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Abstract
Background: The pH of the airway surface liquid (ASL)
plays a pivotal role in maintaining the proper function
of the respiratory epithelium. In patients with cystic
fibrosis (CF) acidic ASL has been observed. Thus,
alkalinization of ASL itself might be beneficial in CF.
The aim of this study was to investigate the role of
extracellular pH (pHo) on the alternative Ca2+-activated
Cl- channels (CaCCs) in CF airway epithelial cells.
Methods: The [Ca2+]i and viability of CF airway
epithelial cells (IB3-1) were assessed using Fluo-3/
AM and YO-PRO-1 fluorescent dyes, respectively.
Ion currents were detected in whole-cell configuration
using the patch clamp technique. Results:
Extracellular alkalinization (pHo 8.2) stimulated Ca2+

entry and inward currents in low Na+ containing
medium. The inward currents were blocked by
the removal of extracellular Ca2+, chelating cytosolic
Ca2+, as well as by the application of niflumic acid
and DIDS. While Zn2+ promoted sustained Ca2+ entry
in pHo-dependent manner, it inhibited the anion
conductance. The low external Na+ concentrations
and alkaline pHo were well tolerated by the cells.

Conclusions: Stimulation of CaCCs could be achieved
by alkalinization of the extracellular environment in
CF airway epithelial cells. Zn2+ directly blocked,
however indirectly enhanced the activity of Cl-
conductance.

Introduction

Mucociliary clearance (MCC) is the primary line of
defense against bacterial infections in the airways. Its
function is strongly dependent on the volume, ionic
composition and pH of airway surface liquid (ASL). The
normal ASL homeostasis is predominantly determined by
the CFTR protein, a cAMP-regulated Cl- channel that
allows for the secretion of Cl- and/or HCO3

- into the
luminal side of the epithelium. Apart from its secretory
function, the activated CFTR also inhibits the amiloride-
sensitive epithelial Na+ channel (ENaC), reducing the
reabsorption of Na+ [1]. The basic defect in cystic fibrosis
(CF) is the lack of functional CFTR proteins in the apical
membrane of secretory epithelia. Therefore, cystic fibrosis
airways exhibit Cl-/HCO3

- hyposecretion and Na+

hyperabsorption which lead to the depletion of ASL volume
resulting in reduced MCC and chronic infections of the
airways [2].
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The calcium-activated chloride channel (CaCC) 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
[3]. Interestingly, the CF mouse lung appears to exhibit
normal ASL homeostasis, mucus clearance, and as a
consequence, no disease. A reasonable explanation for
this lack of pathology is that murine airways utilize CaCCs
rather than CFTR as the principal pathway for Cl-

secretion [3, 4]. In human airways, CaCCs play only a
minor role in basal ASL homeostasis rather function as
an acute regulator of Cl- secretion and ASL height,
integrating varying extracellular stimuli [3, 5]. Although
CaCC expression appears to be up-regulated in CF, it is
not able to compensate for the ion transport defects
resulting from the lack of CFTR due to its relatively low
basal activity [6].

Recently, two novel types of proteins could be
associated with Ca2+-dependent Cl- channel function: the
bestrophin family and TMEM16A (anoctamin1, ANO1).
The identification of TMEM16A now provides an
opportunity to better understand the fine tuning of ASL
production and also, offers a primary target for the therapy
of CF lung disease [7, 8].

Activation of CaCCs requires cytosolic Ca2+

concentrations ([Ca2+]i) in the range of 0.2 - 5 µM and
involves either direct Ca2+-binding or indirect Ca2+-
dependent phosphorylation of the channel protein,
depending on the cell type in which it is expressed [9].
Current strategies to open CaCCs in airway epithelial
cells are based on Ca2+ mobilization from intracellular
stores and/or Ca2+ entry from extracellular space. One
of the most common approaches is the stimulation of a
Ca2+-dependent Cl- conductance via a P2Y2 receptor-
mediated increase of [Ca2+]i [10].

Our group has previously shown that stimulation of
airway epithelial cells with zinc (in the presence or absence
of ATP) leads to a sustained increase in both [Ca2+]i and
Cl- secretion [11, 12]. These Zn2+-induced responses were
strongly dependent on extracellular pH (pHo) and Na+

concentration. Zn2+ is an important biological trace
element and is a crucial structural or functional component
of hundreds of important proteins such as different
metalloenzymes and “zinc-finger” containing proteins.
However, the therapeutic application of Zn2+ raises
several issues, because overexposure to Zn2+ can be
harmful and leads to various side effects [13-17].

In this paper we provide evidences that elevation in
pHo per se is an effective activator of CaCCs in CF
airway epithelial cells, without the additional application

of any previously investigated agonists such as ATP or
Zn2+.

Materials and Methods

Cell culture
IB3-1 is a CF human bronchial epithelial cell line carrying

two different mutations of the CFTR gene (ΔF508/W1282X).
Cells were grown in plastic tissue culture flasks in DMEM/F12
(1:1) medium supplemented with 5% FBS, 100 U/ml penicillin
and 100 µg/ml streptomycin at 37oC in a humidified cell culture
incubator supplied with 5% CO2. Cells were subcultivated when
confluency reached 90-95%.

Live cell calcium imaging
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/AM (4 µM) in standard extracellular solution for 60 minutes
at room temperature. 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 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.

Electrophysiology
Voltage-clamp recordings were carried out in the standard

whole-cell configuration using an Axopatch 200B amplifier (Axon
Instruments) [18]. 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
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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). All reported currents were normalized
by cell capacitance and expressed as current density (pA/pF).
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 5kHz using a Digidata 1200 interface board. Membrane
potentials were corrected for liquid junction potential if greater
than 2 mV values were detected. 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. 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. All

Alkalinization-induced Cl- Secretion in CF Cells

Fig. 1. Representative traces showing the effects of different
pHo on [Ca2+]i in IB3-1 cells. Panel 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.
Panel B: The effect of varying pHo in the presence of CaCl2 (3
mM) and following the withdrawal of Na+. Panel 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). Panel 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.

A

B

C

D

experiments were performed at room temperature.

YO-PRO-1 permeability assay
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 before and
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.

Cell Physiol Biochem 2011;27:401-410
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Fig. 2. Alkaline pHo-induced whole cell currents in the absence
of extracellular Na+. Panel 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. Panel 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). Panel 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. Panel D: I/V relationships
showing summarized data of steady-state currents at varying
pHo (6.6, 7.4, 7.9, 8.2) in the absence of extracellular Na+. Data
represent means ± S.E. from 6-12 cells. Panel E: 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. Panel
F: 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.

A

B

C

D

E

F

Data presentation
Results were presented as means ± S.E. of N observations.

Statistical significance was determined using paired Student’s
t-test. Differences were considered statistically significant when
p < 0.05.

Materials
NFA, DIDS, ZnCl2 and Triton X-100 (TX-100) were

purchased from Sigma Chemical (St. Louis, MO). Fluo-3/AM
and YO-PRO-1 iodide were purchased from Invitrogen Inc.
(Carlsbad, CA). All other chemicals were purchased from Csertex
Inc. (Budapest, Hungary).

Results

Effects of extracellular pH on intracellular
calcium concentrations in IB3-1 cells
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. 1A). 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.

1B). 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.
1B) Raising pHo to a higher level (from 7.4 to 8.2) elicited

Dankó/Hargitai/Pataki/Hakim/Molnár/ZsemberyCell Physiol Biochem 2011;27:401-410
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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. 1B). 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. 1C). Furthermore, withdrawal of extracellular
Ca2+ during alkalinization abolished the sustained elevation
of [Ca2+]i suggesting that Ca2+ originated from
extracellular sources (Fig. 1D). 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 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. 1B), whereas had no effect at all in the
presence of Na+ (data not shown).

Effects of extracellular pH on whole-cell currents
in the presence of different monovalent cations
Whole-cell configuration was obtained in normal

extracellular solution. 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 7.4, and reversed
near the equilibrium potential of Cl- (Erev.= -3.2 ± 0.7 mV
[N=8] vs. ECl

- = -1.9 mV) (Fig. 2A-C). 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 (7.9) did not elicit significant change in inward currents
(Fig. 2D). 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 2E).
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

Fig. 3. Calcium-activated chloride channels are involved in
alkaline pHo-induced inward currents. Panel A: 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. Panel B: 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). Panel C: 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 ± S.E. from 6-12 cells.

A

B

C

Alkalinization-induced Cl- Secretion in CF Cells Cell Physiol Biochem 2011;27:401-410
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physiological values (Fig. 2F). These data are in
agreement with our Ca2+ imaging data. In contrast,
acidification of pHo (6.6) resulted in a slight decrease in
inward currents (Fig. 2D).

Inward current is due to stimulation of calcium-
activated chloride channels
First, we aimed to demonstrate the presence of

CaCCs in IB3-1 cells. 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. 3A). 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. 3A). 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. 3B). These results indicate

Fig. 4. Effect of zinc on calcium-activated chloride channel
activity in IB3-1 cells. Panel A: 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. Panel B: 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. Panel C: 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 B, *p < 0.05. Panel D: 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.
Panel E: 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.

A

B

C

D

E

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.
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Fig. 5. Effects of alkaline pHo and zinc on the permeability
properties of IB3-1 cells. Panel 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. Panel 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 ± SE of 4-6 experiments.

A

B

(data not shown).

Effects of zinc on calcium-activated chloride
currents
Our research group has already 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 [12]. 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. 4A, 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.

Subsequently, we tested the effects of Zn2+ on CaCC-
mediated Cl- currents. 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.
4B, C). 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. 4D) Additionally, the inward current
evoked by 1 µM free [Ca2+]i was prevented by 5 min
pretreatment with 20 µM Zn2+ (Fig. 4E). Taken together,
these data show that although Zn2+ stimulates Ca2+ entry
in airway epithelial cells it also effectively inhibits CaCCs.

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. 5, neither elevations in pHo
alone, nor in concert with low micromolar (20 µM) Zn2+

caused a considerable increase in membrane permeability
for the large YO-PRO-1 molecule during the 30 min
incubation time, as compared to the prompt effect of the
permeabilizing agent TX-100 (Fig. 5A, B). These data
suggest that exposure to these conditions can be well
tolerated and does not lead to cell death within the
investigated period.

Next, we tested whether NFA was able to inhibit
the alkaline pHo-induced inward current. As shown in
Figure 3C, the inward current was totally blocked
by pretreatment 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

Alkalinization-induced Cl- Secretion in CF Cells Cell Physiol Biochem 2011;27:401-410
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Discussion

The present study has three major findings. First, in
CF airway epithelial cells, alkaline pHo (8.2) elicited Ca2+

entry in Na+-free environment. Second, the alkaline pHo-
induced increase in [Ca2+]i resulted in the activation of
Ca2+-dependent Cl- currents. These currents exhibited
strong dependence on extracellular Ca2+ concentration
and were inhibited by NFA, a known blocker of CaCCs.
Third, Zn2+ inhibited CaCCs while it enhanced Ca2+ entry
at alkaline pHo.

Due to the absence or dysfunction of the cAMP/
PKA-regulated CFTR Cl- channels, the CF airway
epithelium exhibits a reduced capacity to secrete Cl- and
water to the airway surface. Furthermore, an increased
reabsorption of Na+ contributes to dehydration of the thin
fluid layer above the airway epithelial cells resulting in
impaired mucociliary clearance [19, 20]. Therefore,
pharmacotherapeutic interventions aimed to stimulate
alternative CaCCs and/or inhibit ENaCs are under
development. It is noteworthy that the UTP analog
Denufosol 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 [21]. 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. Another
drug, Moli-1901 (duramycin) 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 [22]. In addition, spiperone, a
known anti-psychotic drug applied to the “enhanced
calcium transfer solution” elicited a sustained increase in
[Ca2+]i and stimulated CaCCs in both CF and non-CF
airway epithelial cells [23].

Therapeutic interventions designed to activate
CaCCs via Ca2+ -mobilizing agonists must face (at least)
one serious problem. As it was thoroughly analyzed in
Xenopus oocytes, CaCC-mediated currents display time
and voltage dependent profile [24]. At intermedier
(subsaturating) Ca2+ concentrations the voltage dependent
channel inactivation (fast deactivation at negative
potentials) exceeds the Ca2+-dependent channel activation
thereby resulting in an outwardly rectifying current-voltage
relationship, and hence, 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 with a
consequently linear current-voltage plot [24]. However,
we hypothesize that activation of CaCCs requires a
saturating Ca2+ concentration only in the
subplasmalemmal space. 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 [25]. Furthermore, Cl- currents
show strong correlation with Ca2+ signals if Ca2+ derives
from the extracellular space [25]. On the other hand, Ca2+

signals provided by the Ca2+ release 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. We have previously shown that in CF mouse nasal
epithelial cells Ca2+ entry could be switched on/off by
modifying external ionic environment [12]. In an alkaline,
low Na+-containing medium, ATP and Zn2+ induced
sustained elevation of Cl- secretion, an effect that was
abolished by reducing pHo or replacing external Na+.
However, under these conditions there were too many
varying factors. As a result, we attempted to determine
the role of different modifications of the extracellular
environment separately.

Extracellular pH is a well-known modulator of
plasma membrane Ca2+ channels and consequently the
intracellular Ca2+ homeostasis [26]. 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 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 [27]. These data are in strong
correlation with the early observation that transepithelial
Ca2+ transport is inhibited in conditions associated with
overproduction of acids [28]. 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
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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 [29]. Furthermore, we
have previously demonstrated that IB3-1 cells did not
possess NCX [12]. We also asked whether increasing
the extracellular pH with parallel removal of sodium could
induce a significant change in 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 unit. 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 [30].

Extracellular sodium may be another important
regulator of Ca2+ entry pathway. Previous studies suggest
that extracellular Na+ may inhibit the channels by
competing with Ca2+ within the permeation pathway [11,
31]. 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 [32]. 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. Thus, we suggest that
increasing pHo with a parallel decrease of extracellular
Na+ concentration effectively enhance Ca2+ 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 [30, 33]. If these channels are non-
selective cation channels, inhibitory effects of extracellular
Na+ could also be explained. Nonetheless, investigation
of the exact mechanisms of Ca2+ influx is beyond the
scope of this study and further experiments are needed
to address this question.

In our previous work we found that application of
zinc either alone or with ATP caused a sustained increase
in [Ca2+]i that was able to induce Cl- secretion in both

in vitro and in vivo studies [12]. Extracellular Zn2+ is
known to alter cytosolic Ca2+ levels by both triggering
Ca2+ release from internal stores and interacting with
receptor channels such as NMDA, GABA and/or P2X
[34-36]. Furthermore, Zn2+ inhibits SOCs which represent
an important Ca2+ entry pathway in non-excitable cells
[37]. Our research group has recently demonstrated that
extracellular ionic strength determines whether
extracellular Zn2+ increases or decreases cytosolic Ca2+

levels [38]. In addition, data are contradictory regarding
the effects of Zn2+ on epithelial chloride channels. Ca2+-
activated Cl- channels are stimulated, but voltage-gated
Cl- channels (ClC-2) are inhibited by Zn2+ [39, 40]. All
these previous observations prompted us to investigate
the effects of Zn2+ on CaCCs. To our surprise we have
found that zinc promoted Ca2+ entry while it inhibited
CaCCs at alkaline pHo. We hypothesize a direct
interaction between zinc and the channel protein, since
there is little evidence about the regulation of CaCCs by
pH [9]. 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.

In conclusion, we report here that in CF airway
epithelial cells, extracellular alkalinization per se could elicit
Ca2+ entry and evoke Ca2+-activated Cl- conductance.
Our data suggest that these effects are strongly dependent
on external Na+ concentrations, suggesting that
composition of a saline vehicle could significantly alter
the therapeutic effects of an inhaled drug. Furthermore,
we suggest that Zn2+ could have a dual effect on Ca2+-
activated Cl- conductance. We speculate that the inclusion
of Zn2+ might be unnecessary in a sufficiently alkaline
saline vehicle. These data might help to optimize the
composition of aerosols used for treatment of cystic
fibrosis.
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