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ABSTRACT 

 

Sweet and bitter are two basic taste sensations perceivable thanks to taste receptor 

cells (TRCs) in the oral cavity. Interestingly, T1R3 sweet receptor and members of 

the bitter T2Rs family are also localized in different extra-oral tissues (e.g. airways 

system). In the context of this diffuse extra-oral chemosensory system, airways 

ciliated cells represent an interesting cellular population. Preliminary studies 

reported that their cilia exhibit bitter and sweet receptors and some elements of the 

chemoreception transduction pathway. To the best of our knowledge, no 

physiological data regarding ciliated cells sweet response in the airways have been 

reported in the literature. Therefore, to investigate the functional role of sweet 

receptors within the airways, we chose to explore the physiological behavior of 

murine tracheal ciliated cells stimulating them with sweet compounds by means of 

calcium-imaging technique. This method allows to follow the changes in 

intracellular calcium concentration thus showing possible calcium-mediated sweet 

responses. We planned to work with acute slices of mice tracheas, instead of using 

cells cultures, to better preserve the native conditions, avoiding excessive cells 

handling and artefacts introduction. 

We decided also to stimulate the ciliated cells with a bitter compound, yet 

investigated in cultured cells, to see the cellular behavior towards the two different 

stimulation qualities (sweet and bitter). In addition, we adopted 

immunohistochemical analysis to verify that the ciliated cells, used for the 

physiology experiments, retained the phenotypic expression of molecules of the 

taste transduction pathway normally expressed in native ciliated cells. 

Our experiments showed that some ciliated cells respond to sweet compounds. In 

particular, combining two different stimuli, glucose (sweet) first and then bitter 

(denatonium), 36% of the ciliated cells responded to both stimulations while 37% 

were responsive only to bitter, 2% only to sweet and 25% of the cells were 

unresponsive to both stimulations. Another important finding is that, when 

stimulating the cells with two artificial sweeteners (acesulfame K and sucralose), 

we observed that 31% of the cells responded to both the sweeteners, 24% only to 

acesulfame K and 5% only to sucralose. 40% of the cells were irresponsive to both 
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the artificial sweeteners. Combining the artificial stimulus acesulfame K to the 

bitter one denatonium, 65% of the cells responded to both stimuli, 7% only to 

acesulfame K while 5% only to denatonium. Moreover, the immunohistochemical 

results confirmed the presence of α-gustducin and PLCβ2, two markers of taste 

signaling pathway, in the ciliated cells. 

The above described data are interesting and clearly demonstrate that the ciliated 

cells of murine trachea are able to perceive and respond to sweet compounds, 

natural and artificial, with possible implications in the glucose sensing mechanisms 

in the airways, especially in relationship with respiratory infections. Moreover, it is 

clear that the ciliated cells exhibit a different pattern of response suggesting their 

heterogeneity, according with the previous literature. These data might be important 

for considering this cellular population a new cellular model of extra-oral 

chemoreception investigation. Future research could unravel the roles of airways 

ciliated cells in health and pathological conditions with a possible therapeutic aim. 
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1. INTRODUCTION 

 

Sweet and bitter are two basic taste sensations perceivable thanks to taste receptor 

cells (TRCs) in the mouth. Sweet is a taste related with the recognition of high-

caloric food for energy intake as well as for the hedonic reward system, whereas,  

bitter alerts the organism of potentially harmful substances which have to be refused 

and expelled (Yarmolinsky et al., 2009). Thus, sweet and bitter are not just simple 

sensations; they are triggers of innate behaviors resulting in the acceptance or in the 

rejection of substances. TRCs are capable of detecting sweet and bitter compounds 

because of the expression of sweet and bitter receptors respectively. These taste 

ceptors have also been found outside the oral cavity (Sbarbati et al., 2010; Finger & 

Kinnamon, 2011), arousing curiosity about their role and corroborating the idea that 

sweet and bitter are involved in other systems beside the gustatory one.   

 

 

 

1.1 “CANONICAL” GUSTATORY TASTE RECEPTORS  

TRCs are found in the dorsal surface of the tongue, soft palate, pharynx, and the 

upper part of the esophagus arranged in taste buds (Purves et al., 2001). Taste buds 

are onion-shaped structures specialized end organ of gustation; they are composed 

of 50-100 cells embedded within the stratified lingual epithelium; they have an 

apical pore (taste pore) which allows the contact with the tastants, and at the base, 

they form chemical synapses with gustatory afferent nerves (Kinnamon & 

Cummings, 1992; Lindemann, 2001). In humans, there are around 5,000 taste buds 

with similar functions (Chaudhari & Roper, 2010). Most of the taste buds are housed 

within the papillae: the fungiform papillae on the anterior two thirds of the tongue, 

the circumvallate papillae in an arc of approximately nine papillae on the posterior 

tongue just anterior to the lingual tonsil and the foliate papillae on the posterior 

lateral edges of the tongue. In mouse and rat there is only one circumvallate papilla 

on the posterior tongue. Other taste buds are isolated and dispersed on the soft palate 

(Yarmolinsky et al., 2009). The receptor taste cells are not neural cells. They are 

specialized epithelial cells with some neural properties but they lack an axon 

(Gilbertson & Kinnamon, 1996; Smith & Margolskee, 2001). Taste cells have a short 

https://www.ncbi.nlm.nih.gov/books/n/neurosci/A2251/def-item/A2421/
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life span (around 10 days) and they are replaced continuously throughout the bud 

life. Inside a taste bud, there are elongate epithelial cells and few basal cells. The 

basal cells are small and round proliferative cells located at the base of the bud, 

while the elongate epithelial cells (taste cells) are bipolar cells extending from the 

taste pore to the base of the bud  (Delay et al., 1986; Kinnamon & Cummings, 1992). 

Taste cells can be classified in three different types (Figure 1.1): type I cells have a 

putative glial function; type II express all the elements of the taste transduction 

cascade for sweet, bitter and umami (the “amino acids taste”) and type III are 

characterized by morphologically identifiable synaptic contacts with the gustatory 

nerve fibers, so these cells are thought to be involved in transmission of information 

to the nervous system (Finger, 2005). Type II are named the  taste receptor cells 

(TRCs) (DeFazio et al., 2006) because each of them expresses taste receptors specific 

for a taste quality only (Nelson et al., 2001). Therefore, a given taste receptor cell is 

“tuned” to sweet, bitter, or umami. 

 

 

 
 

Figure 1.1. The three major classes of taste cells. This classification incorporates 

ultrastructural features, patterns of gene expression, and the functions of each of Types I, 

II (receptor), and III (presynaptic) taste cells. Type I cells (blue) degrade or absorb 

neurotransmitters. They also may clear extracellular K+ that accumulates after action 
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potentials (shown as bursts) in receptor (yellow) and presynaptic (green) cells. K+ may be 

extruded through an apical K channel such as ROMK. Salty taste may be transduced by 

some Type I cells, but this remains uncertain. Sweet, bitter, and umami taste compounds 

activate receptor cells, inducing them to release ATP through pannexin1 (Panx1) 

hemichannels. The extracellular ATP excites ATP receptors (P2X, P2Y) on sensory 

nerve fibers and on taste cells. Presynaptic cells, in turn, release serotonin (5-HT), which 

inhibits receptor cells. Sour stimuli (and carbonation, not depicted) directly activate 

presynaptic cells. Only presynaptic cells form ultrastructurally identifiable synapses with 

nerves. Tables below the cells list some of the proteins that are expressed in a cell type–

selective manner.  (from Chaudhari & Roper, 2010) 

 

 

 

1.2 BITTER AND SWEET TASTE TRANSDUCTION 

Taste transduction begins when chemical stimuli reach the taste bud pores and 

interact with TRCs apical membranes; here reside sweet and bitter taste receptors. 

These interactions lead to a membrane conductance change, an increase in 

cytoplasmic calcium and a strong depolarization with possible action potential 

initiation. The outcome is the release of ATP, and possibly other molecules, into 

the extracellular space of the activated TRCs (Kinnamon & Cummings, 1992; 

Chaudhari & Roper, 2010). 

 

1.2.1 Sweet Receptors 

 

The sweet taste receptors belong to a family of three Class C G protein-coupled 

receptors (C-GPCRs): the type1, member1 (T1R1), type 1, member 2 (T1R2) and 

type 1, member 3 (T1R3) receptors. They are characterized by a large N-terminal 

extracellular domain and multiple ligand-binding sites (Max et al., 2001). They can 

combine forming the umami taste receptor (T1R1-T1R3), the heterodimeric sweet 

taste receptors (T1R2-T1R3) (Nelson et al., 2001; Li et al., 2002; Zhang et al., 2003; 

Zhao et al., 2003; Chaudhari & Roper, 2010; Laffitte et al., 2014) and the homodimeric 

low-affinity sweet taste receptor (T1R3-T1R3) (Nelson et al., 2001; Zhao et al., 2003; 

Laffitte et al., 2014). T1R3 is a major player in sweet sensation. Its gene, Tas1r3, was 

identified within the coding sequence of the saccharin preference (Sac) locus; a 

single chromosomal region, in mice, which largely determines the preference and 
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the intake of sugars. Tas1r3 polymorphisms determine sweetener preference 

phenotypes in mice (Bachmanov et al., 2001a).   T1R3  knockout mice have a 

dramatic reduction in multiple sweet preference and intake (Damak et al., 2003; Zhao 

et al., 2003; Lemon & Margolskee, 2009). Sac non-taster mice that showed weak 

preference for sugars, fully recovered their taste deficit when transfected with T1R3 

gene sequence of Sac taster mice (Nelson et al., 2001). Furthermore T1R3 is 

expressed in around 30% of the taste buds and every T1R2-positive TRC, co-

expresses T1R3 (Nelson et al., 2001). The heterodimeric T1R2-T1R3 receptor 

(Figure 1.2) is the primary sweet taste receptor. Both T1R2 and T1R3 are necessary 

for sweetness detection (Nie et al., 2005), although T1R3-T1R3 receptors can 

respond to high concentrations of sugars and to artificial sweeteners (Nelson et al., 

2001; Zhao et al., 2003; Laffitte et al., 2014). 

 

 

 

 

 

Figure 1.2. Schematic model of the sweet taste receptor. The sweet taste receptor is 

composed of two subunits, T1R2 and T1R3. The two subunits belong to the class C GPCRs. 

T1R2 and T1R3 possess a large aminoterminal domain (ATD) that includes a Venus flytrap 

domain (VFT) connected to a helical transmembrane domain (TMD) (characteristic of 

GPCRs) by a short cysteine-rich domain (CRD). The VFT is composed of two lobes 

separated by a large cleft, in which most sweeteners bind. (from Laffitte et al., 2014).  
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 T1R2-T1R3 recognizes a wide variety of chemically distinct sweet tasting 

molecules: simple sugars (e.g. glucose, sucrose, lactose, fructose), artificial 

sweeteners (e.g. acesulfame-K, sucralose, dulcin, saccharin), D-amino acids (e.g. 

alanine, threonine, D-tryptophan, D-histidine), intensely sweet peptides or proteins 

(e.g. monellin, thaumatin) and even some alcohols (e.g. glycerol, sorbitol, and 

xylitol) (Li et al., 2002; Yarmolinsky et al., 2009; Laffitte et al., 2014). Although the 

sugars are chemically similar, it is challenging to think about any common feature 

within the broad range of sweet taste receptor ligands. The most quoted hypothesis 

is that all sweet substances have a glucophore consisting in two electronegative 

groups, an acid (AH) and a base (B) respectively. This glucophore forms a double 

hydrogen-bound with a similar AH-B structure in the taste receptor binding site 

(Shallenberger & Acree, 1967; Birch, 1987; Atta-ur-Rahman, 1995; Roper, 2007). 

Another possible explanation to the vast responsiveness capability of the T1R2-

T1R3 sweet taste receptor is that it has multiple binding pockets with different 

selectivity, located in different regions (Figure 1.3). In the extracellular domain 

there is a Venus flytrap (VFT) motif, which might bind sugars, sweet amino acids, 

and other sweet compounds, inducing conformational change in the “trap” (Morini 

et al., 2005). Key binding sites for sugars and sweet-tasting proteins are located in 

the N-termini of both T1R2 and T1R3 (Nie et al., 2006). The cyclamate-binding 

pocket, as well as the antagonists binding site, are burrowed into the membrane 

(Jiang et al., 2005). T1R2-T1R3 and T1R3-T1R3 receptors are low-affinity receptors; 

they are activated by sweet substances at millimolar concentrations. In this way, 

during food intake, they can detect relevant concentrations of nutritive substances 

without reaching saturation. (Nelson et al., 2001; Damak et al., 2003; Zhao et al., 2003).   
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Figure 1.3 Schematic drawing of the sweet GPCR dimer T1R2+T1R3, showing the 

multiple ligand binding sites. T1R2 is shown on the left, T1R3 is on the right. Details of 

the interactions, if any, between the extensive N termini of T1R2 and T1R3 are not known. 

The N termini possess one or more binding pocket(s) for saccharin, sucrose, and other 

sugars. Another ligand-binding pocket, located in T1R3 near the first transmembrane  

region, exists for certain sweet-tasting proteins such as brazzein. A third ligand pocket, 

embedded in the transmembrane (TM) regions of T1R3, is comprised of portions of TM3, 

5, and 6. This site binds the artificial sweetener, cyclamate, but also is the binding site for 

antagonists such as saccharin (which at high concentrations is a sweet receptor antagonist) 

and lactisole (from Roper, 2007) 

 

 

1.2.2. Bitter Receptors 

 

Bitter taste is innate and triggers stereotypical behaviors of rejection. This taste 

quality likely evolved as a warning alarm to avoid food intoxication, although there 

is not a clear correlation between bitterness and toxicity (Glendinning, 1994). The 

diversity of bitter compounds is astounding; a complete inventory does not exist, 

but they are estimated to be tens of thousands. Many bitter substances are natural; 

they derive from plants, animals or bacteria products, others are chemically 

synthetized and others are generated during food processing and aging (e.g. 

fermentation) (Meyerhof et al., 2010). Not only their origins, but also their structures 

are diverse: amides, alkaloids, amino acids, urea, fatty acids, phenols, amines, esters 

and many others (Roper, 2007; Meyerhof et al., 2010). This huge variability of ligands 
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might be one evolutional reason behind the approximately 30 different genes 

encoding for bitter taste receptors in human and 40 in mice. They encode for GPCRs 

of the T2Rs family (Figure 1.4)  (Adler et al., 2000; Bufe et al., 2002; Bachmanov et al., 

2014). T2Rs share 30%-70% of amino acid sequence identity, with the short 

extracellular N-domain showing the highest divergence, probably to be able to 

recognize such many structurally different ligands (Adler et al., 2000). The diversity, 

the genetics, the expression profile and functional validations support the role of 

T2Rs as bitter taste receptors. T2Rs genes cluster in a few chromosomal locations 

implicated in bitter sensation; chromosomes 5, 7, and 12 in human and 

chromosomes 2, 6, and 15 in mice (Bachmanov et al., 2014). All the members of the 

T2R family are found within the taste buds, with different patterns and levels of 

expression. On average each TRC displays an overlapping subset of 4-11 T2Rs 

(Behrens et al., 2007) and can functionally discriminate among bitter compounds 

(Caicedo & Roper, 2001). Several T2Rs are broadly tuned to detect stimuli of 

different chemical classes, whereas others appear to be more specific, activated by 

one or a few ligands (Meyerhof et al., 2010). The T2Rs have an high affinity for their 

ligands; their detection threshold is in the range of µM (Chandrashekar et al., 2000; 

Roper, 2007; Meyerhof et al., 2010). Intriguingly, some T2Rs show plasticity in their 

ligands sensitivity. The hT2R46, for example, is the bitter receptor for strychnine 

and brucine, two structurally very similar bitter compounds with different toxicity 

level; the first one is highly toxic (LD= 5-10 mg) the latter one is nontoxic (LD=100 

mg). Remarkably, the hT2R46 recognizes strychnine with a sensitivity about 100 

times greater (threshold = 0.1 µM) than brucine (threshold= 10 µM), matching 

almost perfectly the difference in their toxicity (Meyerhof et al., 2010). Thus, T2Rs 

are responsible for bitterness; they can detect very small amounts of possible 

harmful substances and alert the organism, discriminating between bitter 

compounds with just unpleasant taste and bitter toxic compounds.  
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Figure 1.4. Diagrammatic representation of bitter-taste GPCRs T2Rs. T2Rs are 

integral membrane proteins that contain seven trans-membrane domains. They consist of  

around 300–330 amino acids and have a short extracellular N-terminus. T2Rs are broadly 

tuned to detect stimuli of different chemical classes, or more specifically activated by few  

agonists  (from Boughter Jr. & Munger, 2004) 

 

 

1.2.3. Calcium-mediated mechanism of taste transduction 

 

Bitter (T2Rs) and sweet receptors (T1R2-T1R3) use at least one common signaling 

pathway to transduce tastes (Zhang et al., 2003). When they bind their ligands, taste 

GPCRs activate heterotrimeric guanine nucleotide-binding regulatory proteins (G-

proteins). The G-proteins are composed of a  GTP-binding α-subunit and a βγ-

subunit (Hepler & Gilman, 1992). In most of the taste cells receptors the G protein 

involved is α-Gustducin (McLaughlin & McKinnon, 1992). Upon activation Gβγ 

subunits interacts with a phospholipase, phospholipase-C-beta-2 (PLCβ2). In turn, 

PLCβ2 promotes the synthesis of inositol-3-phosphate (IP3), which opens IP3R3 

ion channels in the endoplasmic reticulum, inducing calcium release in the cytosol 

(Chaudhari & Roper, 2010). The increased intracellular calcium activates a taste 

selective cation channel transient-receptor-potential-cation-channel-subfamily-M-

member 5, (TRPM5), causing membrane depolarization, action potential 

generation and release of ATP through CALHM1  channel  (Figure 1.5 and 1.6) 

(Romanov et al., 2007; Huang & Roper, 2010a; Kinnamon, 2012; Taruno et al., 2013). α-

Gustducin, PLCβ2 and TRPM5 are expressed in TRCs, together with T2Rs or 

T1Rs. Knockout of α-Gustducin or PLCβ2 or TRPM5 strongly impairs responses 
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to most bitter and sweet taste stimuli (Wong et al., 1996; Lindemann, 2001; Zhang et 

al., 2003; Caicedo et al., 2003; Huang & Roper, 2010b; Kinnamon, 2012), indicating that 

the calcium-mediated mechanism of transduction is the main, though not the only, 

pathway used by TRCs to decode bitter and sweet taste sensations.  

 

 

 

 

Figure 1.5. Calcium-mediated sweet and bitter taste transduction mechanisms (from 

Taruno et al., 2013)  

 

 

 

1.3 EXTRA ORAL TASTE TRANSDUCTION  

 

Mechanisms underlying bitter and sweet transduction in the oral cavity are known 

and well described. Interestingly, T1Rs, T2Rs and elements of the taste 

transduction-signaling pathway are also reported in strategic points of extra-oral 

tissues, expanding the canonical idea of taste receptors as mere taste transducers.  

Sweet/bitter taste transduction elements were found in different tissues e.g. upper 

airways, gastrointestinal tract, testis and some brain areas (Figure 1.6) (Herrera Moro 

Chao et al., 2016) 
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Figure 1.6. TRCs in taste buds and examples of  chemosensory cells in non-taste 

tissues (Finger & Kinnamon, 2011). 

 

These extra-oral chemosensory cells, not aggregated in buds, are of different types:  

some of them are innervated, others are endocrine cells and  the morphology is not 

the same. Despite these differences, these chemosensory cells are generally found 

within the epithelia of endodermic organs to have access to the luminal content of 

each organ. Since many years, it was assumed that these chemosensory cells are 

part of a diffuse chemosensory system (DCS) distributed in different areas of the 

body (Sbarbati, Osculati, 2005; Sbarbati et al., 2010).   

 

1.4 THE AIRWAYS EPITHELIUM 

 

The airways can be divided into two different structural and functional parts: the 

conducting airways and the respiratory airways. While the latter ones are 
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responsible for gas exchange and are located within the lungs (respiratory 

bronchioles, alveolar ducts, alveolar sacs, and alveoli), the conducting airways 

clean, warm, moisten and conduct the air. They are composed by nose, pharynx, 

larynx, trachea, bronchi, and bronchioles. Luminal surfaces of the airways are 

covered by a continuous epithelium, which vary in cells types composition and 

distribution, depending on the function of the airway region. Particularly, the 

conducting airways are lined by a pseudostratified columnar ciliated epithelium that 

gradually turns first into a simple columnar then into a cuboidal epithelium (Ganesan 

et al., 2013). The pseudostratified epithelium, typical of the trachea and the majority 

of the upper respiratory tract, is mainly composed by three cell types: ciliated cells, 

non-ciliated mucus secretory cells (goblet cells), and basal cells (Figure 1.7). 

 

 

 

Figure 1.7. Respiratory epithelium (Alberts et al., 2002) 

 

Ciliated cells are the 50%–80% of epithelial cells lining the airways; therefore, they 

are the predominant cell type within the airways. They have microtubule based cell 

organelles, protruding from apical cell surface to the lumen. Cilia membranes are 

contiguous with cell membranes and express receptors and ion channel proteins to 

regulate motility, in response to mechanical or chemical stimuli. The ciliated cells 
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beat in an ATP-dependent coordinated metachronous way moving mucus from the 

lower airways to the upper airways (Yaghi & Dolovich, 2016).  

 

Goblet cells are identified by their apical secretory granules. They take part in 

airway first-line defense by secreting high molecular weight mucus glycoproteins 

(mucins). These viscous mucins entrap external and possible harmful irritants, 

particles and micro-organisms, favoring their transport and expulsion. To overcome 

chronic insult, the goblet cells increase in number with a resulting higher amount 

of secreted mucins (Rogers, 1994).  

Basal cells are thought to be the stem cells of the airway conductive epithelium. 

They are firmly connected with the basement membrane, anchoring ciliated and 

goblet cells to the basal lamina. They regulate inflammatory response (Knight & 

Holgate, 2003). 

The airways epithelium has been described as an inert barrier between the external 

environment and the inner tissues. However, it is now generally accepted that this 

epithelium is not just a protective covering. (Knight & Holgate, 2003). The canonical 

function of the airways conductive epithelium is to ensure the air passage to and 

from the alveoli (Crystal et al., 2008). Since the inhaled air is dirty, full of debris and 

microorganism, airways epithelium has evolved innate defense mechanisms to 

prevent them to reach the lungs. The first line defense mechanism is the mucociliary 

escalator: a coordinated work between the cilia and the goblet cells. The goblet cells 

secrete different type of mucins, which can entrap virtually all particles, while the 

cilia beat fast and unidirectionally  from the distal airways to the proximal airways, 

transporting the mucus and all the entrapped debris till the larynx (Knowles & 

Boucher, 2002). Here the mucus is either swallow or expelled through caught. The 

efficient clearance of the airways depends on the efficacy of ciliary beat as well as 

on the hydration of mucus; an hydrated mucus is less viscous and facilitate the cilia 

movement.  

 

The airways epithelium not only remove potentially harmful and pathogenic 

particles, it also takes part in the luminal glucose homeostasis reducing the risk of 

infections. In normal conditions the glucose concentration in the mucus layer of the 
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airways is up to 12 times lower than the circulating levels (Kalsi et al., 2008, 2009; 

Gill et al., 2016). Such low levels of glucose help preventing infections; indeed 

patients with high glucose levels have more probability to be colonized or infected 

by pathogenic drugs resistant bacteria (Philips et al., 2005). Glucose concentration 

depend on trans-epithelial movement of glucose into the lumen and on removal of 

glucose from the lumen (Figure 1.8) (Baker, 2011). Movement of glucose from the 

blood and interstitial fluid into the airway lumen occurs via passive paracellular 

pathways. This process could be affected by the permeability of epithelial tight 

junctions and by the concentration gradient (Garnett et al., 2012a). On the other side, 

facilitative glucose transporters(GLUTs) mediate glucose removal from the lumen 

(Kalsi et al., 2008; Pezzulo et al., 2011). These transporters, namely  GLUT 1, 2 and 

GLUT10, are expressed in the apical and the basolateral membrane of airways 

epithelial cells (Kalsi et al., 2008; Pezzulo et al., 2011; Garnett et al., 2012c; Merigo et 

al., 2012; Garnett et al., 2012a). Experiments conducted on airways epithelial 

monolayer culture showed that the application of phloretin, a GLUT inhibitor, leads 

to an increased glucose concentration in the apical compartment (Kalsi et al., 2008). 

Once the glucose is taken from the lumen into the cells, it is rapidly metabolized. 

In this way glucose cannot accumulate within the cells and the concentration 

gradient is preserved (Garnett et al., 2012a).  

 

 

 

 

Figure 1.8. Current model of the mechanisms controlling glucose concentrations in 

the airways (Garnett et al., 2012a) 
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1.5 CILIATED CELLS AND THEIR ROLE IN THE CONDUCTING 

AIRWAYS 

 

Traditionally, cilia are broadly divided in immotile sensory cilia and motile cilia. 

Immotile cilia are generally short and are specialized to sense fluid flow, light, 

odorants or signaling molecules. This class of cilia includes the primary cilium, 

expressed in almost all non-cycling mammalian cells and required for signaling 

transduction during morphological development, as well as specialized sensory 

cilia involved in vision (retinal photoreceptor connecting cilium), audition (ear 

kinocilia) and olfaction (olfactory neuron multicilia) (Choksi et al., 2014).  In contrast 

with immotile sensory cilia, the motile cilia are long and possess dynein arms, 

which move in an ATP-dependent manner. Motile cilia serve principally a 

mechanical function: the flagellum, a single motile mono-cilium, beats in a 

wavelike fashion allowing sperm cells to swim; the nodal monocilia rotates, 

generating an asymmetric leftward-directed fluid flow necessary for the correct 

positioning of asymmetric inner organs during embryonic development. Airway 

epithelial cells as well as ependymal cells of the central nervous system, own 

between two and hundreds of motile cilia. These ciliated cells beat in a coordinated 

fashion to clear the airways or to circulate cerebrospinal fluid (Choksi et al., 2014; 

Walentek & Quigley, 2017). 

In addition to their motile function, it is known that ciliated cells can exhibit an 

array of sensory functions. Motile cilia of the mammalian oviduct and of the airway 

epithelium express TPRV4, a member of transient receptor potential cation 

channels family, sensitive to osmotic force, mechanical stimuli and temperature. 

This receptor allows cilia to sense mucus viscosity so that they can increase their 

beating rate if the mucus became more viscous (Bloodgood, 2010; Jain et al., 2012). 

Moreover, the ciliated cells of the mammalian oviduct express both progesterone 

and estrogen receptors. The cilia respond to the sex hormones regulating their rate 

of beating, in order to ensure that the oocyte will move through the Fallopian tubes 

and reach the uterus only when the uterine mucosa is ready for implantation (Jain et 
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al., 2012).  Finally, motile cilia express Vangl2, a planar cell polarity (PCP) protein 

necessary to orient and adjust the direction of cilia movements (Jain et al., 2012). 

Motile cilia of the airways epithelium are an example of cilia that, beyond their 

mechanic role in the airways clearance, exhibit also sensory functions. In particular, 

it was showed that these cells express, within the cilia, several members of the bitter 

taste receptors family, T2Rs and can sense potentially noxious agents (Shah et al., 

2009). Bitter agonists stimulate calcium-mediated responses and lead to an increase 

in ciliary beating rate,  so motile cilia can also be considered as “chemosensory 

organelles” (Shah et al., 2009). In addition, even sinonasal ciliated cells express T2Rs 

and respond to bacterial compounds increasing beat frequency and releasing nitric 

oxide (NO) (Lee & Cohen, 2014; Lee et al., 2014). Furthermore, Merigo and 

collaborators showed that the ciliated cells of rat trachea express the sweet receptor 

T1R3 (Merigo et al., 2012). In particular, the T1R3 was found in the apical surface 

beneath the cilia, in some spots along the cilia, and on the basolateral membrane 

(Figure 1.09). The expression of the T1R3 on the cilia is strikingly; it is a strategic 

position to easily access the luminal content and it is the same pattern observed in 

human T2Rs-ciliated cells (Shah et al., 2009). T1R3 is also co-expressed with 

GLUT2 in the apical membrane of some ciliated cells, giving insights about a role 

of T1R3 in glucose regulation. (Figure 1.10) (Merigo et al., 2012).  

 

 

 

Figure 1.09. Double-immunofluorescent confocal microscopy showing expression of 

a-tubulin (red) with T1R3 (green) in tracheal cells. Scale bar: 10 µm (Merigo et al., 

2012) 
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Figure 1.10. Double-immunofluorescent confocal microscopy showing expression of 

GLUT2 (red) with T1R3 (green) in tracheal cells. Scale bar: 20 µm. (Merigo et al., 2012) 

 

. 

 

To our knowledge, no physiological data are reported to date in the literature 

regarding ciliated cells sweet response in the airways. Therefore, on the basis of the 

previous findings described, we chose to investigate the physiological behavior of 

the airways ciliated cells stimulated with sweet compounds using calcium-imaging 

technique. This method allows us to follow the changes in intracellular calcium 

concentration; thus, it enables the recognition of possible sweets calcium-mediated 

responses. We decided to work with acute slices of mice tracheas, instead of using 

cells cultures, to better preserve the native conditions, avoiding excessive cells 

handling and artefacts introduction.  
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2. MATERIALS AND METHODS 

 

2.1 DISSECTION 

Experiments were performed on 1- to 2-month-old C57BL/6 mice. Animals were 

handled in accordance with the guidelines of the Italian Animal Welfare Act and 

European Union guidelines on animal research. Mice were sacrificed by exposure 

to carbon dioxide followed by cervical dislocation. The trachea was removed and 

put in cold Ringer solution containing (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 

10 HEPES, pH 7.4. All tissues attached outside the trachea were removed under a 

stereoscope (Olympus SZ30), and the tracheal lumen was flushed with mammalian 

Ringer solution to clear any remaining mucus and blood.  

 

2.2 CALCIUM IMAGING 

 

2.2.1 Preparation of acute slices of mouse trachea  

The calcium imaging technique (Bootman et al., 2013) was used to monitor cytosolic 

calcium in tracheal cells using an acute slice preparation.  

The trachea was cut transversally, then the proximal portion was embedded in 2% 

low melting point agarose prepared in Ringer solution. Tracheal slices of 100–200 

µm were cut with a vibratome (Vibratome 1000 Plus Sectioning System) and kept 

in cold Ringer solution until use (Figure 2.1). The murine tracheal slice preparation 

maintained the cross-sectional structure and individual cells could be distinguished 

by their morphology (see Figures 3.1). 
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Figure 2.1. Schematic representation of murine tracheal slices preparation for 

calcium imaging acquisitions. Trachea was dissected (A-B), included in 2% agarose in 

Ringer solution (C, modified from Shimazaki et al., 2006), and cut with a vibratome to 

obtain 100-150 μm thick slices (D). 

 

 

Fluo-4 acetoxymethyl ester (AM) (Thermo Fisher Scientific) was prepared as 1 mM 

stock solution in DMSO and added to fresh Ringer solution to a final concentration 

of 20 µM (2% DMSO). To help the dye uptake, Pluronic F-127 (Molecular Probes) 

was added to a final concentration of 0.02%; 100 µM bromsulphthalein (BSP; 

Sigma), an inhibitor that prevents extrusion of the indicator by organic anion 

transporters, was included to aid retention of Fluo-4 by the cells (Delmotte & 

Sanderson, 2006). The slices were incubated in dye solution for 90 minutes at room 

temperature, then washed and kept in fresh Ringer solution until use (Figure 2.2). 

 

 

 

 

 

 

 

 

 

Figure 2.2. Loading tracheal cells with the calcium indicator Fluo-4. (A) Several cells 

could be clearly distinguished by their morphology in a tracheal acute slice. The slice was 

incubated in the indicated solution to load the calcium indicator Fluo-4. (B) A fluorescent 

image of the same slice loaded with Fluo-4. 
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2.2.2 Fluorescence imaging and data analysis 

The non-ratiometric green-fluorescent calcium indicator Fluo-4 was used to 

measure changes in intracellular calcium concentrations. Inside the cells, the 

membrane permeant Fluo-4 AM is cleaved by cytosolic esterases, and the 

fluorescent indicator Fluo-4 is entrapped inside the cells, where it binds free 

intracellular calcium ions. Ca2+ binding leads to an increase in Fluo-4 fluorescence 

intensity, which can be measured using appropriate wavelength settings (Figure 2.3 

A-B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Schematic representation of Fluo-4AM mechanism of action.   

(A-B) Fluo-4 AM can cross the cell membrane and enter the cytosol. In the cytosol, 

esterases remove the AM ester group allowing Fluo-4 to bind to intracellular free calcium. 

Calcium binding results in an increase in emitted fluorescence intensity. In (A), 

intracellular calcium increase is caused by ATP activation of purinergic receptors. In (B), 

calcium increase is due to activation of G-protein coupled receptors. (C) Representative 
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time course of the measurement of fluorescence intensity in arbitrary units (AU), and (D) 

normalized change of fluorescence (ΔF/F) upon cell stimulation. 

 

Tracheal slices loaded with Fluo-4 were mounted in a home-made perfusion 

chamber equipped with a perfusion system (see 2.2.3). Imaging experiments were 

performed using an upright fluorescence microscope (Olympus, BX51WI) with a 

60X water immersion objective (NA 0.9). A mercury lamp and an appropriate 

fluorescence filter cube (Olympus, UMNB2), with excitation filter BP 470-490, 

dichroic mirror DM 500 and emission filter LP 500 were used. The emitted 

fluorescence (> 500 nm) was detected with a CCD camera (SensiCam 12 bit; PCO 

AG) controlled by software (PCO AG, Figure 2.4). Images were acquired at 1.6 - 5 

Hz and analyzed with ImageJ and IgorPro software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Schematic representation of the experimental set-up for calcium imaging 

recordings. A tracheal slice is mounted in a perfusion chamber on the stage of a 

fluorescence microscope. The slice is continuously perfused by a multichannel perfusion 

system switching from a solution to another without stopping the flow. A mercury lamp 

and appropriate filter are used for fluorescence excitation of Fluo-4 with wavelengths 

between 470 and 490 nm. The emitted fluorescence signals (> 500 nm) are collected by a 

CCD camera. 
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To evaluate changes in fluorescence in individual ciliated cells, a region of interest 

was drawn around the cell. The basal fluorescence level (F) was calculated as the 

mean fluorescence intensity in the 10 seconds previous to the stimulation (Figure 

2.3 C-D). Changes in fluorescence are reported as relative changes in fluorescence 

intensity normalized to baseline fluorescence according to the formula ∆F/F = [F(t)-

F]/F, where F(t) is the fluorescence at time t and F is the mean basal fluorescence 

level (Figure 2.3 C-D). A stimulus was considered to elicit a response only if the 

change in ΔF /F after the stimulation overcame a threshold defined as the mean 

basal fluorescence plus 3 times the value of standard deviation 

(threshold=F+3*SD). To check the viability of the cells at the end of the 

experiment, a solution containing 30 µM ATP was used to elicit a cytosolic increase 

of calcium. Only cells that responded to ATP were included in the analysis. 

 

2.2.3 Stimuli and perfusion system 

Tracheal slice were continuously perfused with mammalian Ringer solution.  A 

gravity-driven multichannel perfusion system (AutoMate Scientific) was used to 

deliver the test solutions directly at the apical surface of ciliated cells through a tip 

with 360 µm internal diameter. This system allows switching from a solution to 

another in about 300 ms, without interrupting the solutions flow. The following 

stimuli compounds were added to the Ringer solution at the indicated 

concentrations: 10 mM glucose, 10 mM acesulfame K, 10 mM sucralose, 5 mM 

denatonium benzoate, or 30 µM ATP. Stock solutions of acesulfame K (100 µM), 

sucralose (100 mM), denatonium (100 mM) and ATP (300 µM) were prepared in 

Ringer solution and stored at -20°C, then diluted in Ringer solution just before the 

experiments. Glucose was freshly dissolved in Ringer solution. Chemicals, unless 

otherwise stated, were purchased from Sigma. 
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3.2 IMMUNOHISTOCHEMISTRY 

 

Tracheas were immersed in a fixative solution (4% paraformaldehyde, PFA) for 2 

hours at 4°C. Then, the organs were rinsed with PBS and put in 30% sucrose 

solution overnight at 4°C for cryoprotection. The following day, organs were rinsed 

with PBS and frozen in Optimal Cutting Temperature compound (OCT) at -80°C. 

Organs were cut into 10-18 µm thick sections with a cryostat, collected on 

microscope slides and kept at -80°C for further use. 

Sections were rehydrated with PBS, incubated for 15 minutes with 1% SDS in PBS 

for antigen retrieval, then incubated in blocking solution 2% BSA-TPBS (PBS + 

0.02 % Tween-20) for 1 hour. After rinsing with PBS, sections were incubated 

overnight at 4°C with the following primary antibodies: α-Gustducin 1:200 

(SantaCruz, sc-395), PLCβ2 1:200 (SantaCruz, sc-398996), and acetylated-tubulin 

(Sigma, T7451).  Sections were then rinsed in PBS and incubated for 1 hour at room 

temperature with the following fluorescent labeled-secondary antibodies: FITC 

goat-anti-mouse; FITC chicken-anti-rabbit; TRITC chicken-anti-rabbit, or TRITC 

donkey-anti-goat. All the secondary antibodies were used at 1:500 and were 

purchased from Thermo Fisher. The sections were rinsed in T-PBS and incubated 

for 30 minutes at room temperature with DAPI (1:50) to stain the nuclei. Finally 

the sections were washed and mounted with Vectashield (Vector Laboratories, 

Burlingame, CA). Images were visualized by Nikon Eclipse Ti confocal 

microscope, acquired using NIS Elements software at 1024x1024 pixels resolution 

and analyzed with ImageJ software. 

Chemicals, unless otherwise stated, were purchased from Sigma. 

 

2.3.1 Immunohistochemistry on tracheal slices after calcium imaging 

experiments 

 

As described in the previous section, the calcium imaging technique was performed 

on acute slices from the trachea to evaluate the functional activity of ciliated cells. 

Immunostaining with acetylated-tubulin was performed on some slices after 

calcium imaging acquisition.  Slices were washed in PBS, fixed for 20 minutes with 
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4% PFA and treated with 1% SDS for 15 minutes. Slices were then incubated with 

primary and secondary antibodies following the same protocol used for the 

immunofluorescence assays on cryosections, as described previously .  
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3. RESULTS 

 

3.1 CALCIUM IMAGING EXPERIMENTS FROM ACUTE MICE 

TRACHEAL SLICES 

  

The expression of several components of the taste transduction cascade in airway 

ciliated cells of the trachea leaded to investigate if bitter and sweet compounds were 

able to induce a physiological response in these cells. Therefore, we decided to 

perform Ca2+-imaging assay on acute slices of 100-200 µm thickness of murine 

trachea. To test if the histological organization of the tissue was preserved after the 

cutting procedure and the Ca2+-Imaging recordings, we performed 

immunohistochemical analysis using acetylated-tubulin (Ac-Tubulin) to stain the 

cilia. The pattern of expression and the morphology of the ciliated cells were not 

affected by the procedures; indeed many intact cilia still protrude from apical 

membranes toward the lumen (Figure 3.1). 

Tracheal slices were loaded with the Ca2+ indicator dye Fluo-4 AM (20 µM for 90 

min at room temperature), fixed at the bottom of a recording chamber, and 

stimulated with various compounds using a multichannel perfusion system. Since 

previous data have shown that most of the tracheal ciliated cells isolated from 

different species (Zhang et al., 2003; Ma et al., 2006) (Li et al., 2012); responded to 

ATP stimulation, we used ATP (30 µM) as a positive control to assess the viability 

of the cells and to verify that the solutions were reaching the cells. Figure 3.2A 

shows two fluorescence images of a mouse tracheal slice. Two ciliated cells were 

highlighted by drawing a region of interest around each of them (blue and red). The 

top image was taken at rest, while the bottom image was recorded during ATP 

stimulation. Measurements of normalized fluorescence intensities (ΔF/F) in the two 

selected regions show that the application of ATP for 30 sec induced a significant 

increase of the intracellular Ca2+ concentration that was reversible after the removal 

of ATP. In all recordings, Ringer solution was perfused to verify possible artifacts 

due to slice movements during the solution switching, discarding from the analysis 

the cells showing a change of Fluo-4 signal. 
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Figure 3.1 Histological organization of the tracheal slices used for Ca2+-recordings. 

The figure shows the expression of the Ac-tubulin (green) in an entire tracheal ring, 

previously used for Ca2+-recordings (A). The ciliated cells line the tracheal lumen and the 

cilia were intact (B). 
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Figure 3.2 ATP evokes calcium transients in tracheal ciliated cells (A) Fluorescence 

images taken at rest in the absence of stimulation (top panel) and near the peak fluorescence 

(bottom panel) during 30 s stimulation with ATP. (B) Time course of normalized 

fluorescence signal for two representative ciliated cells highlighted in red and blue in (A). 

The yellow box shows the time of application of 30 µM ATP. 

 

 

 

3.1.1 Tracheal ciliated cells respond to glucose and denatonium  

Since previous data from rat showed the localization of T1R3 sweet receptor and 

glucose transporters GLUT2 in the cilia of tracheal airway epithelium  (Merigo et 

al., 2012; 2016), we tested if glucose could induce a Ca2+ increase in tracheal ciliated 

cells. The left column of Figure 3.3 shows responses of two representative cells to 

10 mM glucose. The time course of the glucose-stimulated fluorescence showed a 

transient increase in intracellular Ca2+ concentration for one cell (Figure 3.3A), 

whereas did not present a significant variation for the other cell (Figure 3.3B). The 

percentage of ATP-responding ciliated cells responding to glucose was 37% (37 of 

99 cells) (see Table 3.1). 
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Figure 3.3 Responses to glucose and/or denatonium of tracheal ciliated cells. Time 

course of calcium-mediated responses recorded from two tracheal ciliated cells from the 

same slice. Cells were stimulated with glucose (10 mM, red boxes), followed by 

denatonium (5 mM, blue boxes), Ringer (grey boxes) as negative control, and finally with 

ATP (ATP 30 µM, yellow boxes) to assess the cells viability. (A) A ciliated cell responding 

to both glucose and denatonium. (B) A ciliated cell not responding to glucose (red box), 

but responding to denatonium (blue box). In both ciliated cells, the negative control does 

not elicit any calcium increase, while the positive control evokes a response. 

 

 

Since previous experiments reported that human ciliated cells express several 

members of the bitter taste receptor family, T2Rs, and respond to various bitter 

compounds, such as denatonium (Shah et al., 2009), we investigated the responses 

of murine tracheal slice to denatonium. Figure 3.3 shows results of a typical 

experiment, in which the first stimulus was 10 mM glucose, followed by 5 mM 

denatonium. We waited at least 3 minutes between the different stimulations to 

avoid possible adaptation/desensitization of the cells. Figure 3.3A shows that one 

ciliated cell responded both to glucose and denatonium, whereas Figure 3.3B shows 

another ciliated cell that could be activated only by denatonium. The percentage of 

ATP-responding ciliated cells responding to denatonium was 73% (72 of 99 cells) 

(see Table 3.1). 
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Taken together, these experiments show that tracheal ciliated cells have 

heterogenous response profiles. Among the 99 cells that responded to ATP and did 

not show a mechanical response to the application of the Ringer solution, 36% 

responded both to glucose and denatonium, 37% only to denatonium, 2% only to 

glucose, and 25% were unresponsive both to glucose and denatonium stimulation 

(Table 3.1) 

 

 

 

 

 

 

 

 

 

Table 3.1 Tracheal ciliated cells responses to glucose and denatonium. The table shows 

the summary of the different responsiveness profile of tracheal ciliated cells to glucose and 

denatonium. 

 

3.1.2 Tracheal ciliated cells respond to artificial sweeteners 

Sweet taste receptors can recognize a great variety of ligands, including the artificial 

sweeteners acesulfame K (AK) and sucralose (Laffitte et al., 2014). Therefore, 

using the same approach described above, we tested if these two structurally 

unrelated artificial sweeteners could induce a Ca2+ increase in tracheal ciliated cells. 

Figure 3.4 shows a representative cell responding both to stimulation with 10 mM 

AK or 10 mM sucralose. 

Interestingly AK and sucralose induced responses with different kinetics, indeed 

AK application leads to a prolonged response whereas sucralose induces a short 

response with a fast increase of the fluorescence emission followed by a similar 

rapid decrease of the signal, during the presence of the stimulus. Moreover, ciliated 

cells showed a heterogeneous sensitivity to these two artificial sweeteners, indeed 

about 30 % of the ATP-responding ciliated cells responded both to AK and sucralose, 

24% only to AK and 5 only to sucralose (Table 3.2) 



36 
 

Thus, ciliated cells lining the trachea can detect and respond to both natural and 

artificial sweeteners.  

 

 

 

 

 

 

 

 

Figure 3.4 Responses to the artificial sweeteners of tracheal ciliated cells. Time course 

of calcium-mediated responses recorded from a tracheal ciliated cell. The cell was 

stimulated with AK (10 mM, red box), sucralose (10 mM, red box), Ringer (grey box) as 

negative control, and finally with ATP (ATP 30 µM, yellow box) to assess the cells 

viability.  

 

 

 

 

 

 

 

 

 

 

Table 3.2. Tracheal ciliated cells responses to the artificial sweetener AK and 

sucralose. The table shows the summary of the different responsiveness profile of tracheal 

ciliated cells to AK and sucralose. 

 

 

In the previous experiments, we found that 94% of the glucose-responsive ciliated 

cells were also sensitive to the bitter compound denatonium (35 of 37 cells). 

Therefore, we tested if also the artificial sweetener AK could activate the cells 

sensitive to denatonium. Figure 3.5 shows two representative cells stimulated first 
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by 5 mM denatonium and then by 10 mM AK. Among the 86 cells that responded 

to ATP (and did not show a mechanical response to the application of the Ringer 

solution), 65% responded both to AK and denatonium, 5% only to denatonium, 7% 

only to AK, and 23% were unresponsive both to AK and denatonium stimulation 

(Table 3.3). Moreover, similarly to results with glucose and denatonium, 90 % of 

the AK-responsive ciliated cells were also activated by denatonium (56 of 62 cells, 

Table 3.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Responses to the artificial sweetener AK and/or denatonium of tracheal 

ciliated cells. Time course of calcium-mediated responses recorded from two tracheal 

ciliated cells from the same slice. Cells were stimulated with denatonium (5 mM, blue 

boxes), AK (10 mM, red boxes), Ringer (grey boxes) as negative control, and finally with 

ATP (ATP 30 µM, yellow boxes) to assess the cells viability. (A) A ciliated cell responding 

to both AK and denatonium. (B) A ciliated cell not responding to denatonium (blue box), 

but responding to AK (red box). In both ciliated cells, the negative control does not elicit 

any calcium increase, while the positive control evokes a response. 
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 N° of cells %  

Denatonium and AK 56 65 

Only AK 6 7 

Only Denatonium 4 5 

No response 20 23 

Total 86  

 

Table 3.3. Tracheal ciliated cells responses to the artificial sweetener AK and 

denatonium. The table shows the summary of the different responsiveness profile of 

tracheal ciliated cells to AK and denatonium. 
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3.2 IMMUNOHISTOCHEMISTRY EXPRESSION OF TASTE 

TRANSDUCTION COMPONENTS IN MICE TRACHEAL CILIATED 

CELLS 

  

In mice tracheas we found  that α-Gustducin was expressed in solitary 

chemosensory cells and in the apical portion of a subpopulation of ciliated cells 

(Figure 3.6 A and B) while PLCβ2 was expressed both in solitary chemosensory 

cells and in the apical membrane of a subpopulation of ciliated cells (Figure 3.7 A 

and B). Some cells did not express neither α-Gustducin nor PLC β2 (Figure 3.6 C 

and 3.7 C). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 α-Gustducin is selectively expressed in solitary chemosensory cells and in 

a subpopulation of ciliated cells from the mouse. Double-immunofluorescence of 

acetylated-tubulin (Ac-Tubulin) and α-Gustducin showing the expression in solitary 

chemosensory cells (A) and in a subpopulation of ciliated cells (B). Some ciliated cells did 

not express α-Gustducin (C) Cells nuclei are stained with DAPI (blue).  
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Figure 3.7 PLCβ2 is selectively expressed in solitary chemosensory cells and in a 

subpopulation of mouse ciliated cells. Double-immunofluorescence of acetylated-

tubulin. Ac-Tubulin and PLCβ2 showing the expression of PLCβ2 in solitary 

chemosensory cells (A) and in a subpopulation of ciliated cells (B). Some ciliated cells did 

not express PLCβ2 (C) Cells nuclei are stained with DAPI (blue).  
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4. DISCUSSION 

 

In the present work, by means of the calcium imaging technique, we showed that 

some mouse tracheal ciliated cells respond to natural and artificial sweet 

compounds.  

We conducted this investigation with the following schedule: 

- For the first time, to the best of our knowledge, we collected the cellular 

physiological data using acute tracheal slices instead of cell cultures. This 

procedure reflects conditions similar to those of the native epithelium and 

prevents possible artifacts. In particular, it permits to maintain a cohesive 

epithelium and to preserve the paracrine cellular communication of the 

different cell types.  

- We stimulated the ciliated cells with glucose (10 mM), a natural sugar, with 

acesulfame K (AK, 10 mM) and sucralose (10 mM), two artificial 

sweeteners. 

- We stimulated the ciliated cells also with denatonium (5 mM), a bitter 

substance, to compare the responses of ciliated cells towards the two 

different stimulation qualities (sweet and bitter). 

- We used the immunohistochemical analysis to verify that the epithelial cells 

of acute slices used for Ca2+-imaging recording, retained the phenotypic 

expression of molecules of the taste transduction pathway which are 

expressed in native ciliated cells.  

 

The results obtained with the present work are interesting and can be summarized 

in the following way: 

- First, we found that ciliated cells respond to glucose. 

- When we applied two different stimuli, first glucose and then denatonium, 

we observed that 36% of the ciliated cells responded to both stimulations. 

A similar percentage (37%) of ciliated cells were only responsive to 

denatonium, while a small percentage (2%) was only responsive to glucose. 

25% of the cells were unresponsive to both stimulations.  
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- When we tested the responsiveness of the ciliated cells to AK and sucralose, 

two artificial sweeteners, we observed that 31% of the cells responded to 

both the sweeteners, 24% only to AK and 5% only to sucralose. 40% of the 

cells were unresponsive to both the artificial sweeteners. 

- When we applied the denatonium followed by the artificial sweetener AK, 

65% of the cells responded to both stimuli, 7% only to AK while 5% only 

to denatonium. 23% of the cells were unresponsive to both stimulations. 

- Double-immunofluorescence analysis performed after Ca2+-imaging 

recordings showed PLCβ2 expression beneath some ciliated cells.  

 

These overall findings indicate that tracheal ciliated cell population exhibits 

different patterns of responses: indeed, in every stimulation design adopted with the 

different substances, the ciliated cells responded with different proportion to sweet 

and/or to bitter stimuli. 

In particular, they reacted in part only to sweet, only to bitter, to both of them or to 

none of them. This physiological datum is important and support the previous data 

of the work of Merigo and co-workers in which, by means of 

immunohistochemistry and immunoelectron microscopy, it was pointed out that 

chemosensory airways cells are not identical and not all ciliated cells expressed the 

chemoreception markers, suggesting that ciliated cells are a heterogeneous 

population with phenotypically different subsets (Merigo et al., 2012).  

The above described data clearly demonstrate that the ciliated cells of murine 

trachea are able to perceive and respond to sweet-taste compounds. To the best of 

our knowledge, this is the first demonstration that the ciliated cells have a sensory 

capacity for sweetness. This datum strongly argues that the ciliated cells, like the 

chemosensory cells, may be involved in the mechanisms that regulate the glucose-

sensing in trachea and it might be important for improved evaluations on the 

regulation of glucose homeostasis in airways surface liquid (ASL). In general, the 

chemoreceptive epithelia respond to local sugar changes by regulating uptake 

through the modulation of glucose transporter expression. For example, the 

detection of glucose in the intestinal lumen contributes to its regulation by adjusting 

the uptake of glucose through the modulation of sweet taste receptor and  glucose 
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transporters expression in the epithelium, or through the activation of multiple 

signaling pathways (i.e. hormonal, neural, paracrine), involving the cross-talk 

between different cell types of the epithelium (Young et al., 2013). Similarly, the 

detection of glucose in the tracheal lumen can activate multiple regulating events 

that could request the integration of functions (such as epithelial secretion, glucose 

absorption, frequency of the ciliary beat) carried out by different cell types. In this 

regard, many stimulating roles of chemoreception are emerging from various 

studies in airways. For example, it has been demonstrated that hyperosmolar saline 

solution or sucrose solution significantly increased, in a dose–related fashion, 

mucin secretion in the cat trachea (Peatfield et al., 1986); a similar finding was also 

observed with mannitol solution in the excised ferret trachea, suggesting that the 

secretagogue effect is probably independent by central reflexes and could be due to 

a direct activity of secretory cells or to the release of mediators that in turns trigger 

the secretion (Kishioka et al., 2003). Moreover, it has been established that inhalation 

or application of bitter compounds induced secretive responses in the rat airway 

(Boschi et al., 2008), decreased airway obstruction in a mouse model of asthma 

(Deshpande et al., 2010), and stimulated ciliary activity in human airway epithelium 

(Shah et al., 2009). The demonstration in the present work of the capacity of the 

ciliated cells to detect sugars could be physiologically important because it suggests 

that ciliated cells may have the possibility to integrate both chemosensory and 

mechanical properties. Their chemosensory function could be important to promote 

ciliary beating and consequently mucociliary clearance. Regarding this, there is 

evidence from in vitro and animal studies that mannitol (natural monosaccharide, 

sugar alcohol) may increase mucociliary clearance, including improving hydration 

of airway secretions and reducing sputum viscosity (Bye & Elkins, 2007). In addition, 

a study of Robinson and collaborators stated that inhaled mannitol appears to 

increase mucociliary clearance in people with cystic fibrosis, even though the exact 

mechanism by which it is achieved it is not yet known (Robinson et al., 1999). Indeed, 

inhaled dry powder mannitol is currently available for the treatment of cystic 

fibrosis and there is the license for using it in adults in the European Union and for 

adults and children over the age of six years in Australia (Nolan et al., 2015). 
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Previous studies have demonstrated that elements associated with sweet taste 

transduction pathway, such as α-Gustducin, T1R3 and GLUT2 transporter, are 

expressed  in ciliated cells of rat  tracheal epithelium (Merigo et al., 2012). The 

presence of these molecules has been interpreted as an evidence of the involvement 

of ciliated cells in the regulation of glucose homeostasis. Our physiological datum, 

together with our immunohistochemical findings confirming the presence of α-

Gustducin and PLCβ2 in ciliated cells, reinforces these suggestions and can be a 

good indicator of the role of ciliated cells in controlling glucose homeostasis  

Moreover, another important result of this study is certainly to have shown that a 

percentage of ciliated cells respond also to synthetic compounds like AK and 

sucralose (31%). In this regard, it is well known that species differences do exist in 

mammals (Vigues et al., 2009). Interestingly, rodents do not prefer several artificial 

sweeteners (Hellekant & Danilova, 1996), but it has been demonstrated by an 

electrophysiological study on chorda tympani nerve, which innervates the 

fungiform taste buds of the tongue, that mice respond to saccharin, AK, sucralose, 

and dulcin (Bachmanov et al., 2001b).  The ability of ciliated cells to respond to AK 

and sucralose stimuli here suggests that the mechanism implicated in sweet taste 

sensation in the gustatory epithelium also operates in the trachea.  

Finally, we have also shown that ciliated cells of the murine trachea respond to 

bitter stimuli, even when they are administered after a sweet stimulus. In particular, 

36% of ciliated cells respond to natural sugar glucose and bitter, and 65% respond 

to AK and bitter. As expected, this finding confirms that ciliated cells are equipped 

with the machinery required to detect both the stimuli. Indeed bitter taste receptors 

have been previously described on human airway epithelial cells, localized on 

motile cilia (Shah et al., 2009).  However, the bimodal response (bitter and sweet) 

that emerged in some ciliated cells is a novel intriguing finding. It suggests that 

these two chemosensory modalities might be linked also in this cellular population 

of the airways, as it was previously hypothesized for the solitary chemosensory cells 

of the nasal cavity (Lee & Cohen, 2014). Regarding this, Lee and Cohen proposed 

the idea that the T1Rs sweet receptors found in solitary chemosensory cells of the 

nasal cavity, may function to desensitize the T2Rs to bitter compounds secreted by 

some bacteria throughout low-level colonization in healthy subjects. However, 
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during infection, bacterial consumption of ASL glucose might reduce ASL glucose 

concentration and allow T2Rs to activate an appropriate defense response. Thus, 

the two chemosensory modalities could be physiologically correlated also in some 

tracheal ciliated cells, justifying the presence of a cellular defense mechanism in 

the overall airways system.  

The role of glucose in the airways is interesting, especially in terms of its 

relationship with respiratory infections. Glucose is normally a component of the 

ASL and glucose transport plays a key role in maintaining a correct glucose 

concentration in the ASL, restricting the growth of respiratory pathogens. ASL 

glucose was found elevated in patients with viral colds, cystic fibrosis, chronic 

obstructive pulmonary disease (COPD) and asthma  (Baker et al., 2007; Garnett et al., 

2012)  

Airways ciliated cells could be involved in different clinical conditions. For 

example, it is important to mention that in our recently published work (Merigo et 

al., 2016) it was found that T1R3 expression pattern in tracheal ciliated cells was 

reduced in obese rats and the tracheal epithelium of obese animals showed poorly 

differentiated cells. This altered epithelial morphology seemed to impair the 

expression of glucose homeostasis molecules. Following this line of reasoning and 

on the basis of these premises, it could be interesting to investigate the sweet ciliated 

cells response in the airways of obesity animal models where the reported 

impairment of the cilia might reflect on the defense mechanism in the airways. 

In addition, the airways ciliated cells sweet responses, supported by the 

immunohistochemical data, might be important for the future pharmacological 

research. Indeed, concerning bitter taste receptors, recent studies have suggested a 

drug target role for human bitter airways smooth muscle receptors. In particular, 

these muscle chemosensory receptors are under investigation for asthma and 

airways obstructive pathology and it was hypothesized that agonists to these 

receptors might represent a new class of bronchodilators drugs (Deshpande et al., 

2010; Robinett et al., 2011; An & Liggett, 2017). Similarly, sweet epithelial cells 

receptors of the airways could be considered a potential target for novel drugs aimed 

to regulate the glucose level in the airways. This might be potentially intriguing for 

respiratory infections in particular for clinical conditions at risk of developing 
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airways infections (e.g. mechanical ventilated patients, immunodeficiency 

syndromes, diabetes). Regarding this, the relationship between airways 

chemosensory receptors and innate immunity, previously hypothesized by Cohen 

and co-workes and mentioned above, is interesting. Moreover, it is also important 

to mention that the genetic variation of sweet receptor genes could alter the response 

to sweet substances (Fushan et al., 2009; Bachmanov et al., 2014). In the same way, 

this genetic variability might play a role in susceptibility to respiratory infections 

(Lee & Cohen, 2014). This idea might partially explain the old evidence that there is 

a genetic basis to respiratory infections (Greisner & Settipane, 1996; Hamilos, 2007). 

Thus, also genetic variability features of these chemosensory receptors will be 

useful for future drug research. 

Taken together, our results and the data reported in the literature, show that the 

airways chemosensory ciliated cells represent one cellular model of 

chemoreception integrated in a tricky communication cellular network. Future 

investigations could unravel their roles in health and pathological conditions with a 

possible therapeutic aim. 
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