice. The magnitude of the 

reduction was similar in both KO mice, suggesting that STOML-3 is the main responsible for 

this effect. Since stomatin proteins can physically and functionally interact with different types 

of ion channels (Lapatsina et al., 2012; Poole et al., 2014), we speculate that STOML-3 and/or 

Stomatin could modulate also CNG and/or TMEM16B. Immunoprecipitation experiment and 

patch-clamp recordings will be necessary to fully investigate this scenario. In STOML-3 KO 

mice, we found a reduction in the expression level of Stomatin that remained trapped in knobs 

of some OSNs without reaching the cilia, suggesting a possible functional interaction between 

these STOML-3 and Stomatin. Further experiments will be necessary to clarify the relative role 

of Stomatin and STOML-3 in the regulation of odorant response. 

The results in this thesis establish the first evidences that stomatin-domain proteins 

modulate the odorant response in mice and provide the foundation for future work aimed at 

clarifying the physiological role of stomatin protein in the olfactory system. 
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