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Abbreviations 
 
1,25(OH)2D3  Vitamin D3 

ABC  ATP-binding cassette 

ADA  Adenosine desaminase 

ADO  Adenosine 

AMP-PNP  5′-adenylyl-β,γ-imidodiphosphate                             

ASL  Airway surface liquid 

ATP  Adenosine triphosphate 

BAPTA  1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid 

CaCC  Calcium-activated chloride channels 

CaMKII  Calmodulin kinase II 

cAMP  Cyclic adenosine monophosphate 

CAP  Channel activating protease                                

CaT1  Calcium transporter 1 

CF   Cystic fibrosis 

CFTR   Cystic fibrosis transmembrane conductance regulator 

cGMP   Cyclic guanosine monophosphate 

ClC   Voltage-gated Cl- channel family 

DIDS  4,4'-Diisothiocyano-2,2'-stilbenedisulfonic acid 

DMEM  Dulbecco’s modified MEM medium 

DMSO   Dimethyl-sulfoxide 

DNA   Desoxyribonucleic acid 

EDTA  Ethylene diamine tetraacetic acid 

EGTA  Ethylene glycol tetraacetic acid 

ENaC   Amiloride-sensitive epithelial sodium channel 

FBS   Foetal bovine serum 

FrECaC  Epithelial calcium channel from Fugu rubripes 

GABA  γ-aminobutyric acid 

GI   Gastrointestinal 

HEK293  Human embryonic kidney cells 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
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HRP  Horseradish peroxidase 

hTRPV6  Human transient receptor potential channel vanilloid type 6  

IB3-1   CF human bronchial epithelial cell line 

IP3   Inositol trisphosphate 

MCC  Mucociliary clearance 

NBD  Nucleotide binding domain 

NCX1  Na+/Ca2+-exchanger 

NFA  Niflumic acid 

NHE  Na+/H+-exchanger 

NKCC1  Na+-K+-2Cl--cotransporter 

NMDA  N-Methyl-D-aspartate 

NMDG  N-methyl-D-glucamine 

NPPB  5-Nitro-2-(3-phenylpropylamino) benzoic acid 

NSP4  Rotavirus enterotoxin 

OmECaC  Epithelial calcium channel from rainbow trout gill 

OmSLC39A1  Epithelial zinc transporter from rainbow trout gill 

PBS   Phosphate buffered saline 

PCL  Periciliary layer 

PIP2   Phosphatidylinositol-4,5-bisphosphate 

PIV   Parainfluenza virus 

PKA  Protein kinase A 

PKC  Protein kinase C 

PMCA1b  Plasma membrane Ca2+-ATPase 

PNGase F  Native glycoaminidase from Flavobacterium meningosepticum 

RD  Regulatory domain 

RFP  Red fluorescence protein 

RNA  Ribonucleic acid 

ROC  Receptor-operated channels 

ROI  Region of interest 

ROMK1  Inwardly rectifying K+ channel 

RSV  Respiratory syncytial virus 

SDS  Sodium dodecyl sulfate 
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SGLT1  Na+-glucose-cotransporter 

SOC   Store-operated channels 

TM   Transmembrane domain 

TRIS  Tris(hydroxymethyl)aminomethane    

TRPA   Transient receptor potential channel ankyrin type    

TRPM   Transient receptor potential channel melastatin type  

TX-100  Triton-X 100 

VIP  Vasoactive intestinal peptide 

VRAC  Volume-regulated anion channels 

YFP  Yellow fluorescence protein 

ZIP4  Zrt- and Irt-like protein 4, SLC39 family 

ZnT1  Zinc transporter 1, SLC30 family 

∆F508  Mutation with a phenylalanine missing at position 508 
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1. Introduction 
 

1.1. Zinc: a trace element with versatile functions  
 
Zinc is an important trace element that belongs to the IIb transition metal group. It is 

one of the most widely utilized biometal in the human body because of its physical and 

chemical properties that enables it to interact with a variety of proteins and enzymes. 

Zn2+ is an important component of the catalytic site of several metalloenzymes such as 

alkaline phosphatase and alcohol dehydrogenase. Also, it is a crucial structural 

component of hundreds of “zinc finger”-containing proteins. Accordingly, Zn2+ plays a 

fundamental role in a number of physiological processes, including growth and 

development, inflammation and tissue repair [1]. Zn2+ is also important for cell 

proliferation because it stabilizes the structure of DNA and RNA, and also acts as a vital 

cofactor of many enzymes required for DNA and RNA synthesis. Additionally, some of 

the zinc-finger proteins enhance gene transcription, such as transcription factor IIIa [2].  

Furthermore, Zn2+ is an allosteric modulator of a wide variety of ion channels, 

potentiating or inhibiting their activity [3, 4]. Channels that are affected by extracellular 

Zn2+ include voltage-dependent Na+ [5, 6], K+ [7, 8] and Ca2+ [9, 10] channels, as well 

as two-pore K+ channels [11, 12], acid-sensitive ion channels [13], epithelial Na+ 

channels [14], transient receptor potential melastatin type 1 (TRPM1) [15] and type 2 

(TRPM2) [16] channels. Zn2+ is also a potent modulator of ionotropic receptors for γ-

aminobutyric acid (GABA) [17, 18], glycine [19], 5-hydroxytryptamine [20], glutamate 

[21, 22] and ATP [23-26]. Zn2+ may inhibit different chloride channels, such as voltage-

gated and calcium-activated chloride channels [4, 27-31]. Voltage-gated, highly 

selective H+ channels are also inhibited by extracellular Zn2+ [32-34]. 

On the other hand, extracellular Zn2+ activates the transient receptor potential vanilloid 

type 1 (TRPV1) channels, which represents a mechanism underlying metallic taste [35]. 

It is noteworthy that intracellular Zn2+ can also influence ion channel activity. As such, 

large conductance Ca2+-activated K+ channels are activated by cytosolic Zn2+ [36]. 

Pancreatic KATP channels might be opened by Zn2+ from both the extracellular and 

intracellular side [37].  
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Furthermore, Zn2+ has been shown to permeate the ionotropic receptors for glutamate 

[38] and the nicotinic acetylcholine receptor [39, 40]. Zn2+ is also permeable for 

voltage-dependent Ca2+ [40-42], TRPM3 [43] and TRPM7 channels [44, 45]. 

Consequently, TRPM7 channels play a role in mediating Zn2+ neurotoxicity [44]. 

In the blood, Zn2+ is transported by albumin (70%) and α2-macroglobulin (30%) [1]. 

About 99% of total body Zn2+ is intracellular, and exists in two main states: a bound 

form associated with metalloproteins and zinc-finger proteins, and a labile form that is 

only loosely bound to proteins [46]. Approximately 30-40% of the total cellular Zn2+ 

resides in the nucleus, 50% in the cytoplasm and its organelles, whereas the remainder 

is localized in the cell membrane. Zn2+ is excreted from the body through different 

organs including GI tract, pancreas, kidneys, liver and skin. Since Zn2+ homeostasis is 

tightly regulated, chronic disorders due to excessive accumulation of Zn2+ rarely occurs. 

In contrast, acute Zn2+ toxicity is manifested by nausea, vomiting, diarrhea, headache, 

and abdominal cramps [1]. 

1.2. Physiology of transepithelial ion transport 

  
Epithelial cells form dynamic interfaces between different physiological compartments. 

Despite the wide range of specific functions that epithelial cells perform in different 

tissues, they share common characteristics as covering and protecting surfaces exposed 

to injury by providing a physical barrier. Furthermore, they maintain tissue homeostasis 

by allowing the regulated transport of solutes, electrolytes and water across them. 

Concerning the latter function, there is a remarkable consistency in the mechanisms 

used by the cells. Epithelial tissue is built up of polarized cells, with apical surface 

facing the lumen or external world while the basolateral membrane faces the internal 

environment. This structure is achieved by uneven distribution of membrane proteins 

along the apico-basal axis. The net transport of solutes, ions and water across the 

epithelial layer is then accomplished by the coordinated action of ion channels, 

transporters and pumps in the apical or basolateral membrane.  

Bidirectional transport of Na+ and Cl- is one of the main functions of epithelial tissue in 

the gastrointestinal (GI) system and kidney to achieve proper body fluid homeostasis 

and is also essential for the maintenance of airway surface liquid (ASL) that represents 

the primary protective mechanism against infections in the airways. Epithelial transport 
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processes are governed by a large number of hormones, neurotransmitters and local 

factors, e.g. acetylcholine, epinephrine, aldosterone, vitamin D3, prostaglandin E2, 

vasoactive intestinal peptide (VIP), secretin and elements of the recently established 

purinergic signaling cascade (ATP, adenosine). These regulatory pathways mainly 

utilize two types of intracellular messengers: cyclic adenosine monophosphate (cAMP) 

and calcium (Ca2+) [47] (Fig. 1.).  

 

 
Figure 1. Summary of the most important epithelial Na+ and Cl- transport systems. Na+ enters the cell 
through ENaC channel in the apical membrane of the epithelium and leaves the cell mainly through the 
Na+-K+-ATPase in the basolateral membrane. Cl- enters the cell through the NKCC1-cotransporter in the 
basolateral membrane and leaves the cell at the apical membrane either through CFTR or through a Ca2+-
dependent Cl- channel (CaCC). Consequently, Cl- secretion can be divided into a Ca2+-activated system 
(in red) and a cAMP-dependent system (in green). Ca2+ mobilizing agonists acting on apical or basolateral 
membrane receptors are shown, such as P2Y receptor activated by ATP or UTP and the muscarinic 
acetylcholine receptor activated by acetylcholine (ACh). Similarly, agonists that increase cAMP levels 
include adenosine, epinephrine (Epi), prostaglandin PGE2, or vasoactive intestinal peptide (VIP). 
Additionally, bicarbonate permeates CFTR that is formed by carbonic anhydrase (AC). Parallel activation 
of basolateral Ca2+- and/or cAMP-dependent K+ channels provide the driving force required for Cl- 
secretion. Grey boxes indicate inhibitors for some channels or transporters (Modified after Ref. [47] 
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1.3. cAMP-regulated epithelial ion transport mechanisms in the airways 
 

1.3.1. The CFTR protein 
 

Mammalian anion channels can be subdivided into five classes according to their gating 

mechanism: the phosphorylation-regulated Cystic Fibrosis Transmembrane conductance 

Regulator (CFTR) channel, Ca2+-activated Cl- channels (CaCCs), voltage-gated Cl- 

channels (ClCs), ligand-gated Cl- channels (GABA and glycine-activated) and volume-

regulated anion channels (VRACs) [48]. The CFTR protein is the only known member 

of the ATP-Binding Cassette (ABC) transporter superfamily that acts as an ion channel. 

It is the most dominant anion channel in several epithelial tissues, including sweat 

ducts, small pancreatic ducts, epithelium in the reproductive tract, lung epithelia, 

intestinal crypts and the epithelia of kidney tubules. Localization of CFTR by 

immunological techniques has revealed that the protein appears to be restricted to the 

apical membrane. The cell and tissue distribution of the CFTR anion channel is 

consistent with a vectorial ion transport system across the epithelium [47]. CFTR is also 

expressed in the heart [49] and in the central nervous system [50], but its functional 

importance has not yet been fully elucidated. 

As most members of the ABC superfamily, CFTR is composed of a motif containing a 

transmembrane domain (TMs) with 6 transmembrane segments and an intracellular 

nucleotide binding domain (NBD). This motif is repeated twice, with the first motif 

linked to the second by a regulatory domain (RD) in the large third intracytoplasmic 

loop that contains a considerable number of putative phosphorylation sites [51] (Fig. 

2A).  

CFTR is activated by phosphorylation at multiple sites located at the RD by protein 

kinase A (PKA), and probably also by protein kinase C (PKC) [52]. Consequently, 

CFTR channel is often referred to as a “cAMP-activated channel”, because channel 

phosphorylation by PKA is obligatory for channel activity. Activation of adenylate 

cyclase enzyme by G-protein linked hormone pathways including glucagon, 

epinephrine, acetylcholine, secretin, VIP [53] or adenosine (ADO) [54] results in the 

cellular production of cAMP. Similar effect can be obtained directly by using forskolin 

or membrane permeable cAMP analogues. The most accepted model of CFTR gating 
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proposes that in phosphorylated channels and in the presence of ATP the two NBDs can 

dimerize and together form two binding sites for ATP [55, 56]. Binding of ATP at the 

two sites leads to a conformational change at the level of the TM domains that in turn 

leads to channel opening. Subsequently, hydrolysis of ATP by the enzymatic activity of 

the second NBD site terminates the transport cycle (Fig. 2B) [55-57]. 

 
Figure 2. (A) Schema of CFTR topology in the cell membrane. TM1 and TM2: transmembrane domains; 
NBD1 and NBD2: nucleotide binding domains; RD: regulatory domain (B) Activation of CFTR channels. 
The cAMP-dependent activation of protein kinase A (PKA) phosphorylates the RD of inactive CFTR, 
causing a change in conformation. The binding of ATP to the NBDs induces a second conformational 
change that opens the channel pore [47].  

 

Interestingly, the energy of ATP hydrolysis is not used up for transporting anions, since 

phosphorylated CFTR channels can be activated by non-hydrolysable ATP analogues, 

such as 5′-adenylyl-β,γ-imidodiphosphate (AMP-PNP) as well [57, 58]. Accordingly, 

when CFTR pore opens, the flux of anions across the cell membrane is predominantly 

determined by the electrochemical driving forces [59]. 

In addition to its channel function, there is growing evidence that CFTR also regulates 

other ion channels and transporters, such as outwardly rectifying Cl- channels [60, 61], 

amiloride-sensitive Na+ channels [62, 63], inwardly rectifying K+ channels (ROMK1) 

[64, 65], the Cl-/HCO3
- exchanger [66] and the Na+-HCO3

--cotransporter [67, 68]. 

The mechanisms by which CFTR regulates other channels are still unclear. It may 

involve either a direct association of CFTR protein with other channel proteins [69], or 

via molecules that interact with CFTR’s C-terminal PDZ (postsynaptic density protein, 

disc-large, ZO-1)-domain binding motif, such as the NHERF adaptor proteins [64, 70-

72]. Additionally, an indirect relation is also presumable, as it is clearly suggested for 

CFTR’s influence on outward rectifier Cl- channels [73]. 
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1.3.2. Liquid transport in normal airways 
 

Normal airway surface liquid of conductive airways is thought to be organized into two 

compartments: a low-viscosity periciliary layer (PCL, approx. 7 µm in height) that 

permits ciliary beating, upon which rests a hydrated mucus layer (1% salt; 1% mucin; 

98% water) that traps inhaled particles and pathogens. Mucus is produced by 

submucosal glands and superficial goblet cells in the proximal airways, whereas by 

Clara cells in distal airways. During the transport of mucus, both layers are conveyed in 

a cephalic direction at approximately equal velocities by the propulsive activity of cilia 

[74]. Additionally, the mucus layer serves as a passive liquid reservoir for ensuring 

optimal PCL height. This special structure maintains the normal mucociliary clearance 

(MCC) which is the primary line of defense against bacterial infections in the airways 

[75-77] (Fig. 3A).  

The hydration of airway surface is principally determined by the mass of salt (NaCl) in 

the ASL [78]. Due to the fact that airway epithelium is highly permeable to water, the 

ionic composition of ASL is rigorously maintained in a near-isotonic state [79, 80]. The 

mass of salt on airway surfaces is regulated by passive mechanisms caused by the 

movement of liquid along airway surfaces as well as active ion transport located within 

the airway epithelia [81].  

As it was previously mentioned, the volume of PCL is maintained at a physiologically 

relevant height, defined by the length of the outstretched cilia. In normal human 

airways, an “excess” PCL volume (that might mimic the volume found at the 

convergence point of two small airways to form one larger airway) is rapidly absorbed 

by the epithelia by active volume absorption processes until a steady state is reached. 

[82]. Studies using transepithelial potential difference (PD) measurements have revealed 

that the rapid absorption of excess PCL is mediated by amiloride-sensitive Na+ channels 

(ENaC) [75]. The Na+ that enters the cell exits via the basolateral Na+-K+-ATPase. Cl- 

follows passively through the paracellular pathway. As PCL volume approaches the 

physiologic height, the amiloride-sensitive Na+ absorption is reduced. This inhibition of 

ENaC enhances Cl- secretion by hyperpolarizing the apical membrane that generates the 

necessary electrical driving force for Cl- exit into the ASL. Chloride may be primarily 

secreted from the cell by the apical membrane CFTR Cl- channel and partially by the 



 13 

Ca2+-activated Cl- channel (CaCC) [83, 84]. Cl- enters the cell principally via the Na+-

K+-2Cl--cotransporter at the basolateral membrane (Fig. 1. and Fig. 3B). 

The mechanism how ASL volume is sensed by airway epithelia is not yet fully 

understood. The possible role for surface cilia as a “mechanosensor” could be excluded, 

since both in cultured cells with immotile cilia or poorly differentiated cells with no 

cilia were still able to regulate ASL volume normally [54]. 

 

 

Figure 3. (A) Mucociliary clearance in normal airways [85]. (B) Regulation of PCL volume by active ion 
transport following a challenge with excess PCL volume. In this model system, all mucus was removed 
from the surface of the cultured cells to principally measure the PCL compartment of ASL by confocal 
microscopy. Horizontal bar represents relative magnitudes of Na+ absorption vs. Cl- secretion measured 
by transepithelial potential difference studies. Steady-state PCL height (7 µm, approximating the length 
of the outstretched cilia) is maintained by continuous Cl- secretion through CFTR that is outweighed by a 
modest rate of Na+ absorption through ENaC [86].  

 

It is likely that the information that controls the activity of these apical channels is 

encoded within the PCL itself in the form of soluble “reporter molecules” that are 

sensed by “chemosensors” on the extracellular side of the apical membrane [54]. 

Possible candidates might include adenosine (ADO) that regulates CFTR via 

stimulation of the A2b subtype of ADO receptors and cell attached channel activating 

proteases (CAPs) [87] and endogenous CAP inhibitors that regulate the activity of 

ENaC [88, 89]. In the presence of an excess PCL volume, any soluble regulatory 

molecules such as ADO or secreted CAP inhibitors are diluted. As a result, CFTR is 

inactive due to the lack of stimulation by ADO and anion secretion does not occur. On 

the other hand, ENaC activity is close to maximal due to activation by proteases in the 

absence of CAP inhibitors, leading to Na+-driven isotonic PCL absorption with Cl- 

A B 

Submucosal 
glands 
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following passively through the paracellular pathway (Fig. 4A). As the excess liquid is 

absorbed over time, ADO and CAP inhibitors accumulate in the PCL sufficiently to 

activate CFTR and to inactivate ENaC via inhibition of CAPs. Furthermore, activated 

CFTR appears to exert an additional inhibitory effect on ENaC by either direct [69, 90] 

or indirect [64] molecular interactions (Fig. 4B). The role of active ion secretion is 

further supported by the addition of bumetanide, which blocks basolateral Cl- uptake via 

Na+-K+-2Cl--cotransporter (see Fig. 1.) and causes PCL volume depletion (Fig. 4C). 

Similar result can be achieved with the cationophore nystatin that bypasses the inhibited 

ENaC and reestablishes Na+-driven PCL absorption (Fig. 4D). This emphasizes that 

physiological inhibition of ENaC is also required for maintenance of a steady-state PCL 

height [54].  

  

 
Figure 4. Normal ASL volume regulation under static conditions. (A) In normal airways under high 
volume conditions, CFTR is inactive and ENaC is near to fully active, leading to Na+-led isotonic ASL 
absorption with Cl- following through the paracellular pathway. (B) As ASL volume decreases, CFTR 
becomes activated due to stimulation of A2b receptors by adenosine (ADO), whereas ENaC inactivates 
due to inhibition of channel-activating proteases (CAPs) by the accumulated protease inhibitors (red 
circles). This leads to a steady state ASL height (7µm). (C) To confirm pharmacologically the active ion 
transport in the maintenance of steady state ASL height, bumetanide can be applied serosally which 
results in ASL collapse to CF levels (i.e. 3–4 µm). (D) Similar result can be achieved by the addition of 
the cationophore nystatin that leads to uncontrolled Na+-led ASL absorption and ASL collapse [91].  
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Data from novel in vitro techniques using well-differentiated airway cell culture models 

coupled to confocal microscope have revealed that there may be additional factors that 

regulate PCL height. These techniques have the advantage of being capable to study 

airway epithelial cells under near physiologic conditions, such as intact native ASL and 

intermittent shear stress mimicking tidal breathing, respectively [92].  

Upon exposure to phasic shear stress, normal airway cultures increased PCL height to 

approximately 14 µm (Fig. 5.). This increase in PCL height was due to the appearance 

of an additional Cl- secretory pathway which was absent under static conditions. In 

normal airway epithelia, phasic shear stress is able to stimulate relatively large increases 

in nucleotide release into the ASL [82]. The higher ATP concentration (from the low 

nanomolar range to the 30-50 nM range) in the ASL is sufficient to activate the P2Y2 

purinergic receptors which stimulate CaCC-mediated Cl- secretion. Additionally, ATP 

is also degraded to ADO by ecto-nucleotidases and ecto-apyrases located in the apical 

membrane which further increases the activity of CFTR via activation of A2b receptors 

[93]. Indeed, the importance of both Cl- secretory pathways in the regulation of the ASL 

homeostasis has been confirmed in normal airway epithelia [82]. It is also known that 

phasic shear stress inactivates Na+ absorption which is also favorable for the secretion 

of Cl-. There are multiple explanations for this latter observation. First, activation of the 

P2Y2 receptor results in the depletion of PIP2, a molecule whose presence is necessary 

for ENaC activation [94]. Second, due to the interactions between ENaC and the 

intracellular domains of CFTR, the increased activity of CFTR may lead to increased 

inhibition of ENaC [69, 90]. Third, it is possible that shear stress induces the increased 

release of CAP inhibitors which prevent CAP-mediated activation of ENaC [91]. The 

importance of ATP and ADO signaling in the maintenance of ASL volume under phasic 

motion condition is underscored by the effects of sequential application of apyrase and 

adenosine desaminase (ADA, an enzyme that degrades ADO) (Fig. 5.). 

Additionally, the excess volume of PCL achieved by ATP-dependent activation of 

liquid transport is presumably stored in the mucus layer, which serves as a liquid 

reservoir for the PCL in vivo [75].  
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Figure 5. Regulation of airway surface liquid (ASL) volume by normal cultured bronchial epithelia under 
phasic motion culture conditions that reprise the periodicity and shear stresses observed with tidal 
breathing in vivo. Dashed line represents physiologically relevant ASL height, defined as the height 
(volume) consistent with normal mucus transport. Arrows depict luminal additions of pharmacologic 
probes. ADA: adenosine desaminase [85]  

 

1.3.3. Cystic fibrosis 
 

Cystic fibrosis (CF) is the most common lethal genetic disease in the Caucasian 

population. The CFTR gene is a large, ~250 kb gene that is located on the long arm (q) 

of chromosome 7 at position 31.2. [95]. Mutations in the CFTR gene are inherited by an 

autosomal recessive manner. To date, more than 1400 mutations in the CFTR gene [96] 

have been identified. The most common mutation, that accounts for more than 70% of 

all CF cases, is a three base pair deletion that leads to the absence of a phenylalanine at 

position 508 of the CFTR protein (designated as ∆F508). The ∆F508 CFTR protein 

lacks normal maturation and fails to traffic to the apical membrane that leads to the 

absence of functioning CFTR proteins in the apical plasma membrane and loss of ion 

transport activities. Other mutations may produce non-functioning CFTR channels at 

the apical membrane or a mutant CFTR with abnormal ion permeation characteristics. 

[97]. Consequently, the classic CF phenotype involves the functional failure of multiple 

organs (e.g. pancreas, lungs, sweat glands, GI tract and the reproductive system), 

although lung manifestations are still the prevailing source of both morbidity and 

mortality.  
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1.4. Ca2+-regulated epithelial ion transport mechanisms in the airways 
 

1.4.1. The Calcium-activated Chloride Channel  
 

The calcium-activated chloride channels (CaCCs) are anion-selective channels that are 

activated by increases in cytosolic Ca2+ [48]. CaCCs were first described in Xenopus 

oocyte [98] and subsequently they have been identified in various cell types such as 

epithelial cells, vascular endothelial cells, neurons, smooth and cardiac muscle cells. 

Their broad expression in mammalian cells are related to the control of the most diverse 

physiological functions, including epithelial fluid secretion, oocyte fertilization, 

olfactory-, taste- and phototransduction, neuronal and cardiac excitability, smooth 

muscle contraction and endothelial function [99, 100].  

Although CaCCs have been functionally well characterized in the last three decades, 

their molecular identity has remained to be elucidated. Based on data from 

electrophysiological measurements, at least four types of CaCCs have been suggested in 

different cell types. Until recently, the lacks of highly specific inhibitors or antibodies 

against CaCCs as well as an appropriate expression system have hampered the 

approaches to biochemically purify/identify the CaCC protein. At present, there are five 

molecular candidates that are proposed to be CaCCs: the calcium activated chloride 

channel ClCA family proteins [84], the ClC3 channel [101], the bestrophin family 

(BEST1–BEST4) [102-104], Tweety (a Ca2+-regulated maxi Cl- channel) [105]and most 

recently, TMEM16A or anoctamin-1 [106-108]. To date, bestrophins were the most 

promising candidates for Ca2+-activated Cl- channels. However, currently available data 

are contradictory in relation to their involvement in Ca2+-dependent chloride channel 

activity [109-111]. As it was recently highlighted, bestrophins are likely to be 

multifunctional proteins, just as the CFTR, and exert their functions not only as a Cl- 

channel but also as a regulator of other ion channels, such as voltage-gated Ca2+ 

channels [112, 113]. Furthermore, impaired chloride conductance appears to play only a 

minor role in the pathophysiology of bestrophin disorders [114]. 

In contrast, TMEM16A is a membrane localized protein that has been proposed as the 

major component of the CaCCs. TMEM16A (anoctamin 1, ANO1) belongs to a family 

of 10 TMEM16-proteins (TMEM16A-K, ANO 1–10). TMEM16A has eight 
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transmembrane domains (TMs) with a putative pore forming region between TM5 and 

TM6. Importantly, it is not clear how TMEM16A is regulated by intracellular Ca2+, as 

the cytosolic parts do not possess any obvious binding sites for Ca2+. Nevertheless, they 

carry several consensus sites for different kinases [106, 108]. TMEM16A is broadly 

expressed in mammalian tissues, including airway, intestinal and glandular epithelia, 

smooth muscle cells as well as interstitial cells of Cajal in the GI tract [115-117]. Data 

from a recently developed animal model emphasized the importance of TMEM16A-

mediated Cl- secretion in the maintenance of proper epithelial functions. In TMEM16A 

null mice, accumulated mucus was found in the lumen of their tracheas indicating 

impaired MCC [118]. Additionally, TMEM16A null animals died early in the postnatal 

period due to pronounced tracheomalacia which was believed to be the consequence of 

improper stratification of the embryonic tracheal epithelium [119]. Interestingly, in a 

very recent study the TMEM16A-mediated Cl- conductance appeared to be only a minor 

contributor to total CaCC conductance in human airway and intestinal epithelium 

suggesting a role for an unidentified CaCC in these cells [120].  

Apart from their possible molecular diversity, CaCCs share some common functional 

characteristics, including sensitivity to calcium, slow activation with depolarization, 

higher permeability to I- than Cl- as well as inhibition by DIDS, NPPB and niflumic 

acid (NFA). They also demonstrate a characteristic voltage dependence that is 

modulated by intracellular Ca2+. As it was thoroughly analyzed in Xenopus oocytes 

[121], at subsaturating Ca2+ concentrations (< 1µM) the channels are inactivated at 

negative membrane potentials while activated at positive potentials resulting in an 

outwardly rectifying current-voltage relationship. On the other hand, at saturating Ca2+ 

concentrations, the channels are fully activated at all membrane potentials and the 

current-voltage relationship becomes linear. 

Activation of CaCCs requires cytosolic Ca2+ concentrations ([Ca2+] i) in the range of 0.2-

5µM. The increase in [Ca2+] i that activates CaCCs can be a result of either Ca2+ influx 

or Ca2+-release from IP3-dependent intracellular stores [99]. CaCC activation may 

involve direct Ca2+-binding as in Xenopus oocytes, vascular endothelial cells and 

parotid acinar cells [121-123]. Although this mechanism is still not fully understood, the 

observation that some CaCCs can be stably activated under experimental conditions by 

Ca2+ in the absence of ATP, further justifies the existence of a direct gating mechanism. 
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In other cell types, Ca2+-dependent phosphorylation by calmodulin kinase II (CaMKII) 

is necessary to open the channel, as it is the case in intestinal epithelial cells [124]. 

These cell-type-dependent differences in the regulatory pathways also suggest the 

existence of more than one CaCC isoform.  

Cl- efflux through activated CaCCs mainly depends on two factors: the membrane 

potential and the Cl- concentration gradient. Since the chemical gradient is usually 

unfavorable, therefore a facilitating change in the membrane potential is required to 

initiate Cl- secretion. Following an increase in cytoplasmic calcium, the synchronous 

activation of Ca2+-sensitive K+ channels may lead to hyperpolarization of the cell 

providing the necessary electrical driving force for Cl- efflux via CaCCs. If activation of 

CaCCs exceeds that of the K+ channels, depolarization occurs. The final consequences 

are cell-type specific, including Cl- secretion in epithelial cells or action potential 

generation in olfactory receptor neurons [48] (Fig. 6.). 

 

 
Figure 6. Cellular roles of CaCCs. Stimuli that elevate cytoplasmic calcium result in CaCC activation, 
either directly or through calcium/calmodulin kinase II (CaMKII)-mediated phosphorylation. Activation 
of CaCCs in a concerted way with K+ channels leads to either depolarization or hyperpolarization of the 
plasma membrane which in turn modulates fluid secretion, neuroexcitation and smooth-muscle 
contraction. Modified after Ref. [48]  
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1.4.2. Liquid transport in CF airways 
 

In humans, the CF airway epithelium fails to adequately hydrate the mucus layer on 

their surfaces, particularly in response to infectious challenges. The lack of mucus 

hydration leads to reduced MCC due to increased viscosity of the ASL [125], adhesion 

of mucus to airway surfaces, and chronic bacterial infections of the airways [77]. Due to 

the absence or dysfunction of the cAMP/PKA-regulated CFTR channels, CF airway 

epithelia exhibit reduced capacity to secrete Cl- and/or HCO3
- and also increased Na+ 

absorption that contributes to the dehydration of the ASL above the airway epithelial 

cells [126]. The role of airway surface dehydration in CF-like lung disease was 

underscored in an in vivo animal model by overexpressing the β-subunits of the 

epithelial Na+ channel in mice [127]. Data from these experiments demonstrated a 

threefold increase in Na+ absorption compared to controls whereas the rate of Cl- 

secretion was unchanged. Furthermore, neutrophilic inflammation and goblet cell 

hyperplasia could also be observed in the airways of these animals which are 

characteristic of CF lung disease. Accordingly, the imbalance between absorption and 

secretion resulted in the depletion of ASL volume followed by mucus stasis, 

inflammation of the airways and death prior to weaning in ~ 50% of transgenic animals. 

These results provided persuasive evidence that the disturbance in the balance between 

Na+ absorption and Cl- secretion could play pivotal role in causing dehydration of the 

airway surface and inducing inflammation that is typical of CF lung disease. 

In contrast to normal epithelium, CF airway epithelium is unable to regulate PCL 

volume under static conditions, and it collapses to a height (approximately 3 µm) which 

is incompatible with efficient mucus transport [82, 128]. In CF airways, a challenge 

with an “excess” PCL volume leads to the dilution and inefficiency of the soluble 

regulatory molecules (ADO and/or secreted CAP inhibitors), just as in normal airways. 

Due to the lack of CFTR in the apical membrane, its inhibitory effects on ENaC are 

absent which result in increased rate of Na+ absorption compared to that in normal 

airways, with Cl- following paracellularly. As PCL volume diminishes, ADO 

accumulates sufficiently to activate A2b receptors, but in the absence of CFTR the 

consequent rise in intracellular cAMP will further stimulate ENaC rather than inactivate 

it [82, 129]. Additionally, in CF, the CAP/CAP inhibitor system is also likely to be 
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defective despite the reduction in the PCL volume, which maintains ENaC in a 

proteolytically cleaved, and as such, in a constitutively active form [130]. Thus, the shift 

from Na+ absorption to Cl- secretion, that is characteristic for normal airway epithelia, is 

absent from CF airways and ASL volume depletion results [82] (Fig. 7.). These findings 

are further supported by the fact that the administration of bumetanide and/or nystatin 

(two agents that cause a collapse of ASL volume in normal airways, see earlier) is 

without effect in CF cultures, since these cells already lack the proper regulatory 

mechanisms necessary for the maintenance of normal ASL volume [54].  

Data from in vitro studies proposed that in the CF lung, adequate MCC would disappear 

within 24-48 hours [128]. However, CF patients are born with sterile lungs and it takes 

months to years for the disease to develop in its typical form with mucus plugs and 

bacterial colonization (e.g. Pseudomonas aeruginosa). It is hypothesized that phasic 

motion, induced by tidal breathing is the missing regulatory factor in vivo that prevents 

CF epithelia from early development of pulmonary disease. 

 

 
Figure 7. Regulation of airway surface liquid (ASL) volume by normal (A) and CF (B) cultured 
bronchial epithelia under static motion culture conditions. Dashed line represents normal ASL height. 
Insets illustrates perfluorocarbon-osmium fixed bronchial preparations 48 h after the addition of “excess” 
ASL volume (scale bar = 7 µm). Arrow depicts luminal addition of pharmacologic probe [85].  
 

Indeed, in CF cultures phasic shear stress increases PCL volume to ~7 µm in contrast to 

the height of ~3 µm that is observed under static conditions. Although this height is 

approximately half the value that can be observed in normal airway cultures, it is now 

eligible to maintain sufficient mucus clearance [82]. This phenomenon indicates that 

shear stress activates a “salvage” pathway for Cl- secretion and also suggests a 
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mechanism for the inhibition of Na+ absorption in CF epithelium (Fig. 8.). 

Consequently, the mechanical stress that impacts airway epithelia during normal 

breathing leads to the release of large quantities of ATP in both normal and CF cultures 

[131-133]. Upon reaching the threshold concentration in the ASL, ATP interacts with 

mucosal P2Y2 receptors leading to the activation of PLC and hydrolysis of 

phosphatidylinositol-4, 5-bisphosphate (PIP2). The local depletion of PIP2 inhibits Na+ 

absorption through ENaC, whereas the IP3-dependent release of Ca2+ from intracellular 

stores initiates CaCC-mediated Cl- secretion [134]. In contrast, although the ADO-A2b 

receptor system and cAMP-dependent activation of PKA are functional, in the absence 

of CFTR protein the effect of ADO signaling pathway on Cl- secretion and Na+ 

absorption is ineffective [91].  

 

 
Figure 8. ASL height regulation by phasic shear stress in CF airways. In CF epithelia, the higher basal 
rate of Na+ absorption and the failure to initiate Cl- secretion under static conditions lead to PCL depletion 
(“flattened” cilia). Under phasic motion conditions, CF cultures release sufficient amount of ATP into the 
ASL to inhibit Na+ absorption and initiate CaCC-mediated Cl- secretion to restore ASL to a 
physiologically relevant height [91].  
 

The functionality of the ATP-dependent P2Y2 signaling system has been demonstrated 

experimentally by the addition of nucleotides to the mucosal surface of airway epithelia 

that induced liquid secretion in both normal and CF airways [135, 136]. However, the 

effects of nucleotides on airway epithelium are relatively transient and the height of the 

PCL diminishes to baseline value within 1 h that is in accordance with previous 

measurements of Ca2+-mediated anion-secretion [137, 138]. The rationale of this 

transient action involves the rapid degradation (~30 s) [135] of even large doses of ATP 
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by ecto-nucleotidases that are active within the ASL [139] and also the desensitization 

of the P2Y2 receptors or transient nature of the IP3/Ca2+ signal [140]. 

Importantly, under circumstances that impair the efficiency of the ATP signaling 

system, CF airways fail to properly regulate mucus hydration and consequently, its 

clearance. These conditions involve infections of CF airway epithelium with 

paramyxoviruses, e.g. respiratory syncytial virus (RSV) or parainfluenza virus (PIV), 

which are known to induce the upregulation of a cell-surface ecto-ATPase expression 

with sufficient activity to reduce the amount of ATP in the ASL. The lack of P2Y2-

mediated inhibition of Na+ absorption and stimulation of CaCC-mediated Cl- secretion 

leads to the depletion of ASL volume with abolished mucus transport, even under 

phasic shear stress conditions [82] (Fig. 9.). 

 
Figure 9. The importance of ATP-mediated chloride secretion in the ASL formation of CF epithelia. 
Shear stress, induced by airflow over airway surfaces, leads to the release of ATP, which activates P2Y2 
receptors and stimulates Cl- secretion via CaCC. The effect of released ATP is limited by 
ectonucleotidase-mediated degradation. Viral infections or other inflammatory stimuli increase 
ectonucleotidase expression that impairs the ability to secrete Cl- and water (via CaCC) in the CF airway. 
Due to the lack of CFTR, the formation of ADO is unable to stimulate Cl-/water secretion in the CF 
airway. A2B = A2B adenosine receptor; ADO = adenosine [133] 
 

It has been hypothesized that in CF patients, viral infections play the central role in 

initiating CF lung disease [85]. Virus infections produce “patchy” reductions in ASL 

volume leading to accumulation of dehydrated mucus in virus-infected areas followed 

by colonization with aspirated bacteria in that region. With subsequent events of viral 

infections, bacteria may spread as “metastases” from an already contaminated area of 

the lung to a previously normal region, resulting in acute exacerbations [141, 142]. 
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1.4.3. The role of pH in the regulation of ASL 
 

Additionally, the pH of ASL (pHASL) appears to play an important role in the 

maintenance of host defense in the lung. Despite the difficulties in sampling human 

ASL for pH measurements in vivo, data from previous studies using different methods 

uniformly indicated an acidic (from mild to more severe) pHASL in CF patients 

compared to healthy control subjects [143-146]. Furthermore, acidic pancreatic and 

seminal secretions have been observed in CF patients suggesting that the lack of CFTR 

function is somehow related to abnormally acidic luminal solutions [147-149]. This fact 

also proposes the role of CFTR in bicarbonate secretion into the ASL [150, 151]. It is 

yet unclear whether CFTR directly transports HCO3
- or it regulates other transporters 

(e.g. an anion exchanger isoform) that secrete HCO3
- in the apical membrane. Previous 

studies failed to detect the presence of an anion exchanger in the apical membrane of 

airway epithelium that might be regulated by CFTR. Instead, they provided firm 

evidence for an electrogenic HCO3
- transport through the CFTR channel itself [152], an 

observation that is consistent with data from earlier studies [153, 154]. Previous 

investigations also revealed that the relative HCO3
-:Cl- permeability of CFTR is in the 

range of 0.13-0.25 [155]. 

pHASL may reflect an equilibrium between the electrogenic CFTR-dependent HCO3
- 

transport and the acid (H+) secreting mechanisms present in the apical membrane of 

airway epithelium, including a vacuolar type H+-ATPase [156], a Zn2+-sensitive H+ 

channel [32, 33], but most importantly the H+-K+-ATPase [143]. To date, there is no 

evidence of a Na+/H+-exchanger in the apical membrane of pulmonary epithelia [155, 

157, 158]. In CF, the ability to secrete HCO3
- and compensate for the intact H+-K+-

ATPase -mediated proton secretion into ASL is diminished, resulting in acidification of 

the ASL [143]. If indeed CFTR is the only path to transport HCO3
- across the apical 

membrane, paracellular H+ absorption and/or HCO3
- secretion remains the only way to 

offset epithelial H+ secretion but their capacity appears to be insufficient in CF [143].  

Disturbances in epithelial HCO3
- secretion and the resulting changes in pHASL could 

contribute to the pathophysiology of CF lung disease. In fact, some evidences indicate 

that the severity of CF disease may stronger correlate with defects in HCO3
- transport 

than with the lack of Cl- secretion [159].  
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Acidification of ASL may influence the function of cell surface ion channels and 

indirectly alter ASL height. CaCCs are known to play an important role in ASL 

homeostasis; however, there is little evidence about the direct regulation of CaCCs by 

external pH (pHo) [99]. In contrast, acidic intracellular pH inhibited CaCCs in acinar 

cells from lachrymal and parotid glands [160, 161], but the exact mechanism of this 

effect is unknown. It is possible that pH regulation of CaCCs might be indirect, via 

alterations in intracellular Ca2+ levels. In an early study by Barnes and coworkers, it was 

reported that Ca2+-activated Cl- currents were reduced by extracellular acidification and 

enhanced by alkalinization in cone photoreceptors [162]. They proposed that this 

modulation was due to the pH sensitivity of Ca2+ channels in these cells which 

phenomenon had already been described in other cell types as well [163-165]. Based on 

these observations it was speculated that the gating mechanisms of Ca2+ permeable 

channels might function as sensors for changes in surface potential caused by the 

binding of H+ to negative charges on the cell surface [163, 165].  

Furthermore, low pHASL changes the net electrostatic charge of sulfated and sialated 

carbohydrate side chains of mucin molecules which essentially alters their hydration 

state, leading to increased ASL viscosity [166]. Additionally, an acidic surface pH may 

diminish the electrostatic repulsive forces between mucins in the mucus layer and 

membrane surface tethered mucins, producing adhesive mucus plaques on airway 

surfaces particularly when the PCL is depleted, as it is the case in CF [128]. At low 

pHASL, mucus clearance may also be diminished due to a reduction in ciliary beat 

frequency in airway epithelium when pHo is acidic [167]. 

The abnormally low pHASL and the related tight biofilm formation that is characteristic 

in CF are also associated with attenuated immune responses. Phagocytic cells 

demonstrate less efficiency at ingesting and killing bacteria at acidic pHo, thereby 

facilitating bacterial (e.g. Pseudomonas aeruginosa) survival in the airway lumen [168-

170] (Fig. 10.). 
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Figure 10. Effects of reduced pHASL on CF airway epithelium. In CF, lower pH results in a "low-volume" 
gel with increased viscosity and adherence of soluble mucins. This leads to the formation of mucous 
plaques with diminished clearance of bacteria [171].  
 

Therefore, increasing the pH of the ASL in CF patients by inhalation of an alkaline 

solution might be beneficial. Importantly, it has been demonstrated that in contrast to 

acidic aerosols, alkaline aerosols do not trigger bronchoconstriction [172]. In fact, 

radioaerosol clearance was significantly improved in patients with chronic cough 

following the inhalation of an isotonic alkaline solution (pH: 8.0-9.0) with no side 

effects [173]. 

1.4.4. CaCC as a molecular target in CF  
 

The basic defect in CF is the lack of functional CFTR protein in the apical membrane of 

secretory epithelia. The CF airways exhibit Cl- and/or HCO3
- hyposecretion and Na+ 

hyperabsorption which lead to the depletion of ASL volume resulting in reduced MCC 

and chronic infections of the airways [77]. Since lung manifestations are the dominant 

source of morbidity in CF, several approaches have been considered with the potential 

to delay or arrest the development of CF lung disease. Most of these attempts focus on 

correction of the ion transport defects, with the particular aim to rehydrate airway 

surfaces. They include reintroduction of the wild-type CFTR gene, 

correctors/potentiators of the mutated CFTR protein, activation of Cl- channels other 

than CFTR, inhibition of ENaC-mediated Na+ transport and the application of osmotic 

agents on airway surfaces [174] (Fig. 11.).  
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Figure 11. Novel CF therapies aimed to rehydrate airway surfaces by increasing ion and water secretion 
or blocking absorption. Pharmaceutical approaches that regulate ion channels directly or indirectly are 
shown. Airway secretion may be improved by replacing/potentiating dysfunctional CFTR or activating 
alternative Cl- channels in the apical membrane such as CaCC or ClC-2. Furthermore, hyperosmotic 
agents draw water into the luminal space by providing a significant driving force. Alternatively, strategies 
that inhibit ENaC-mediated fluid absorption are predicted to increase the volume of ASL. P2Y2-R: P2Y 
purinoceptor (Derek Paisley personal communication 2010). 
 

The Ca2+-activated Cl- channel has often been referred to as the alternative Cl- channel, 

because it may provide a parallel route for Cl- secretion across the apical membrane in 

tissues that lack CFTR [137]. Although CaCC expression appears to be up-regulated in 

CF [175, 176], it is not able to compensate for the ion transport defects due to its 

relatively low basal activity [176].  

Therefore, pharmacotherapeutic interventions aimed to stimulate alternative CaCCs are 

under development. It is noteworthy that the stable UTP analog Denufosol (INS37217) 

has been shown to stimulate purinergic P2Y2 receptors, increasing the rate of PIP2 

hydrolysis that resulted in IP3-dependent release of Ca2+ from intracellular stores. The 

increase in free [Ca2+] i activated chloride secretion through CaCCs, while depletion in 

PIP2 levels led to the decrease in ENaC activity. Consequently, aerosolized Denufosol 

appeared to be highly beneficial for CF patients during clinical Phase I and II studies 

and the completion of Phase III trials is underway [177]. Another drug, Moli-1901 

(duramycin) - a 19-amino-acid residue bacterial polycyclic peptide - is currently in 

Phase II clinical trials in Europe. This peptide interacts with phospholipids present in 

plasma and organelle membranes, thereby elevating intracellular Ca2+ from both 

internal stores and the extracellular space which in turn leads to the activation of CaCCs 
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[178]. CaCC activators that target CaCCs directly without an elevation in cytoplasmic 

calcium have not yet been developed. Most recently, penetratin - a cationic 17-amino-

acid peptide - has been shown to potentiate endogenous CaCC activity in Xenopus 

oocytes. This study suggested that penetratin acts, at least in part as a direct modulator 

of CaCCs, although the penetratin-mediated potentiation also required Ca2+ influx from 

the extracellular space [179].  

Therapeutic interventions designed to activate CaCCs via Ca2+-mobilizing agonists 

must face (at least) one serious problem. As it was already discussed in chapter 1.4.1., 

CaCC-mediated currents display time and voltage dependent profile. At intermedier 

(subsaturating) Ca2+ concentrations, the channels are closed at hyperpolarizing 

membrane potentials, because the voltage dependent channel inactivation exceeds the 

Ca2+-dependent channel activation, thereby resulting in a lack of inward Cl- currents (no 

Cl- efflux). To induce Cl- efflux via CaCCs, intracellular Ca2+ concentrations should 

reach saturating values (>1 µM) when the Ca2+-dependent channel opening becomes 

voltage independent [100, 121]. However, it has been speculated that activation of 

CaCCs requires a saturating Ca2+ concentration only in the subplasmalemmal space 

[100]. Since rate of diffusion through the plasma membrane is much faster than 

diffusion rate towards the center of the cell, Ca2+ entry from the extracellular space 

leads to accumulation of Ca2+ near the plasma membrane. Furthermore, Cl- currents 

show strong correlation with Ca2+ signals if Ca2+ derives from the extracellular space 

[180]. On the other hand, Ca2+ signals provided by the release of Ca2+ from internal 

stores must reach markedly higher levels in the bulk cytosol to induce Cl- efflux. In fact, 

large and long-lasting increases of [Ca2+] i could lead to undesirable side effects, such as 

apoptosis and/or activation of inflammatory processes. Consequently, controlled Ca2+ 

entry through the plasma membrane might be beneficial for therapeutic purposes in CF. 

1.4.5. The role of zinc in the airways 

 
Zinc has been shown to be essential as an anti-oxidant, microtubule-stabilizer, anti-

apoptotic agent, growth cofactor and anti-inflammatory agent in several different tissues 

[181]. With respect to the respiratory tract, Zn2+ deficiency leads to increased 

susceptibility to infections and inflammation of airways [182]. Depletion of Zn2+ 

enhances nuclear translocation of NF-κB in both human and rat airways, providing a 
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mechanism for the pro-inflammatory effects of Zn2+ deficiency [183, 184]. 

Furthermore, it has been shown that the decreased intake of dietary anti-oxidants, such 

as Zn2+ strongly correlates with the increased incidence of asthma [185]. The loss of 

anti-oxidant function in Zn2+ deficiency causes oxidative/nitrosative damage and 

apoptosis, which might exacerbate allergen-induced hyperresponsiveness and 

inflammation in the airways [186, 187]. Zn2+ may also be beneficial in the treatment of 

the common cold. It has been suggested that Zn2+ prevents viral docking and replication 

in the respiratory epithelium [188]. However, direct application of Zn2+ into airways 

may result in a number of side effects. These include loss of olfactory sensation [189], 

as well as induction of acute respiratory tract inflammation [190]. 

Human airway epithelia express another subclass of nucleotide receptors, the P2X 

receptor channels [191-193]. P2X receptors are extracellular ATP-gated, Ca2+-

permeable, non-selective cation channels. Previously we have found that application of 

ATP caused a sustained increase in [Ca2+] i via P2X receptor-mediated Ca2+ influx, that 

was able to induce Cl- secretion in airway epithelial cells both in vitro and in vivo [191, 

193, 194]. We also demonstrated that extracellular Zn2+ regulates purinergic Ca2+ influx 

in human CF and non-CF airway epithelial cells which ability is strongly dependent on 

the pH and Na+ concentration of the extracellular environment [192, 194]. Furthermore, 

low micromolar Zn2+ (20µM) when applied to an alkaline, low Na+-containing solution 

(“enhanced calcium transfer” solution) [193, 194] produced a Ca2+ signal and Cl- 

secretion in CF airway epithelial cells comparable to that when Zn2+ was co-

administered with ATP [194]. It is important to note that the effects were abolished by 

reducing pH or replacing external Na+. This indicates that Ca2+ entry/Cl- secretion in 

airway epithelial cells can be switched on/off by modifying the external ionic 

environment. Moreover, these findings suggested that P2X receptors are not simply 

ATP-gated receptors but might function as Zn2+ receptors and/or extracellular sensors of 

the local microenvironment [195]. A possible new therapeutic avenue has also been 

introduced by highlighting the beneficial effects of Ca2+ entry on rescuing anion 

transport in CF airway epithelium.  

Thus, the administration of Zn2+ in a properly composed aerosol might be advantageous 

for CF patients by improving MCC function. The benefits of extracellular zinc and zinc-

induced Ca2+-entry are not limited to stimulation of epithelial Cl- secretion. It may also 
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inhibit the ENaC-mediated Na+ hyperabsorption [14], increase the frequency of ciliary 

beating [196], inhibit cell surface H+ channels [32] and attenuate inflammatory 

responses in CF airways [181, 197]. Nonetheless, it is noteworthy that data are 

contradictory regarding the effects of Zn2+ on epithelial chloride channels. Ca2+-

activated Cl- channels can be both stimulated and inhibited by extracellular Zn2+ [179, 

198], while voltage-gated Cl- channels (ClC-2) are inhibited [27]. On the other hand, the 

therapeutic application of Zn2+ may also be debatable, because overexposure to Zn2+ 

could lead to various side effects [189, 199, 200]. Interestingly, substituting Zn2+ with 

spiperone - a known anti-psychotic drug - in the “enhanced calcium transfer” solution 

elicits a similar response with a sustained increase in [Ca2+] i and stimulation of CaCCs 

in both CF and non-CF airway epithelial cells [201]. These observations suggest that 

further experiments are needed to find the proper pharmacological tools for CF therapy.  

1.5. cAMP-regulated epithelial ion transport mechanisms in the small intestine  
  

Under normal conditions, the predominant function of small intestine is the absorption 

of luminal fluid, electrolytes and nutrients. Nevertheless, electrolyte secretion is of great 

importance by facilitating hydration of the intestinal mucosa and ensuring appropriate 

liquidity for intestinal contents during digestion and absorption.  

Na+ and Cl- absorption is carried out by the coordinated operation of the apical 

membrane Na+/H+-exchangers (NHEs), mainly NHE-2 and NHE-3, and the anion 

exchangers SLC26A3 (DRA), SLC26A6 (PAT1) and SLC4A9 (AE4). In the 

postprandial period, coupled ion-solute transporters, such as the Na+-glucose-

cotransporter (SGLT1), are also important modes of Na+ absorption. Fluid secretion is 

driven by active Cl- transport in a transcellular manner. Cl- is taken up via the Na+-K+-2 

Cl--cotransporter at the basolateral membrane of enterocytes whereas it is released via 

Cl- channels in the apical membrane, primarily through the CFTR. Other apical Cl- 

channels may also participate in Cl- secretion, such as ClC-2, a member of the voltage-

gated ClC family and Ca2+-activated Cl- channels. The secretion of both Na+ and water 

follows Cl- paracellularly. The driving force for net movement of Na+ and Cl- is 

produced by the Na+-K+-ATPase and K+ channels in the basolateral membrane of 

enterocytes [202] (Fig. 12.). CFTR, in part by facilitating apical anion exchangers, is 

also essential for the regulation of HCO3
- secretion. It is particularly important in the 
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duodenum where luminal pH is critical to protect the epithelium from damage caused 

by acid and pepsin [203, 204].  

Fluid secretion can be activated by different neural, endocrine and paracrine 

mechanisms, including 5-hydroxytryptamine, acetylcholine and VIP. Prostaglandins 

and interleukins as inflammatory mediators may also be involved in initiating Cl- 

secretion [205, 206]. Furthermore, there is growing body of evidence suggesting an 

important role for nucleotides and purinergic signaling in the physiology of the small 

intestines [207, 208]. These regulatory processes utilize different intracellular signaling 

cascades, involving second messengers (cAMP, cGMP, Ca2+), serine/threonine and 

tyrosine kinases as well as phosphatases with plentiful cross talk and cellular specificity 

[202] (Fig. 12.). 

The pivotal role of CFTR in intestinal Cl- and fluid secretion is highlighted under some 

pathologic conditions, including CF and secretory diarrhea. In CF, due to the absence of 

CFTR-related anion secretion, constipation and intestinal obstruction occurs. In the 

intestine of newborns with CF, a thick, dehydrated mucoid plug is formed causing 

obstruction of the gut - a condition known as meconium ileus - that often requires 

urgent surgical intervention [209]. In addition, CFTR knock-out mice develop intestinal 

obstruction as well and die from intestinal obstruction by 5 weeks of age [210].  

On the other hand, secretory diarrhea is caused by intestinal infections by various 

bacterial and viral pathogens. Bacterial enterotoxins, such as cholera toxin from V. 

cholerae and STa toxin from E. coli stimulates permanent production of cAMP and 

cGMP, respectively, resulting in CFTR-mediated continuous Cl- and fluid secretion 

[211, 212]. 
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Figure 12. Summary of intestinal secretory pathways. Pathogens (cholera toxin, STa toxin and rotavirus) 
may initiate secretion by multiple pathways including the release of 5-hydroxytryptamine from 
enterochromaffin cells and inflammatory mediators from mast cells or neutrophils (e.g. prostaglandins 
and interleukins). Regulatory signals (neuronal, endocrine, paracrine) are transduced by second 
messengers (cAMP, cGMP, Ca2+) to activate membrane ion channels. 5-HT: 5-hydroxytryptamine, VIP: 
vasoactive intestinal peptide, Ach: acetylcholine, SP: substance P; Modified after Ref. [213]  

 

1.6. Ca2+-regulated epithelial ion transport mechanisms in the small intestine  

 

1.6.1. The role of Ca2+-activated chloride channel in anion secretion in the 
intestines 
 

Despite the fact that the presence of CaCCs is well established [214], there is only 

limited evidence that apical Cl- channels, other than CFTR, participate in secretion of 

Cl- and fluid in intestinal epithelium. Rotavirus, the major cause of gastroenteritis and 

diarrhea in childhood, releases the enterotoxin NSP4 which inhibits brush border 

disaccharidases and SGLT1 activity, thereby reducing solute and fluid absorption. In 

addition, it was found that NSP4 stimulates Ca2+-activated Cl- channels and elicits a 

transient Cl- secretion [215], an observation that is consistent with previous studies 

performed in CF and non-CF infant mice [216]. Interestingly, the NSP4-induced Cl- 
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secretion was substantially reduced in adult CF and non-CF mice, suggesting an age-

dependent expression of CaCC. Agonists that increase [Ca2+] ic, including carbachol, 

histamine and nucleotides may lead to activation of CaCCs and initiation of a secretory 

response in the intestinal epithelium [217]. The finding that a residual cholinergic Cl- 

secretion is preserved in CF patients with a mild phenotype has further strengthened the 

idea of an alternative, Ca2+-activated Cl- channel [218]. However, subsequent studies 

revealed that the Ca2+-dependent activation of Cl- secretion required functional CFTR 

[219, 220]. This suggests that in intestinal epithelium CFTR is the predominant Cl- 

channel that is responsible for both cAMP- and Ca2+-regulated Cl- secretion [221]. 

1.6.2. The transepithelial transport of Ca2+ in the intestines 
 

The Ca2+ homeostasis is achieved by the concerted action of three organ systems 

including the gastrointestinal tract, bone, and kidney. Ca2+ is absorbed from the lumen 

of the intestines by both a Ca2+-regulated and a hormonally regulated transcellular 

mechanism and by a passive, paracellular route [222] (Fig. 13.). Ca2+ enters the 

enterocytes via the apical epithelial calcium channel TRPV6 (and to a certain extent by 

TRPV5), facilitated by both chemical and electrical gradients. Inside the cell Ca2+ ions 

bind to calbindin D9K protein, which maintains a low cytoplasmic [Ca2+], protecting the 

cells from the toxic effect of high intracellular calcium levels as well as maintaining the 

favorable lumen-to-enterocyte [Ca2+] gradient. Binding to calbindin also participates in 

the diffusion of Ca2+ from the apical to the basolateral membrane, where it is extruded 

against an electrochemical gradient by the plasma membrane Ca2+-ATPase (PMCA1b) 

and the Na+-Ca2+-exchanger (NCX1). Paracellular Ca2+ transport takes place across the 

tight junctions and is driven by the electrochemical gradient for Ca2+. 
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Figure 13. Mechanism of epithelial Ca2+ transport in the gut. Ca2+ is absorbed in the epithelium by 
paracellular and transcellular transport. The active form of vitamin D, 1,25-dihydroxyvitamin D3 [1,25-
(OH)2D3] regulates the distinct elements of transcellular Ca2+ transport by increasing the expression levels 
of the luminal Ca2+ channels (TRPV5/6), calbindin, and the extrusion systems (NCX1 and PMCA1b) 
[222].  
 

The TRPV6 (CaT1) channel was first cloned from rat duodenum by Peng et al. in 1999 

[223]. The TRPV6 gene is located on the chromosome 7 in humans. The encoded 

protein comprises 725 amino acids, has six transmembrane domains, and intracellular 

N- and C-termini like all the other TRPV family members. There are three ankyrin 

repeats on the N-terminal of the protein, whereas a calmodulin-binding site and a PKC 

phosphorylation site reside on the C-terminal. The putative pore region is localized 

between TM5 and TM6. TRPV6 shares relatively high sequence homology (75%-

identity) with TRPV5 but significantly less with the other members of the TRPV family 

(30-35%) [224]. TRPV6 also shows greater functional similarity to TRPV5 than to 

other TRPV channels. Unlike TRPV1-4, TRPV5 and TRPV6 are highly Ca2+-selective, 

and can form homo- or heteromultimer channels. Intracellular Mg2+ is required for the 

Ca2+ selectivity of TRPV5/6 channels [223, 225]. Both channels are ligand independent, 

they are not sensitive to capsaicin, heat or osmotic stress. Their pivotal role is to form 

constitutively active Ca2+ entry pathways in Ca2+ transporting epithelia including renal 

and intestinal epithelium. However, the channels are subject to Ca2+-dependent 

feedback inactivation, which is believed to protect the cells from reaching toxic Ca2+ 

levels as well as limit epithelial calcium transport [226, 227] (Fig. 14.).   
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Figure 14. Role of intracellular Ca2+ in the regulation of TRPV5 and TRPV6 heterologously expressed in 
HEK293 cells. (A) normalized Ca2+ current decreases with increasing [Ca2+] i. (B) Ca2+-dependent 
inactivation exhibit different patterns for TRPV5 (dotted line) and TRPV6 (solid line) [228].  
 

There are several speculations for the explanation of this negative feedback inhibition. 

These include phosphorylation of the channels by Ca2+-dependent kinases, such as 

CaMKII [229] and Ca2+-induced depletion of PIP2, a substrate that is otherwise 

necessary for the sustained operation of the channels [230, 231].  

Since apical Ca2+ channels are the rate-limiting step for epithelial Ca2+ uptake, 

absorption of Ca2+ is also regulated on the level of gene transcription. To date, the most 

important regulators of TRPV5/6 expression are the biologically active form of Vitamin 

D3 [1,25(OH)2D3], and estrogen. Dietary Ca2+ intake is an additional regulator of 

TRPV5/6 expression which effect appears to be independent of 1,25(OH)2D3 [228, 232]. 

TRPV6 is mainly expressed in absorptive and secretory epithelia, including the 

gastrointestinal tract and the placenta [233]. TRPV6 is involved in transplacental Ca2+ 

transport. It was shown that the serum and amniotic Ca2+ concentrations as well as the 

growth rate of murine TRPV6-knockout fetuses were significantly lower [234], 

suggesting that TRPV6 is essential for Ca2+ supplementation and optimal development 

of the fetus. In the gastrointestinal tract, TRPV6 is expressed in the duodenum, 

proximal jejunum, and in the colon [223, 235]. Under Ca2+-restricted conditions, a lack 

of TRPV6 in adult animals exerts a significant effect on Ca2+ homeostasis, suggesting 

that duodenal TRPV6 is a major Ca2+ absorptive mechanism in the gut [236, 237]. In 
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addition to the placenta and gut, TRPV6 is also expressed in the pancreas, salivary 

gland, mammary gland, and prostate but its function is still unclear in these organs.  

1.6.3. The role of zinc in the intestines  
 

Normal adults require approximately 10-15 mg/day Zn2+ intake, which mostly vary as a 

function of age and excretion. Zn2+ is absorbed in the small intestines, mainly in the 

jejunum and ileum. Absorption is accomplished by both passive diffusion and through 

different zinc-specific transporters [1]. ZIP4 (Zrt- and Irt-like protein 4, SLC39 family) 

seems to be the most important transporter, which mediates Zn2+ uptake into enterocytes 

across their apical membrane [238]. ZIP4 mRNA is expressed throughout the small 

intestines in both human and mice, while the protein appears to be localized to the 

apical membrane of enterocytes. The expression of ZIP4 accurately follows dietary 

Zn2+, with up-regulation under Zn2+ deficiency and down-regulation under zinc-replete 

conditions at the mRNA level [239, 240]. Acrodermatitis enteropathica, an autosomal 

recessive disorder causing Zn2+ deficiency, develops as a result of a mutation in the 

gene encoding ZIP4. Accordingly, the classic symptoms of Zn2+ deficiency include 

dermatitis, diarrhea, growth retardation, immune dysfunctions and neurological 

disturbances [240]. Zn2+ is released from the enterocytes into the circulation mostly via 

basolateral ZnT1 (SLC30 family) transporter, which is also abundantly expressed in the 

small intestines [241].  

Recently, the TRPV5/6 transporter proteins have been proposed to be involved in zinc 

absorption. There are a few studies reporting that the ancestral form of mammalian 

TRPV5/6 in fish also transports Zn2+. The FrECaC (epithelial calcium channel from 

Fugu rubripes) was found to transport Zn2+ and to a smaller extent Fe2+ [242]. In 

freshwater rainbow trout gill, Ca2+ and Zn2+ were shown to use the same apical entry 

pathway, which had a much higher Km value for Ca2+ than for Zn2+ [243]. In addition, 

1α,25-(OH)2D3 increased Zn2+ uptake as well as OmECaC and OmSLC39A1 expression 

[244]. In rat or pig brush border membrane vesicles from the small intestine, Zn2+, Cd2+ 

and Ca2+ were reported to use the same channel-like pathway to enter the cells [245, 

246]. Rat TRPV6 expressed in Xenopus oocytes was reported to transport Ca2+, Ba2+, 

Sr2+ but not Mg2+ or any of the other di- or trivalent cations examined [223]. When 

human TRPV6 (hTRPV6) was studied in the same system, similar results were obtained 
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[247]. To date, no studies are available investigating the permeability of human TRPV6 

in mammalian expression systems, or of endogenous TRPV6 to different trace elements 

and toxic heavy metals. 

In the GI tract, Zn2+ is directly involved in enterocyte proliferation and differentiation, 

gut-associated immune function, reduction of oxidative stress and inhibition of 

apoptosis [248]. Zn2+ deficiency is associated with severe diarrhea and generalized 

malabsorption in malnourished children [249]. Zn2+ is known to be beneficial in 

enterotoxin-induced diarrheas. The administration of Zn2+ to Caco-2 cells directly 

reduced Cl- and fluid secretion by inhibiting cAMP- and Ca2+-coupled transduction 

pathways [250, 251]. 
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2. Specific Aims 
 
The main purpose of the present work was to elucidate the effects of extracellular zinc 

on Ca2+ entry mechanisms in two different cellular models. The specific aims were as 

follows: 

 

1. To investigate the role of zinc in different extracellular ionic milieu on the 

activity of Ca2+-dependent Cl- channels in CF airway epithelial cells. 

  

2. To study the effect of extracellular zinc on human TRPV6, an intestinal Ca2+ 

transporter channel expressed in HEK293 cells.  
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3. Materials and methods 
 

3.1. Cell culture protocols 
 

IB3-1 is a CF human bronchial epithelial cell line carrying two different mutations of 

the CFTR gene (∆F508/W1282X). Cells were grown in plastic tissue culture flasks in 

DMEM/F12 (1:1) medium supplemented with 10% FBS, 100 U/ml penicillin and 100 

µg/ml streptomycin.  

The human embryonic kidney 293 cell line (HEK293) was cultured in DMEM cell 

culture media. Media were supplemented with 10% FBS, 10 mM HEPES, 1 mM Na-

pyruvate, and 1% penicillin/streptomycin. Both cell lines were maintained at 37oC in a 

humidified cell culture incubator supplied with 5% CO2. Cells were subcultivated when 

confluency reached 90-95%. 

3.2. Transfection protocol for HEK293 cells 
 

For ion imaging and electrophysiological experiments, cells were plated at 300,000 

cells/well density on No. 00 coverslips coated with 100µg/ml poly-D-lysine in 35 mm 

dishes. For 45Calcium uptake, 400,000 cells were placed into poly-D-lysine-coated 35 

mm dishes. After 8-16 hours, cells were transfected with 2 µg pEYFP-C1-TRPV6 using 

5 µl Lipofectamine 2000 per dish, as described in the manufacturer’s protocol. For 

control experiments, cells were transfected with the pEYFP-C1 vector. In some 

experiments, cells were transfected with 2 µg pTagRFP-C1-hTRPV6 construct to avoid 

the interference of EYFP and fluorescence dyes with similar spectra. After 4 hours, 

transfection medium was replaced with antibiotic-free medium. Transfection efficiency 

was estimated to be 60-70% using fluorescence microscopy. 

3.3. Cell surface biotinylation and Western blotting 
 

All steps of cell surface biotinylation were carried out in a 4°C cold room using ice-cold 

solutions. First, HEK293 cells were rinsed once with PBS-Ca-Mg (PBS containing 0.1 

mM CaCl2 and 1 mM MgCl2). Afterwards, surface proteins were biotinylated by 

incubating cells with 1.5 mg/ml sulfo-NHS-LC-biotin in 10 mM triethanolamine (pH 
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7.4), 1 mM MgCl2, 2 mM CaCl2, and 150 mM NaCl for 90 minutes with horizontal 

shaking at 4°C. After labeling, samples were washed with quenching buffer (PBS 

containing 1 mM MgCl2, 0.1 mM CaCl2, and 100 mM glycine) for 20 minutes at 4°C, 

and then rinsed three times with PBS. Cells were finally lysed in lysis buffer for 30 

minutes according to Ref. [252] and lysates were cleared by centrifugation. Protein 

concentrations were determined by DC Protein Assay. Portion of cell lysates of 

equivalent amounts of protein were equilibrated overnight with streptavidin agarose 

beads at 4°C. Beads were washed sequentially with solutions A [50 mM Tris·HCl (pH 

7.4), 100 mM NaCl, and 5 mM EDTA] three times, B [50 mM Tris·HCl (pH 7.4) and 

500 mM NaCl] twice, and C (50 mM Tris·HCl, pH 7.4) once. Biotinylated surface 

proteins were then released by heating to 95°C with 4x Laemmli buffer. Proteins from 

the total lysate or intracellular fraction were also heated to 95°C for 5 minutes with 4x 

Laemmli buffer, after adjusting the protein concentration to 1 mg/ml. 

Samples were run on a 6% SDS gel with 15 µg protein loaded into each lane. Using the 

semi-dry transfer method, samples were transferred onto a PVDF membrane in Dunn’s 

buffer. Membranes were blocked overnight with PBS containing 5% milk, 0.5% BSA 

and 0.02% NaN3. Afterwards, samples were incubated in blocking buffer containing the 

primary antibody (1:2000 for chicken anti-GFP (Abcam ab13970) or 1:200 for goat 

anti-rabbit TRPV6 (Biomol BML-SA567) at room temperature for 1.5 hours followed 

by three washes with PBS. HRP-conjugated donkey anti-chicken (1:8000) and HRP-

conjugated goat anti-rabbit (1:20000) antibodies were used as secondary antibodies. 

After three consecutive washes with PBS, the enhanced chemiluminescence (ECL) 

method was used for detection. 

3.4. Deglycosylation experiments in HEK293 cells 
 

In these experiments, 50 µL of biotinylated, cell surface proteins were first denatured in 

5 µL of 10X denaturing buffer (2% SDS and 10% 2-mercapto-ethanol) at 99ºC for 10 

minutes. They were then digested for 3 hours at 37ºC with 4 µL PNGase F in 50 µL of 

2X digestion buffer (100 mM Na2HPO4 and 2% NP40, pH adjusted to 7.5). The 

digestions were terminated by the administration of 100 µL 2X protein sample buffer. 

Samples were run, transferred and developed as described above. 
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3.5. Confocal microscopy 
 
HEK293 cells transfected with pEYFP-C1-hTRPV6 were fixed with 4% 

paraformaldehyde at 37°C for 15 minutes after rinsing the cells thoroughly with PBS. 

After three washes with PBS, nuclei were counterstained with Hoechst33342 (1:1000) 

at room temperature for 5 minutes. After three final washes with PBS, cells were 

mounted, and imaged using a Nikon C1 confocal laser scanning microscopy system. 

3.6. Live cell ion imaging 

3.6.1. Cytosolic Ca2+ measurement in IB3-1 airway epithelial cells 
 

For measurements of cytoplasmic Ca2+-concentration, IB3-1 cells were plated at 106 

cells/dish density on round glass coverslips (42 mm in diameter) in 60 mm dishes and 

were used for experiments within 24-48 hours. Cells were loaded with Fluo-3-

acetoxymethyl ester (AM, 4 µM) in standard extracellular solution for 60 minutes at 

room temperature. Fluo-3-AM is the membrane-permeable derivative of the highly 

sensitive calcium indicator Fluo-3 (Kd (Ca2+) = 0.39 µM), that allows rapid 

measurement of Ca2+ flux into cells. Fluorescence dye was dissolved in DMSO 

containing 20% Pluronic-F127. Additionally, the loading medium contained 1 mM 

probenecid to prevent dye leakage. Next, coverslips were mounted on the stage of an 

inverted microscope equipped with a perfusion chamber. At the beginning of each 

experiment, cells were superfused with standard extracellular solution. 

Standard extracellular solution contained (in mM): 145 NaCl, 5 KCl, 3 CaCl2, 1 MgCl2, 

10 D-glucose and 10 mM HEPES, pH 7.4 (with NaOH). Sodium-free solutions 

contained (in mM): 145 NMDG-Cl, 5 KCl, 3 CaCl2, 1 MgCl2, 10 D-glucose and 10 mM 

HEPES, varying pHs were adjusted by either NMDG or HCl. Nominally Ca2+-free 

solutions were prepared by simply omitting CaCl2. During recordings the pHo was 

altered by changing the bath solution for a buffer with the same ionic composition 

except for the pH. Solutions were delivered by continuous perfusion at a rate of 3 

ml/min. Recordings were made with a confocal laser scanning microscope, Axiovert 

200M Zeiss LSM 510 Meta (Carl Zeiss, Jena, Germany) equipped with an 20x Plan 

Apochromat (NA = 0.80) DIC objective. For excitation, 488-nm argon-ion laser was 

used. The emitted light was collected by BP 505-570 band pass filter. Data were 
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obtained at a rate of 0.5 Hz. Changes in [Ca2+] i are displayed as the percentage of 

fluorescence relative to the intensity at the beginning of each experiment. The baseline 

fluorescence (100 %) was calculated from the average fluorescence of ROIs during 

superfusion of cells with standard bathing solution. Background fluorescence was 

subtracted from readings by measuring a cell-free area on the same coverslip. All 

experiments were performed at room temperature. 

3.6.2. Cytosolic divalent metal cation measurement in hTRPV6 expressing 
HEK293 cells 
 

Cells were imaged after 48-72 hours. Non-transfected and transfected cells on the same 

piece of coverslip were loaded with 5 µg/ml Fura-2-AM (stock solution 5 µg/µl) for one 

hour in serum-free medium in a cell culture incubator at 37 °C. Fura-2-AM is the 

membrane-permeable derivative of the high affinity calcium indicator Fura-2 (Kd (Ca2+) 

= 0.14 µM), that allows accurate, ratiometric measurements of intracellular calcium 

concentrations. Fura-2 is also suitable for the detection of other divalent cations, such as 

intracellular zinc (Kd (Zn2+) = 3 nM) [253]. 

For high sensitivity Zn2+ measurements, cells were loaded with 6.8 µM Mag-Fura-2 for 

10 minutes. The fluorescent dye Mag-Fura-2, previously used to measure intracellular 

Mg2+, shows similarity in structure and spectral response to Fura-2. However, it has a 

much lower affinity to calcium (Kd (Ca2+) =25 µM), while its affinity to zinc is not 

appreciably different (Kd (Zn2+) = 20 nM), compared to Fura-2. Thus, Mag-Fura-2 is 

more suitable for intracellular Zn2+ measurements in the range of 1-100 nM [254]. To 

confirm that the change in fluorescence is due to an increase in intracellular Zn2+ levels 

rather than Ca2+ or Mg2+ levels, we loaded the cells with 5 µM NewPort Green DCF 

(stock solution 5 mM) for 45 minutes. NewPort Green DCF is a reliable tool for 

detecting Zn2+ influx into cells, because it is essentially insensitive to Ca2+ (Kd (Ca2+) 

>100 µM), while it has a moderate affinity for zinc (Kd (Zn2+) ≈ 1 µM) [255].  

The fluorescence dyes were dissolved in DMSO containing 20% Pluronic-F127 and the 

loading medium contained 1 mM probenecid. Thereafter, cells were placed into 

modified Krebs-Ringer HEPES (KRH) (150 mM NaCl, 4.8 mM KCl, 1 mM CaCl2, 1 

mM MgCl2, 10 mM D-glucose, and 10 mM HEPES, pH 7.4) for 20 minutes in order to 

achieve full de-esterification of the fluorescence dyes. Fura-2 as well as Mag-Fura-2 
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was alternatingly excited at 340 nm and 380 nm, and the F340/F380 ratio was 

monitored at the emission wavelength of 510 nm. The initial rate of the increase of the 

Fura-2 ratio was taken as the measure of the influx of the particular cation using the 

Felix software (Photon Technology International). NewPort Green DCF was excited at 

500 nm, and the initial increase of the fluorescence intensity in response to the addition 

of the specific cation was measured. Fluorescence measurements were performed on a 

Nikon Eclipse TiU inverted microscope equipped with a polychrome V+ light source. 

Cells were visualized with a Nikon 40x S Fluor objective. Images were taken with a 

Hamamatsu Orca-EG cooled, monochrome CCD camera. Image acquisition and 

analysis were done with SimplePCI 6.2 from CImaging. 

3.7. Electrophysiology 
 

Voltage-clamp recordings were carried out in the standard whole-cell configuration 

using an Axopatch 200B amplifier (Axon Instruments) [256]. Micropipettes were pulled 

by a P-97 Flaming-Brown type micropipette puller (Sutter Instrument) from borosilicate 

glass capillary tubes (Harvard Apparatus) and had a tip resistance of 3–6 MΩ when 

filled with pipette solution. Command protocols and data acquisition were controlled by 

pClamp 6.03 software (Axon Instruments). Capacitative currents were compensated 

with analog compensation. Linear leak currents were not compensated. Series resistance 

was accepted if lower than five times the pipette tip resistance. Analog data were 

filtered at 1 kHz with a low-pass Bessel filter and digitized at 5 kHz using a Digidata 

1200 interface board. Membrane potentials were corrected for liquid junction potential 

if greater than 2 mV values were detected. All experiments were performed at room 

temperature. 

3.7.1. Whole cell experiments in IB3-1 airway epithelial cells 
  

Currents were monitored at -80 mV using ramp commands (-100 mV to +100 mV in 

200 ms, 1mV/ms) applied every 10 s. The holding potential was -50 mV between 

ramps. Stable recordings were maintained for 20-30 min. Once a steady-state current 

was obtained, I/V relationships were determined using a protocol that consisted of 300 

ms square pulses of the test potential (-100 mV to +100 mV) from a holding potential of 

-50 mV in 20-mV increments, with 1-second intervals (polarity given for cell interior). 
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All reported currents were normalized by cell capacitance and expressed as current 

density (pA/pF). Standard pipette solution contained (in mM): 140 NMDG-Cl, 1 MgCl2, 

2 EGTA, 10 HEPES, pH 7.2 (with NMDG) and an appropriate concentration of CaCl2, 

to give free [Ca2+] i = 0.1 µM. In some experiments high free [Ca2+] i = 1 µM was used. 

Free [Ca2+] i was estimated using MaxChelator software (Stanford University). Low 

intracellular Cl- solution contained (in mM): 90 NMDG-glutamate, 50 NMDG-Cl, 1 

MgCl2, 2 EGTA, 10 HEPES, pH 7.2 with NMDG (free [Ca2+] i = 0.1 µM). Increased 

Ca2+-buffering pipette solution contained (in mM): 140 NMDG-Cl, 1 MgCl2, 20 EGTA, 

10 HEPES, pH 7.2 (with NMDG). Standard extracellular solution contained (in mM): 

145 NaCl, 2 CaCl2, 1 MgCl2, 10 D-glucose, 10 HEPES, pH 7.4 (with NaOH). Na+-free 

control extracellular solution contained (in mM): 145 NMDG-Cl, 1 MgCl2, 10 D-

glucose, 10 HEPES, pH 7.4 (with NMDG) and 3 CaCl2, unless stated otherwise. In 

some experiments, NaCl was equimolarly replaced by either TRIS-Cl or CsCl. After 

whole cell configuration was obtained in standard solution, bath solution was 

immediately switched to Na+-free control solution. After 3-5 min (time for proper 

dialysis of the cell interior) experimental protocols were initiated. Niflumic acid (NFA) 

was added to the bath solution for 5 min before initiating any experimental protocol. All 

solutions were delivered by continuous perfusion with a gravity-fed delivery system.  

3.7.2. Whole cell experiments in hTRPV6 expressing HEK293 cells 
 

Patch pipette filling solution contained (in mM): 140 NMDG, 1 MgCl2, 20 EGTA and 

10 HEPES, adjusted to pH 7.2 with HCl. Normal extracellular solution contained (in 

mM): 147 NaCl, 3 KCl, 1 CaCl2, 2 MgCl2, 10 D-glucose, 10 HEPES, adjusted to pH 7.4 

with NaOH. Control solution with no divalent cations contained (in mM): 147 NMDG, 

15 D-glucose, 10 HEPES, adjusted to pH 7.4 with HCl. After whole-cell configuration 

was obtained in normal solution, cells were initially bathed in control solution without 

divalent cations for 5 minutes to allow proper dialysis of the cell interior. During 

recordings, the bath solution was changed to a control solution supplemented with 2 

mM test divalent cation (XCl2; X = Ca2+, Zn2+, Cd2+). Solutions were delivered by 

continuous perfusion with a gravity-fed delivery system. TRPV6-expressing cells were 

selected using a Diaphot 300 inverted patch clamp microscope (Nikon) equipped with 

an epifluorescent attachment (Elektro-Optika). Electrophysiological measurements were 
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performed as described by Bödding et al. [257], with minor modifications. Voltage 

clamp recordings were carried out using ramp commands (-110 mV to +90 mV in 200 

ms, 1mV/ms) applied every 5 seconds, starting 40-60 seconds prior to the introduction 

of any test cations (background current detection). The holding potential was -20 mV 

between ramps.  

3.8. YO-PRO-1 permeability assay in IB3-1 cells 
 

Fluorescence was detected using a Zeiss LSM 510 META laser scanning microscope. 

YO-PRO-1 (MW: 629) fluorescence was measured from single cells in the field of view 

(usually 20–40 cells with 20X objective). Excitation and emission wavelengths were 

480 nm and 509 nm, respectively. YO-PRO-1 (1 µM) was continuously present in all 

solutions during agonist application. Images were captured at 0.5 Hz. YO-PRO-1 

fluorescence from individual cells was averaged to obtain mean response. All 

experiments were performed at room temperature. 

3.9. 45Ca uptake assay in HEK293 cells 
 

Radioactive uptake assays were performed 48 hours after transfection, and the uptake 

rates were always measured in parallel for transfected and control cells. Cells were 

washed twice with nominally calcium-free, modified KRH solution. Afterwards, cells 

were exposed for a set time to 2 µCi 45Ca in KRH solution containing 100 µM cold 

calcium with or without zinc. Calcium uptake was stopped by rinsing the cells with ice-

cold KRH-solution. Cells were lysed in 1 ml 1N NaOH overnight. The samples were 

mixed with scintillation liquid, and measured in a liquid scintillation counter (Packard 

Tri-Carb 2100 TR). Protein concentration was determined by DC Protein Assay. 

Changes in 45Ca uptake are displayed as deviations from the basal (prior to the addition 

of zinc) activity ratio of non-transfected vs. transfected cells. 

3.10. Data presentation 
 

Results were presented as means ± SEM of N observations. Statistical significance was 

determined using paired Student’s t-test or the non-parametric rank sum t-test. 



 46 

Differences were considered statistically significant when p < 0.05. Non-linear curve 

fitting was performed using the Sigma-Plot 11.0 program. 
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4. Results 
 

4.1. Extracellular pH and zinc regulate cytosolic [Ca2+] and CaCC activity in 
airway epithelial cells   
  

4.1.1. Effects of extracellular pH on intracellular calcium concentrations in IB3-1 
cells 
 

In previous studies it was shown that modifications of the extracellular ionic 

environment (Na+ and/or H+) might influence cytosolic Ca2+ levels [194]. Therefore 

first we investigated the effects of extracellular alkalinization on [Ca2+] i. In the presence 

of Na+ (145 mM) alkalinization of pHo (from 7.4 to 7.9 or 8.2) did not cause significant 

alterations in basal [Ca2+] i (NaCl pHo 7.4: 101.7 ± 0.7 % [N=16] vs. NaCl pHo 8.2: 

101.8 ± 2.3 % [N=5] p=n.s) (Fig. 15A). In subsequent experiments, extracellular Na+ 

was substituted by a non-permeant large organic cation N-methyl-D-glucamine 

(NMDG+). At pHo 7.4, acute removal of external Na+ did not cause a change in basal 

Ca2+ level (NaCl pHo 7.4: 101.7 ± 0.7 % [N=16] vs. NMDG-Cl pHo 7.4: 101.9 ± 1.1 % 

[N=5] p=n.s) (Fig. 15B). However, when the pHo was raised to 7.9 with parallel 

replacement of extracellular Na+, a mild but sustained elevation in intracellular Ca2+ 

levels could be observed (NaCl pHo 7.4: 101.7 ± 0.7 % [N=16] vs. NMDG-Cl pHo 7.9: 

133.5 ± 3.5 % [N=5] p < 0.05) (Fig. 15B). Raising pHo to an even higher level (from 

7.4 to 8.2) elicited a markedly greater increase in intracellular calcium levels that 

reached a plateau within the first 3 minutes (NaCl pHo 7.4: 101.7 ± 0.7 % [N=16] vs. 

NMDG-Cl pHo 8.2: 239.8 ± 13.3 % [N=5] p < 0.05) (Fig. 15B). To investigate whether 

the increase in [Ca2+] i was due to Ca2+ entry, we repeated the experiments with 

nominally Ca2+-free solutions. Under these experimental conditions cells failed to 

respond with an increase in [Ca2+] i (3 mM CaCl2: 239.8 ± 13.3 % [N=5] vs. Ca2+-

depleted solution: 107.6 ± 1.1 % [N=5] p < 0.05 at pHo 8.2 in the presence of NMDG-

Cl) (Fig. 15C). Furthermore, withdrawal of extracellular Ca2+ during alkalinization 

abolished the sustained elevation of [Ca2+] i suggesting that Ca2+ originated from the 

extracellular space (Fig. 15D). In contrast to the effects of extracellular alkalinization, 

lowering the pHo (from 7.4 to 6.6) in the absence of extracellular Na+ caused a mild, but 
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sustained decrease in [Ca2+] i (NaCl pHo 7.4: 101.7 ± 0.7 % [N=16] vs. NMDG-Cl pHo 

6.6: 85.9 ± 2.4 % [N=5] p < 0.05) (Fig. 15B). 

 

 

 
Figure 15. Representative traces showing the effects of different pHo on relative Fluo-3 fluorescence 
representing [Ca2+] i in IB3-1 cells. (A) The effect of extracellular alkalinization (pHo 8.2) on [Ca2+] i in the 
presence of CaCl2 (3 mM). In the presence of Na+, no change was detected in [Ca2+] i. (B) The effect of 
varying pHo in the presence of CaCl2 (3 mM) and following the withdrawal of Na+. (C) Effect of 
alkalinization (pHo: 8.2) on [Ca2+] i in IB3-1 cells perfused with Na+-free medium in the presence (3 mM) 
and in the absence of CaCl2 (nominally Ca2+-free). (D) The effect of removal of Ca2+ (from 3 mM to 
nominally Ca2+-free) during alkalinization (pHo: 8.2) in the absence of sodium. Each trace represents the 
sum of approx. 40 cells in one field of view. The fluorescence intensity of the trace prior to the 
application of any agonist/modification was considered as 100%. Each experiment was performed 5 times 
using cells from at least two different passages with similar results. 

4.1.2. Effects of extracellular pH on whole-cell currents in the presence of different 
monovalent cations 
 

To investigate whether the alkaline pH-induced Ca2+ signal could stimulate chloride 

efflux in these airway epithelial cells, we used the patch clamp technique in whole cell 

configuration. Control currents were recorded following substitution of external Na+ by 

NMDG+. At pHo 8.2, we observed a slowly activating, large inward current that reached 

a plateau in approx. 2 min. This current was fully reversible upon resetting the pHo to 
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7.4, and reversed near the equilibrium potential of Cl- (Erev.= -3.2 ± 0.7 mV [N=8] vs. 

ECl
- = -1.9 mV) (Fig. 16A-C).  

 

 
Figure 16. Alkaline pHo-induced whole cell currents in the absence of extracellular Na+. (A) Time course 
of inward current induced by alkalinization (pHo: 8.2) in the presence of 3 mM CaCl2, when extracellular 
Na+ was substituted with NMDG+. Currents were measured every 10 s at -80 mV during voltage ramps 
ranging from -100 to 100 mV in 200 ms. Standard pipette solution was used. (B) Original traces 
demonstrating current-voltage relationships during voltage ramps at pHo: 7.4 and at pHo: 8.2, measured at 
time points indicated in panel A (arrows). (C) Once steady-state current was obtained (indicated by 
arrows on panel A), voltage-step protocol (see materials and methods) was applied. The resultant currents 
are shown as representative traces. (D) I/V relationships showing summarized data of steady-state 
currents at varying pHo (6.6, 7.4, 7.9, and 8.2) in the absence of extracellular Na+. Data represent means ± 
SEM from 6-12 cells.  
 
Following partial replacement of intracellular Cl- with glutamate (see materials and 

methods), the reversal potential of the alkaline pHo-induced current remained close to 

that of ECl
- (Erev: -25.9 ± 1.7 mV [N=5] vs. ECl

-: -28.7 mV). These data suggest that 

inward currents measured at -80 mV represent chloride efflux. Moderate increase in pHo 
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(7.9) did not elicit significant change in inward currents (Fig. 16D). In contrast, 

acidification of pHo (6.6) resulted in a slight decrease in inward currents (Fig. 16D). 

In order to show whether this stimulatory effect was not specific for NMDG+, we 

replaced Na+ with either TRIS+ or Cs+. Under these circumstances, alkaline pHo (8.2) 

elicited a similar increase in inward current compared to that observed in the presence 

of NMDG+, suggesting that this effect was independent of the nature and permeability 

features of the substituting cations (Fig. 17A). Additionally, the complete absence of 

Na+ is a non-physiological condition; therefore, we tested the effects of alkaline pHo at 

various extracellular Na+ concentrations. External alkalinization did not elicit an 

increase in inward currents when external Na+ concentration was near to physiological 

values (Fig. 17B).  

 

Figure 17. Alkaline pHo-induced whole cell currents in the presence of different monovalent cations (A) 
Comparison of inward currents induced by extracellular alkalinization (pHo: 8.2) in the presence of four 
different main extracellular cations, when NMDG-Cl is equimolarly replaced with TRIS-Cl, CsCl and 
NaCl (145 mM each). Currents are plotted relative to currents elicited in the presence of NMDG-Cl, *p < 
0.05. (B) Comparison of alkalinization-induced inward currents in extracellular solutions containing 
different concentrations of Na+. To maintain the constant ionic strength in the solutions, NMDG-Cl was 
equimolarly replaced with NaCl. Currents are plotted relative to currents elicited in the absence of Na+, *p 
< 0.05. 

4.1.3. Inward current is due to stimulation of calcium-activated chloride channels 
 

We hypothesized that the observed Cl- current was due to the activation of CaCCs in 

IB3-1 cells. The characteristic hallmark of CaCCs is the activation by intracellular Ca2+. 

Experimentally, this can be achieved in whole cell configuration by stimulating cells 

with Ca2+-mobilizing agonists, by Ca2+ ionophores such as ionomycin or by loading 

cells with Ca2+-containing pipette solutions. Additionally, CaCC-mediated Cl- current 

A B 



 51 

can be inhibited by the intracellular inclusion of Ca2+ chelators (EGTA or BAPTA) or 

pharmacological blockers such as niflumic or flufenamic acid [258]. Therefore, the cell 

interior was dialyzed with pipette solution containing high (1 µM) free [Ca2+] i. Under 

these conditions we observed a significantly higher peak inward current compared to 

that obtained with standard (0.1 µM free [Ca2+] i) pipette solution (-2.1 ± 0.1 pA/pF 

[N=15] vs. -34.2 ± 3.5 pA/pF [N=7] p < 0.05 at -80 mV) (Fig. 18.). The resulting 

increase in current was prevented by 100 µM NFA, a potent inhibitor of CaCCs (-34.2 ± 

3.5 pA/pF [N=7] vs. -4.6 ± 0.5 pA/pF [N=5] p < 0.05 at -80 mV) (Fig. 18.). 

 
Figure 18. Demonstration of a Ca2+-induced Cl- conductance in IB3-1 cells. Time course of inward 
currents after cells were dialyzed with either 0.1 µM or 1 µM free [Ca2+] i containing pipette solution. 
Cells were continuously perfused with Na+-free control extracellular solution. In some experiments, NFA 
(100 µM) was added to the bath 5 min before whole cell formation (break-in). Currents were measured 
every 10 s at -80 mV during voltage ramps ranging from -100 to 100 mV in 200 ms. Representative traces 
are shown. 
 

To test whether CaCCs were involved in the alkaline pHo-induced increase of inward 

current, we first examined the dependency on external calcium. In NMDG-rich solution, 

at pHo 8.2 the peak inward current (-11.0 ± 1.4 pA/pF [N=8] at -80 mV) was reduced 

when experiments were performed either in extracellular solution containing 0.1 mM 

Ca2+ (-2.1 ± 0.1 pA/pF [N=15] p < 0.05 at -80 mV ) or by the application of 20 mM 

EGTA in the pipette solution (-1.1 ± 0.1 pA/pF [N=6] p < 0.05 at -80 mV ) (Fig. 19A). 

These results indicate that Ca2+ entry from extracellular space plays a crucial role in the 

activation of the whole-cell inward currents in these CF airway epithelial cells.  

Next, we examined whether NFA was able to inhibit the alkaline pHo-induced inward 

current. As shown in Fig. 19B, the inward current was totally blocked by pretreatment 
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with 100 µM NFA, suggesting the involvement of CaCCs. In order to confirm these 

data, we used another inhibitor of Cl- channels, DIDS (200 µM) which inhibited the 

inward current as well.  

 

 
Figure 19. (A) Calcium dependency of inward currents induced by alkaline pHo (8.2) in the absence of 
extracellular Na+, but in the presence of 3 mM extracellular Ca2+. Pipettes were filled either with standard 
or high Ca2+-buffering (20 mM [EGTA]i) intracellular solution. Experiments were also performed in 
Ca2+-depleted (0.1 mM) extracellular solution (with standard pipette solution). (B) Summarized data 
showing the effect of the anion channel blocker NFA (100 µM) on the alkalinization-induced currents. 
Pipettes were filled with standard solution. Data represent means ± SEM from 6-12 cells.     

 

4.1.2. Effect of zinc on intracellular calcium concentrations in IB3-1 cells  
 

Our group has extensively investigated the effects of low micromolar Zn2+ (20 µM) in 

IB3-1 cells in the range of pHo 7.3-7.9. We have previously found that in a Na+-free, 

alkaline (pHo 7.9) environment, Zn2+ elicited a sustained increase in [Ca2+] i, while in the 

presence of Na+, zinc failed to induce changes in Ca2+ level regardless of pHo [194]. 

Therefore, we tested Zn2+-induced Ca2+ entry represented by the plateau phase of the 

Ca2+ signal at both pHo 6.6 and 8.2 in the absence of Na+. As shown in Fig. 20., at 

alkaline pHo (8.2) Zn2+ elicited a sustained Ca2+ plateau, while at acidic pHo (6.6) we 

observed only a transient increase in Ca2+ signal. These data indicate that Zn2+ promotes 

Ca2+ entry in a pHo-dependent manner. 
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Figure 20. Representative traces showing the effect of pHo on the Zn2+-induced Ca2+-signal in Na+-free 
external solution. First, pHo was changed to either 6.6 (open circles) or 8.2 (filled circles) with parallel 
substitution of extracellular Na+ by NMDG+ (in the presence of 3 mM CaCl2). The cells were then 
challenged with 20 µM ZnCl2 and the pattern of the Ca2+ signal was recorded. 

 

4.1.5. Effects of zinc on calcium-activated chloride currents 
 

If cytosolic [Ca2+] were the only factor that determines CaCC activity, application of 

zinc in alkaline medium would result in large Cl- currents. To our surprise, however, 

when cells were perfused with a Na+ -free, alkaline solution in the presence of ZnCl2 

(20 µM), inward currents were transient and the maximal amplitude reached only 

approx. half the value of the current that we observed in the absence of Zn2+ (Fig. 21.). 
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Figure 21. (A) Time course of inward currents induced either by alkalinization (filled circles) or by the 
simultaneous application of alkaline pHo and 20 µM ZnCl2 (open circles) in the absence of extracellular 
Na+. Currents were measured every 10 s at -80 mV during voltage ramps ranging from -100 to 100 mV in 
200 ms. Standard pipette solution was used. (B) Summarized data showing the maximal change in current 
amplitude detected at -80 mV during voltage ramps in the presence and absence of 20 µM ZnCl2 
according to results in Panel A, *p < 0.05.  
 

 

We hypothesized that this effect of Zn2+ was due to direct inhibition of CaCCs. Indeed, 

application of Zn2+ (20 µM) exerted a strong inhibitory effect on steady-state currents 

induced by high (1 µM) free [Ca2+] i containing pipette solution (Fig. 22A). 

Additionally, the inward current evoked by 1 µM free [Ca2+] i was prevented by 5 min 

pretreatment with 20 µM Zn2+ (Fig. 22B). Taken together, these data show that although 

Zn2+ stimulates Ca2+ entry in airway epithelial cells it also effectively inhibits CaCCs. 
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Figure 22. (A) The effect of 20 µM ZnCl2 on Ca2+-induced Cl- currents induced by inclusion of 1 µM 
free [Ca2+] i in the pipette solution. Zn2+ was applied at time point indicated by the arrow. Currents were 
measured every 10 s at -80 mV during voltage ramps ranging from -100 to 100 mV in 200 ms. (B) Bar 
graph showing the effect of pretreatment with ZnCl2 (5 min, 20 µM) on peak current amplitude detected 
at -80 mV during voltage ramps, when pipette solution contained 1 µM free [Ca2+] i, *p < 0.05.  

 

4.1.6. Effects of alkaline pH and zinc on cell viability 
 

The continuous presence of alkaline pHo, Zn2+ and the sustained increase in [Ca2+] i may 

induce apoptosis of cells that can essentially be characterized by increased membrane 

permeability for large molecules such as the green fluorescent dye, YO-PRO-1. 

Therefore, we used the YO-PRO-1 uptake assay to examine the permeability properties 

of IB3-1 cells during exposure to high pHo and Zn2+. As it is shown in Fig. 23., neither 

elevations in pHo alone, nor in concert with low micromolar (20 µM) Zn2+ caused a 

considerable increase in YO-PRO-1 fluorescence (neither cytoplasmic, nor nuclear) 

during the 30 min incubation time, as compared to the prompt effect of the 

permeabilizing agent TX-100 (Fig. 23.). These data suggest that exposure to these 

conditions can be well tolerated and does not lead to cell death within the investigated 

period.  
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Figure 23. (A) Original images demonstrating the effect of varying extracellular conditions on the 
cellular uptake of YO-PRO-1. Cells were incubated in the continuous presence of YO-PRO-1 (1 µM) and 
3 mM CaCl2 in either Na+-free alkaline (pHo: 8.2) solution (top left), or with the simultaneous application 
of 20 µM ZnCl2 (top middle) for 30 min at room temperature. The lack of YO-PRO-1 fluorescence in the 
cells (neither cytoplasmic, nor nuclear) indicates that the cells remain intact during our experimental 
conditions. Top right image: at the end of each experiment, 5 µl/ml of the permeabilizing agent TX-100 
was added to the bath solution to initiate the entrance of YO-PRO-1 into the cells as it is confirmed by the 
strong nuclear labeling. Bottom left, middle and right: corresponding phase contrast images of the cells. 
(B) Summary of steady-state YO-PRO-1 fluorescence measured at 30 min in the presence of different 
extracellular conditions. Note the break and change in scale required for TX-100. Each bar represents the 
mean ± SEM of 4-6 experiments. 
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4.2. Zinc regulates and permeates human TRPV6 channels 

4.2.1. Over-expression of hTRPV6 in HEK293 cells 
 

First, we established a protein expression model to assess the permeability features of 

hTRPV6 channels. The presence of EYFP-hTRPV6 protein was determined by Western 

blot analysis. The protein lysates were probed with anti-GFP (Fig. 24A upper panel) or 

anti-TRPV6 (Fig. 24A lower panel) polyclonal antibodies. We observed an upper ~105 

kDa band and a lower ~90 kDa band. Surface biotinylation experiments revealed that 

both forms of TRPV6 are present at the plasma membrane with the higher expression of 

the lower band (Fig. 24B) in our over-expression system. Pretreatment with PNGase F 

which cleaves all types of N-linked oligosaccharides resulted in a complete 

disappearance of both the upper and lower bands and appearance of a new more intense 

band ~85 kDa (Fig. 24B).  

 
Figure 24. Expression of pEYFP-C1-hTRPV6 plasmid in HEK293 cells. (A) Western blot analysis using 
anti-GFP (top) or anti-TRPV6 (bottom) showing the expression of EYFP-hTRPV6 protein. (B) 
Deglycosylation experiments with PNGase F on surface biotinylated EYFP-hTRPV6 shows that TRPV6 
is expressed in a fully glycosylated (upper band) and in an immature (lower band) form at the plasma 
membrane. (C) Representative fluorescence confocal image of HEK293 cells transfected with EYFP-
TRPV6. EYFP-hTRPV6 (green), nucleus (blue). Scale bar is 50 µm. 
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These data suggest that the upper band is the fully glycosylated form of TRPV6 

whereas the lower band represents the immature form of TRPV6. A representative 

immunofluorescence image shows the punctuated expression pattern of EYFP-TRPV6 

overexpressed in HEK293 cells (Fig. 24C). Delineation of the plasma membrane could 

be observed in several cells. 

4.2.2. Determination of hTRPV6 divalent cation permeability using different 
fluorescence dyes 
 

When [Ca2+] i was estimated with Fura-2, basal intracellular Ca2+ was elevated in EYFP-

hTRPV6-transfected HEK cells compared to non-transfected cells (340/380 ratios: 

3.227 ± 0.036 (cell number = 682) vs. 1.435 ± 0.01 (cell number = 421, Fig. 25A). 

When only EYFP was transfected into the cells, no difference was observed (Fig. 25B). 

Removal of extracellular Ca2+ almost completely abolished this significant difference 

(340/380 ratios: 1.1317 ± 0.005 vs. 1.269 ± 0.004). Re-administration of 1 mM Ca2+ 

evoked a much larger increase of [Ca2+] i in EYFP-hTRPV6-transfected compared to 

non-transfected cells (Figs. 25A). In EYFP-transfected cells, the 1 mM Ca2+-induced 

change was the same in both transfected and non-transfected cells (Fig. 25B). 

Figure 25. The expressed EYFP-hTRPV6 is fully functional as a calcium channel in HEK293 cells. Fura-
2 tracings show that in EYFP-hTRPV6- (A) but not EYFP-expressing cells (B) both the basal [Ca2+] i and 
the basal initial Ca2+ entry after re-administration of extracellular Ca2+ is significantly increased.  
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Next we aimed to test the permeability of TRPV6 channels for other divalent cations 

belonging to the calcium group elements (Ba2+, Sr2+). Our data show that when we 

substituted Ca2+ either with Ba2+ or Sr2+, both divalent cations entered the cells through 

TRPV6 (Fig. 26A). This observation is in agreement with results from previous studies 

[223, 247].  

Since zinc is an essential biometal of particular biological importance, we also 

attempted to determine whether Zn2+ is conducted by human TRPV6 channels. 

Administration of 1 mM Zn2+ caused a significant increase in fluorescence in TRPV6 

expressing cells (Fig. 26B). For comparison, we also tested the permeation properties of 

TRPV6 for other members of the zinc group elements (Cd2+, Hg2+). These results 

demonstrated a greatly increased permeability to Cd2+ but not to Hg2+ in TRPV6 

transfected cells (Fig. 26B).  

 
Figure 26. EYFP-hTRPV6 significantly increases the permeability of certain divalent cations in HEK293 
cells. Bar graphs show the summarized data of Fura-2 calcium imaging experiments. Influx of Ca2+, Ba2+, 
and Sr2+ from the alkaline earth metals group (A); Zn2+ and Cd2+ from group IIB (B). Each group 
represents at least six separate experiments. *p < 0.05 

 

Furthermore, we examined the effect of Ca2+ on Zn2+ influx through hTRPV6 using 

NewPort Green DCF, a calcium-insensitive fluorescence dye. For these measurements, 

we transfected HEK293 cells with a pTagRFP-C1-hTRPV6 construct to avoid the 

interference of EYFP and NewPort Green DCF fluorescence due to their very similar 

spectra. Transfection of RFP-hTRPV6 protein resulted in a punctuated distributional 

pattern, analogous to the pEYFP construct (see Fig. 24C in this section). Our results 
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showed that 1 mM Ca2+ significantly blocked the entry of Zn2+ (1 mM) through 

hTRPV6 (Fig. 27.). 

 

 

Figure 27. Effect of extracellular calcium on zinc influx mediated by hTRPV6. Representative tracings of 
NewPort Green DCF fluorescence intensity show that in the presence of 1 mM extracellular calcium, Zn2+ 
influx through hTRPV6 is significantly diminished. 
 

Using Mag-Fura-2, a fluorescent dye that exhibit higher sensitivity for Zn2+ than Fura-2 

(see methods), we tested the permeability of hTRPV6 for Zn2+ at low micromolar levels 

(1-10µM). However, we failed to detect any influx of Zn2+ at these concentrations (Figs. 

28A and B). 
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Figure 28. Representative tracings showing the effect of zinc and cadmium on Mag-Fura-2 fluorescence 
in pEYFP-C1-hTRPV6 expressing and non-transfected HEK293 cells. Administration of 1 mM, but 
neither 1 nor 10 µM Zn2+ induced large increase of Mag-Fura-2 ratio that was significantly more robust in 
hTRPV6 expressing cells compared to non-transfected cells (A and B).  

 

4.2.3. Measurement of hTRPV6 permeability properties with the patch clamp 
technique 
 

To further confirm the previously obtained results with calcium and zinc, we used the 

patch clamp technique in whole-cell configuration. Divalent cation influx was detected 

by monitoring inward currents at -80 mV during voltage ramps. Initially, both EYFP-

hTRPV6-transfected and non-transfected HEK293 cells were perfused with an 

extracellular solution lacking charge carriers (see Methods).  

Supplementation of the solution with 2 mM Ca2+ evoked large, inwardly rectifying 

currents in EYFP-hTRPV6-transfected cells, while no such current was detected in non-

transfected cells (Fig. 29A, B).  
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Figure 29. Inward currents obtained from EYFP-hTRPV6 expressing HEK293 cells. Currents were 
measured every 5 s at -80 mV during voltage ramps ranging from -110 to 90 mV in 200 ms. Cells were 
initially bathed in nominally divalent free solution. Test cation was administered at the time point 
indicated (arrow). The dashed lines represent zero current. (A) Time course of 2 mM Ca2+ evoked current 
that reached a peak value within 70 s and subsequently decreased until a steady-state level was reached. 
Only hTRPV6 expressing cells exhibited the inward current. Representative traces are shown. (B) 
Original traces demonstrating current-voltage relationship in the absence (control) and presence of 2 mM 
Ca2+, measured at time point indicated in panel A. The Ca2+ current is inwardly rectifying and reverses at 
more positive potentials compared to control current. 
 

Next, we found that Zn2+ (2 mM) produced a transient current with peak amplitude of 

20-100 pA, suggesting that Zn2+ also permeates TRPV6 (Fig. 30A). The decay of this 

transient current may be due to inhibition of TRPV6 by Zn2+ itself. Following the 

transient increase in inward currents, the continuous presence of external Zn2+ reduced 

currents below control levels (Fig. 30A). This latter phenomenon is most likely due to 

the inhibition of basal Cl- conductance by Zn2+ [259]. Cd2+ (2 mM) produced sustained 

inward currents similar to those observed in the presence of Ca2+ (Fig. 30B). 

Additionally, the Cd2+-evoked current did not decay as fast as the Ca2+-induced current 

but rather remained at a relatively high level.  
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Figure 30. (A) Time course of 2 mM Zn2+ evoked inward current. It peaked within 30 s then decayed 
rapidly below control current values. Note that Zn2+ reduced basal inward currents in non-transfected 
cells suggesting that this inhibitory effect was independent of hTRPV6. Representative traces are shown. 
(B) Time course of 2 mM Cd2+ evoked inward current. It peaked within 50 s and subsequently decreased 
to a steady-state level. Representative traces are shown. 
 

The maximal changes in current amplitudes during the experiments are summarized on 

Fig. 31. 

 

 
Figure 31. Summarized data showing the maximal change in current amplitude detected at -80 mV 
during voltage ramps in the presence of different divalent cations. Positive values represent an increase, 
while negative values represent a decrease in currents compared to control values. For transfected cells N 
= 10 (Ca2+), N = 8 (Zn2+), N = 6 (Cd2+), and for non-transfected cells N = 4 for each test cation. Results 
are presented as mean ± SEM. 
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4.2.4. Modulation of calcium transport via hTRPV6 channels by zinc 
 

We found that Zn2+ not only permeated but also modulated hTRPV6 channel activity in 

a biphasic manner. When we pretreated the cells with different concentrations of Zn2+, 

high concentrations (200 and 2000 µM) inhibited, whereas low concentrations (2 and 20 

µM) augmented the inward currents evoked by the administration of 2 mM Ca2+ (Fig. 

32.). Importantly, in whole cell configuration we were not able to detect significant 

zinc-mediated inward current in the micromolar range (2-200 µM).  

 

 
Figure 32. Inward Ca2+ current amplitude in TRPV6 expressing cells in the continuous presence of 
extracellular Zn2+. In these experiments, Zn2+ was applied in increasing concentrations (from 2 µM to 
2000 µM), prior to the addition of 2mM Ca2+. Points represent mean ± SEM of 4-7 cells and are plotted 
relative to currents elicited in the absence of Zn2+ (Icalcium, dashed line) in the same cells. 
 

To confirm our results of the electrophysiological measurements, we also used the 45Ca 

uptake assay in the next experiments. First we established the optimal duration of 45Ca 

uptake experiments in the cells. We found that radioactive Ca2+ uptake increased with 

time up to 10 minutes, whereupon the uptake plateaued (Fig. 33A). A two-minute 

incubation time was selected because the relative difference between the two groups 

was the largest in the increasing part of the curve at this time point.  

Our data show that low concentrations of Zn2+ induced an increase, whereas high 

concentrations of Zn2+ inhibited 45Ca uptake. These findings are in agreement with the 

results obtained with patch-clamp technique (Fig. 33B).  
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Figure 33. (A) Time course for 45Ca uptake in EYFP-hTRPV6-transfected and non-transfected HEK293 
cells. 45Ca uptake experiments demonstrated increased Ca2+ uptake in EYFP-hTRPV6-expressing cells. 
Ca2+ uptake was saturated at about 10 min. For further inhibitor studies, a 2 min incubation time was 
chosen. (N=3) (B) Effect of Zn2+ on Ca2+ uptake via EYFP-hTRPV6 expressed in HEK293 cells. 
Summarized data shows that Zn2+ is a potent inhibitor of TRPV6 at high concentrations, whereas it 
enhanced TRPV6-mediated Ca2+ uptake at low concentrations.  
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5. Discussion 
 

5.1. The role of zinc in epithelial chloride transport in human airways 
 

Our group has previously shown that stimulation of human airway epithelial cells with 

zinc and/or ATP in an alkaline, low Na+-containing medium (“enhanced calcium 

transfer solution”) leads to a sustained increase in both [Ca2+] i and Cl- secretion [191, 

194]. Furthermore, the same conditions induced sustained Cl- secretion in the CF mouse 

nasal mucosa in vivo [194]. Results from studies using small interfering RNA technique 

revealed that Zn2+-activated Ca2+ entry mechanisms mainly involve specific P2X 

purinergic receptor subtypes [193]. These observations suggested a possible therapeutic 

role for properly compiled saline aerosols supplemented with Zn2+ in patients with CF 

[260]. These interventions may increase Ca2+ influx from extracellular space followed 

by the activation of Ca2+-mediated Cl- secretion which could substitute for the lack of 

CFTR-mediated Cl- transport in CF airways.  

The Zn2+-induced Ca2+ signal and ion secretion required essential modifications of the 

external milieu, such as a low-sodium, alkaline environment. Importantly, we have 

previously observed that alkalinization (from pH 7.4 to 7.9) in a sodium-free medium 

and prior to the addition of Zn2+, caused a mild increase in basal [Ca2+] i in airway 

epithelial cells [192, 194]. Raising external pH from 7.4 to 8.2 in physiologic saline 

solution caused a similar elevation in [Ca2+] i in human neuroblastoma cells [261]. 

Additionally, in bacteria, extracellular pH and monovalent cations regulate intracellular 

Ca2+ levels through Ca2+ influx [262]. These observations suggested that the revealed 

mechanism is not unique for airway epithelial cells. These data also suggested that 

stimulation of Ca2+ entry could be achieved in CF cells without using specific 

purinergic agonist (ATP) and/or modulator (Zn2+). Therefore our aim was to examine 

whether changes in external pH could alter cytosolic Ca2+ levels sufficiently to stimulate 

CaCC activity in CF airway epithelial cells. We found that in CF airway epithelial cells, 

alkaline pHo (8.2) elicited Ca2+ entry only in Na+-free environment. The alkaline pHo-

induced increase in [Ca2+] i resulted in the activation of Ca2+-dependent inward Cl- 

currents. The mechanism as to how the alkaline pHo is working is not yet clear. 

Extracellular pH is a well-known modulator of plasma membrane Ca2+ channels and 
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consequently the intracellular Ca2+ homeostasis [263]. Ca2+ entry can occur through 

voltage-dependent Ca2+ channels, P2X receptors, store-operated Ca2+ channels (SOCs), 

receptor-operated Ca2+ channels (ROC), transient receptor potential Ca2+ channels 

(TRPs) and Na+/Ca2+ exchangers (NCX) (in reverse operation mode). With respect to 

their responsiveness to changes in pHo, most of the Ca2+ entry mechanisms studied so 

far, appear to share common characteristics: extracellular acidification attenuates 

whereas alkalinization stimulates Ca2+ influx [264]. These data are in strong correlation 

with the early observation that transepithelial Ca2+ transport is inhibited in conditions 

associated with overproduction of acids [265]. In fact, we have found that extracellular 

acidification caused a mild but sustained decrease in both [Ca2+] i and CaCC activity. 

Interestingly, in the presence of physiologic Na+ concentrations (145 mM), alterations 

in pHo did not cause significant changes in [Ca2+] i. These data suggest that in airway 

epithelial cells, pHo-dependent changes of Ca2+ homeostasis occur only in the absence 

of Na+. Removal of extracellular Na+ could induce the reverse operation mode of the 

NCX. However, NCX was found to be insensitive to external alkalinization between 7.3 

and 9.0 [266]. Furthermore, we have previously demonstrated that IB3-1 cells did not 

possess NCX [194]. We also asked whether increasing the extracellular pH with parallel 

removal of sodium could induce a significant change in intracellular pH (pHi). Our 

unpublished observations suggested that in Na+-free medium, increasing the external pH 

from 7.4 to 8.2 caused a change of pHi less than 0.1 units. Thus, under these conditions 

IB3-1 cells seem to be quite “resistant” to external alkalinization. In addition, in the 

patch clamp experiments we used Hepes (10 mM) in the standard pipette solution which 

has been shown to adequately buffer pHi following changes in pHo [165].  

Extracellular sodium may be another important regulator of Ca2+ entry pathways. 

Previous studies suggest that extracellular Na+ may inhibit the channels by competing 

with Ca2+ within the permeation pathway [191, 267]. In addition, Ma and his colleagues 

have reported that extracellular Na+ inhibited the P2XR-mediated Ca2+ influx by 

binding to the extracellular site on the P2Xcilia receptor in rabbit airway ciliated cells 

[268]. Using different substituting cations (NMDG+, Tris+ and Cs+) we have abolished 

the Na+-dependent inhibition of alkaline pHo-induced Ca2+ influx. Our data underline 

the specific role of Na+ in these processes. Therefore, we suggest that increasing pHo 

with a parallel decrease of extracellular Na+ concentration effectively enhance Ca2+ 
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entry. We might speculate that changes in surface potential caused by the binding of H+ 

to negative charges on the cell surface are sensed by gating mechanism of Ca2+ 

permeable channels [163, 165]. If these channels are non-selective cation channels, 

inhibitory effects of extracellular Na+ could also be explained.  

The sustained nature of Ca2+ signal induced by external alkalinization may not simply 

effectuate CaCC channel opening, but may also establish a favorable electrical gradient 

for Cl- efflux. This might be achieved by the stimulation of Ca2+-dependent K+ channels 

as well as the inhibition of ENaC channels, both leading to the hyperpolarization of cell 

membrane potential [269]. However, sustained increases in intracellular Ca2+ levels 

might be harmful because of possible induction of apoptosis. Therefore, therapeutic 

approaches must be carried out in a controlled manner. We demonstrated that the effects 

of alkaline pHo on Cl- secretion are reversible upon resetting the pH to basal value (7.4).  

Additionally, cell viability assayed by YO-PRO-1 uptake did not change significantly, 

suggesting that the examined conditions can be well tolerated and does not induce 

significant apoptosis within the investigated period. 

As it was shown, the amplitude of the alkaline pHo-induced Ca2+ signal was 

approximately the half of that induced by zinc in sodium-free environment. 

Nevertheless, this alkaline pHo-induced moderate elevation in bulk cytosolic [Ca2+] 

appeared to be sufficient to induce CaCC-mediated Cl- efflux. We speculate that under 

whole-cell conditions, CaCCs may sense and react to local Ca2+ changes in the 

subplasmalemmal space rather than changes in the bulk cytosol, as it was previously 

suggested (see introduction) [100]. On the other hand, since CaCC activity is directly 

proportional to intracellular Ca2+, higher Ca2+ levels should lead to greater increase in 

CaCC activity. Surprisingly we found that although Zn2+ enhanced significantly larger 

Ca2+ entry at alkaline pHo, the evoked CaCC currents were small and transient 

compared to those observed in the absence Zn2+. Therefore, the effect of Zn2+ on CaCC 

currents was in marked contrast with the effect of zinc on intracellular calcium levels. 

Based on these data, we hypothesized a direct interaction between zinc and the channel 

protein. Indeed, we could demonstrate that zinc inhibits CaCC-mediated currents in CF 

airway epithelial cells evoked by the inclusion of 1µM free calcium in the intracellular 

solution at low micromolar concentration. This finding is in agreement with recently 

published data, showing that CaCC activity was significantly blocked by extracellular 
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Zn2+ at low concentrations in Xenopus oocytes [179]. Furthermore, zinc-induced 

inhibition of different Cl- channels has been shown earlier [4, 27, 30, 31]. Thus, we 

assume that several factors such as concentration of Zn2+, composition of external 

solutions and the type of anion channels might determine the net effect of Zn2+ on Cl- 

conductance. Nonetheless, based on our results we speculate that the inclusion of Zn2+ 

might be unnecessary in a sufficiently alkaline saline vehicle.  

5.2. The possible role of zinc in TRPV6-mediated epithelial ion transport       
 
TRPV6 is known to be the most highly calcium-selective member of the vanilloid 

transient receptor channel family. Although many studies have been conducted to 

investigate the role of TRPV6 in fetal and adult Ca2+ homeostasis, there is only scant 

information available about TRPV6 as a potential transporter of other divalent cations. 

However, there are several findings that suggest that mammalian TRPV6 can transport 

other cations such as Zn2+, Cd2+, etc. Firstly, the common ancestor of TRPV5 and 6 in 

fish was found to be permeable to Zn2+ [242, 244]. Secondly, expression of a divalent 

metal channel in rat and pig small intestine that transports Zn2+, Ca2+, Ba2+, and Mn2+ 

was also reported [246]. Thirdly, increased intestinal absorption of Cd2+ and Zn2+, as 

well as increased TRPV6 expression was observed in mice kept on a calcium-deficient 

diet [270, 271]. These data suggest that TRPV6 is permeable not only to Ca2+ but also to 

other divalent cations in the duodenum. 

When we tested the expression of our tagged TRPV6 protein in HEK293 cells, we 

found that TRPV6 protein was expressed at the plasma membrane 48 hours after 

transfection. No endogenous TRPV6 was detected in non-transfected cells. We could 

also confirm that the TRPV6 expressed at the plasma membrane was functional, as 

basal [Ca2+] i and basal Ca2+ entry measured with Fura-2 was significantly higher (70-

fold difference) in transfected cells. The 45Ca uptake experiments also showed that 

transfected cells had higher Ca2+ permeability but the Ca2+ entry was only twice that of 

non-transfected cells. This shows that TRPV6 was continuously open under our 

experimental conditions. The difference between the Fura-2 measurement and the 45Ca 

uptake assay in terms of TRPV6 activity is probably due to an increase in Ca2+ 

buffering capacity by Fura-2, as previously suggested [272]. Fura-2 is sensitive not just 

to Ca2+ but also to other divalent cations. Importantly, we were able to demonstrate that 
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indeed Ba2+ and Sr2+ are transported by TRPV6, as previously reported [273]. We also 

tested whether elements of periodic group IIB (Zn2+, Cd2+, and Hg2+) could be 

conducted by TRPV6. Zinc is an important trace element and is involved in a variety of 

physiological and biochemical functions. In contrast to zinc, cadmium and mercury are 

highly toxic to the human body. Since TRPV6 resides in the duodenal and placental 

epithelia, it could play an important role in zinc homeostasis and/or cadmium, mercury 

toxicity. 

Our results with Fura-2 showed that both Zn2+ and Cd2+ but not Hg2+ were transported 

by TRPV6 overexpressed in HEK293 cells. These data suggest that hTRPV6 is 

permeable for Zn2+ and Cd2+ in a mammalian expression system. Using the calcium-

insensitive dye, NewPort Green DFC, we aimed to test how extracellular [Ca2+] affects 

Zn2+ influx through TRPV6. We observed that Zn2+ influx can be significantly 

diminished by equimolar extracellular [Ca2+]. These experiments also confirmed that 

hTRPV6 channels are indeed permeable for Zn2+. Additionally, we could not 

demonstrate TRPV6-dependent Zn2+ transport at low micromolar concentration. The 

negative results with Zn2+ could be explained with the observation that equimolar Ca2+ 

significantly diminished Zn2+ influx via TRPV6 and that distilled water contains Ca2+ in 

the micromolar range.  

Ragozzino et al. reported that Zn2+ permeated nicotinic acetylcholine receptors, while 

blocking Na+ influx through the channels [39]. In fact, our data show that Zn2+ evoked 

significantly smaller currents and fluorescence signal compared to Ca2+ or Cd2+, 

suggesting that, while Zn2+ permeates, it can also interact with TRPV6 and inhibit the 

channel. The transient nature of the inward Zn2+ current further supports the idea that 

Zn2+ ions interact with TRPV6 channels, blocking the permeation pathway.  

TRP channels represent a major pathway for cation movement in non-excitable cells. 

Members of this ion channel family respond to various stimuli encoded within the 

external environment, such as temperature, osmotic conditions, pH and divalent cation 

concentration [274]. Regulation by external pH and divalent cations was clearly 

demonstrated on TRPM6 and TRPM7 channels, which are also known to be permeable 

for Zn2+ [275]. The TRPV5 channels, that are closely related to TRPV6 protein, exhibit 

significant sensitivity to both external and internal pH [276]. Nevertheless, it is 

unknown yet whether TRPV5 channels might be regulated by external divalent cations 
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as well. Recently it has been demonstrated that the activity of TRPM1 and TRPM2 

channels is modulated by external Zn2+ [15, 16]. Furthermore, Zn2+ might also regulate 

Ca2+ uptake into cells through other entry mechanisms, such as nicotinic acetylcholine 

receptor channels, voltage-gated channels, or ATP-gated P2X purinergic receptor 

channels [39, 195, 277]. In our study, both inward Ca2+ current and 45Ca uptake were 

inhibited by Zn2+ at high micromolar or millimolar concentration. Interestingly, Zn2+ at 

low micromolar concentration increased TRPV6-mediated Ca45 uptake and inward Ca2+ 

currents. These results suggest that the TRPV6 structure might contain two distinct Zn2+ 

binding sites: one activatory, high affinity and one inhibitory, low affinity. Similar 

phenomenon has been observed in another member of the TRP superfamily, the 

transient receptor potential ankyrin type 1 (TRPA1) channel [278]. Thus, we suggest 

that Zn2+ might play a pivotal role in regulation and fine tuning of TRPV6 channel-

mediated transepithelial Ca2+ transport in various organs, such as the intestine and 

placenta. 

These findings could be especially important for intestinal physiology. Our results 

suggest that hTRPV6 represents a novel mechanism through which Zn2+ or other dietary 

trace metals can be taken up into the enterocytes, particularly under low dietary Ca2+ 

conditions. Furthermore, under calcium-restricted conditions, the increased expression 

of duodenal TRPV6 could enhance susceptibility to heavy metal poisoning. In mice 

kept on a calcium-deficient diet, Cd2+ accumulation in the liver and intestinal expression 

of TRPV6 were significantly increased compared to animals on a normal diet [270, 

271]. Moreover, Cd2+ inhibited vitamin-D3-sensitive Ca2+ uptake in rat intestine when 

animals were kept on a low but not on a normal Ca2+ diet [279]. Dietary Ca2+ also 

affects intestinal absorption of heavy metals in humans. An example of chronic Cd2+ 

poisoning was the case of Itai-itai disease that affected a particularly sensitive 

population in the Toyama district in Japan that lived on calcium-deficient diet and 

consumed poisoned rice [280]. 
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6. Conclusions 
 
 
Our results indicate an important role for extracellular zinc in epithelial transport 

processes. Firstly, Zn2+ exhibits a dual effect on Ca2+-dependent Cl- channels in CF 

airway epithelial cells. It enhances Ca2+ entry at alkaline pHo that could activate CaCCs. 

On the other hand, Zn2+ directly inhibits CaCCs resulting in reduced and transient Cl- 

conductance. Furthermore we provide evidence that extracellular alkalinization per se 

could elicit Ca2+ entry and evoke Ca2+-activated Cl- conductance without the additional 

application of any other agonists such as ATP or Zn2+. Although this effect of alkaline 

pHo is strongly dependent on external Na+ concentration, our results suggest that an 

optimally composed saline aerosol might have significant therapeutic effects in cystic 

fibrosis. Secondly, we demonstrate that Zn2+ regulates the function of human TRPV6, a 

channel essential for the absorption of Ca2+ from the intestines. Zn2+ at high 

(millimolar) concentrations inhibits, while at low (micromolar) concentrations enhances 

Ca2+ transport through hTRPV6 channels. These findings suggest that dietary Zn2+ 

intake might play an important role in hTRPV6 channel-mediated transepithelial Ca2+ 

transport. Furthermore, the hTRPV6 channels are also permeable for Zn2+ in the 

absence of Ca2+, representing a novel pathway for Zn2+ absorption under calcium-

restricted conditions. 
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7. Summary 
 
Zinc is an important trace element that plays a fundamental role in a variety of 

physiological and biochemical processes. Bidirectional transport of electrolytes and 

water is one of the main functions of epithelial tissues in the gastrointestinal tract and in 

the airways. The main purpose of the present thesis was to elucidate the effect of 

extracellular Zn2+ on important epithelial transport processes, such as Cl- secretion in 

cystic fibrosis (CF) airway epithelial cells and divalent metal cation transport by the 

intestinal Ca2+ transporter channel human TRPV6, respectively. Firstly, we investigated 

the role of Zn2+ in different extracellular ionic milieu on the activity of Ca2+-dependent 

Cl- channels in CF airway epithelial cells. Then, we tested the effect of extracellular 

Zn2+ on hTRPV6-mediated Ca2+ transport in transiently expressing HEK293 cells. Our 

results indicate that: (1) Zn2+ exerts a dual effect on Ca2+-dependent chloride channels 

(CaCCs) in CF airway epithelial cells. Zn2+ indirectly enhanced, however directly 

blocked the activity of CaCCs. Nonetheless, extracellular alkalinization per se could 

elicit Ca2+ entry and evoke Ca2+-activated Cl- conductance without the application of 

Zn2+. These findings suggest that a sufficiently alkaline, Zn2+-free saline aerosol might 

be also beneficial for CF patients; (2) Zn2+ modulates hTRPV6 function in a dose-

dependent manner. High concentrations of zinc inhibit, whereas low concentrations 

enhance Ca2+ transport via hTRPV6 channels. These findings suggest that dietary Zn2+ 

intake might play an important role in hTRPV6 channel-mediated transepithelial Ca2+ 

transport in the intestines. Furthermore, the hTRPV6 channels are also permeable for 

Zn2+ in the absence of Ca2+, representing a novel pathway for Zn2+ absorption under 

calcium-restricted conditions.  
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8. Összefoglalás 
 
A cink fontos biológiai nyomelem, mely számos élettani és biokémiai folyamatban tölt 

be központi szerepet. Az intesztinális, valamint légúti hámszövet alapvető funkciói közé 

tartozik az elektrolitok szekréciója, illetve abszorpciója. A jelen disszertáció célja az 

volt, hogy feltárja az extracelluláris Zn2+ hatását néhány fontosabb epitéliális 

transzportfolyamatra, így a cisztás fibrózisos (CF) légúti hámsejtek Cl- szekréciójára, 

illetve a humán TRPV6, egy intesztinális Ca2+ csatorna divalens fémion transzportjára. 

Első kísérleteinkben különböző extracelluláris ionkörnyezetben vizsgáltuk a Zn2+ 

hatását Ca2+-függő Cl- csatornák aktivitására CF légúti hámsejtekben. További 

kísérleteinkben az extracelluláris Zn2+ hatását tanulmányoztuk a hTRPV6 csatornán 

keresztül történő Ca2+ transzportra, a csatornafehérjét tranziensen expresszáló HEK293 

sejtekben. Eredményeink azt mutatják, hogy (1) a Zn2+ kettős hatást fejt ki a Ca2+-függő 

Cl- csatornák aktivitására CF légúti hámsejtekben. A cink alkalmazása közvetve 

fokozza, míg közvetlenül gátolja a Cl- csatornák aktivitását. Ugyanakkor az 

extracelluláris alkalinizáció önmagában, Zn2+ adása nélkül is Ca2+ beáramlást idéz elő, 

mely elégséges Ca2+-függő Cl- csatornák aktiválásához. Jelen megfigyeléseink alapján 

feltételezhető, hogy egy megfelelően alkalikus, Zn2+-mentes oldat inhalációja is 

kedvező hatást fejthet ki cisztás fibrózisos betegek légúti panaszaira. (2) A Zn2+ 

dózisfüggő módon modulálja a hTRPV6 csatornák funkcióját. Magas koncentrációjú 

cink gátolja, míg az alacsony koncentrációk fokozzák a hTRPV6 csatornákon keresztüli 

Ca2+ transzportot. Jelen eredmények arra utalnak, hogy az étrend Zn2+ tartalma 

jelentősen befolyásolhatja a vékonybélben zajló, hTRPV6 csatorna által közvetített Ca2+ 

felszívódást. Megfigyeltük továbbá, hogy Ca2+ hiányában a hTRPV6 csatornák Zn2+ 

számára is átjárhatóvá válnak, így feltételezhetően részt vesznek a Zn2+ felszívódásában 

kalcium-szegény étrend esetén.  
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