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A B S T R A C T

The airway epithelium routinely undergoes damage that requires repair to restore epithelial barrier

integrity. Cell migration followed by proliferation are necessary steps to achieve epithelial repair.

Calcium-sensing receptor (CaSR) is implicated in cell migration and proliferation processes. Thus we

hypothesized that CaSR mediates lung epithelial wound repair. We detected CaSR expression in human

lung and in well-differentiated human bronchial epithelial cells (HBEC). To test the CaSR functionality,

HBEC loaded with fura-2 were stimulated with extracellular Ca2+ ([Ca2+]out) which resulted in a

concentration-dependent intracellular Ca2+ ([Ca2+]i) increase (potency � 5.6 mM [Ca2+]out). Further-

more, increasing [Ca2+]out induced phosphorylation of the extracellular signal-regulated kinase (ERK1/2)

which was blocked by siRNA-CaSR and the specific inhibitor of CaSR, NPS2390.

Epithelial repair after mechanical injury of differentiated HBEC was a process dependent of [Ca2+]out

since it accelerated wound repair and HBEC proliferation being highest at 5 mM [Ca2+]out. Furthermore,

U73122 (an inhibitor of phospholipase C (PLC)) and PD 98059 (an inhibitor of ERK1/2) as well as siRNA-

CaSR and NPS2390 partially inhibited wound repair and HBEC proliferation. On the other hand,

mechanical injury produced an [Ca2+]i wave propagation that was partially inhibited by siRNA-CaSR,

NPS2390 and the extracellular Ca2+ chelator EGTA, which suggest a link of CaSR between cell–cell

communication and wound repair in differentiated HBEC. Our data, for the first time, shows that CaSR

plays an important role in airway epithelial repair, which may help to develop novel regenerative

therapeutics allowing the rapid repair of lung damaged epithelium.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

The airway epithelium acts as a protective barrier preventing
the exposure of the underlying tissue to noxious particles. The
epithelium is routinely challenged by allergens and inhaled air
pollutants, resulting in a damage that requires repair to restore
barrier integrity. Damage is also commonly seen in diseases such
as asthma or chronic obstructive pulmonary disease (COPD)
among others [1,2]. Furthermore, the epithelium is not only a
passive barrier, but also a source of inflammatory cytokines [2].

The mechanisms and regulators of epithelial repair are poorly
understood. In this process a common sequence of injury and
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wound repair have been described in vivo [2]. The first step
in epithelial repair is the migration of the basal cells neighboring
the wound, followed by proliferation and active mitosis
and squamous metaplasia. Finally, progressive redifferentiation
with the emergence of preciliated cells (mixed phenotype of
ciliated cells with mucous secretory granules) followed by
ciliogenesis and complete regeneration of a pseudostratified
mucociliary epithelium complete epithelial repair [3]. Numer-
ous cellular and molecular factors are involved in the repair and
regeneration of the airway epithelium. These factors are
modulated by the matrix metalloproteinases (MMPs), cytokines,
and growth factors released by the epithelial and mesenchymal
cells [2].

In the initial damage subsequent to an inflammatory context,
epithelial cells may communicate with each other through the fast
propagation of intracellular Ca2+ waves helping neighbouring cells
to induce migration and proliferation in order to wounding repair
[4,5]. Among the factors and mechanisms that produce Ca2+ waves
after airway epithelial injury, extracellular Ca2+ ([Ca2+]out), and
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intracellular Ca2+ ([Ca2+]i) play a key role in these orchestrating
communications [4–6].

It is well established in several cell types that the majority of Ca2+

released during intracellular signalling events is exported to the
extracellular space, usually through the activity of the plasma
membrane Ca2+ ATPase [7,8]. As internal Ca2+ stores maintain a total
[Ca2+] of several mM [9], and the ratio of extracellular space volume
to cell volume is very small in a structurally intact tissue, substantial
fluctuations in [Ca2+]out are expected to occur as a consequence.

Cell-surface proteins that can act as sensors of [Ca2+]out, have
been observed in a number of biological systems. In particular,
calcium-sensing receptor (CaSR) has been implicated as an
important factor mediating the propagation of intercellular signals
between cells [10]. CaSR was originally cloned from the
parathyroid gland, but now it is known that it is expressed in a
wide variety of mammalian tissues and cell types although its
function remains to be elucidated [11]. The CaSR is cooperatively
activated by Ca2+ ions over a concentration range of 0.5–10 mM
resulting in a cell-type-specific coupling to intracellular signalling
cascades such as phospholipase C (PLC)/InsP3/Ca2+, adenosine 30,50-
cyclic monophosphate (cAMP) and MAP-kinase pathways [12].
CaSR has been identified in rat lung [13], and recently we have
observed that nickel triggers intracellular Ca2+ mobilization and
inflammatory mediators in human airway epithelial cells through
the activation of CaSR [14], however its physiological role in
human airway epithelium remains unclear.

Since CaSR mediates cell–cell communications through
[Ca2+]out local levels, we hypothesized that the expression of CaSR
on human bronchial epithelial cells (HBEC) may be related with
epithelial repair. We found that the lack of expression or the
inhibition of the CaSR may delay the process of airway epithelial
wound repair in well-differentiated HBEC cultures which may
contribute to the understanding of airway epithelial repair
following lung injury.

2. Materials and methods

Unless otherwise stated, all reagents used were obtained from
Sigma (Chemical Co., Madrid, Spain). U73122, NPS 2390, PD 98059,
BAPTA-acetoxymethyl ester (AM) and Fura-2AM were disolved in
dimethyl sulfoxide (DMSO) at 10 mM stock concentration. Several
dilutions of the stocks were performed with cell culture medium.
The final concentration of DMSO in the culture cell did not exceed
0.1% and had no significant pharmacological activity.

2.1. Cell culture

Human lung tissue was obtained from patients who were
undergoing surgery for lung carcinoma: with local ethic committee
approval; informed consent was obtained. To discard lung tumour
influence on CaSR expression, healthy lung tissue from a patient
who died in a car accident was included previous informed consent
of the family. Primary cultures of HBEC were obtained from human
lung tissue as previously outlined [15]. HBEC monolayers were
grown in basal airway epithelial growth media (BEGM, Clonetics,
UK). To differentiate airway epithelium, HBEC were cultured and
differentiated in transwell inserts (Corning Costar, Buckingham-
shire, UK) under an air–liquid interface (ALI) as previously
described [14]. Briefly, a multilayered bronchial epithelium was
produced by seeding cells (8.25 � 104 cells/insert) onto polyester
inserts. They were submerged in differentiation media (50% DMEM
(Clonetics, UK) in basal airway epithelial growth media (BEGM,
Clonetics, UK) for the first 7 days. Cells were then cultured during
21 additional days with the apical surface exposed to air.
Throughout the culture period, cells were maintained at 37 8C in
a 5% CO2 incubator with media changes every 48 h.
2.2. Intracellular free Ca2+ measurements

[Ca2+]i was measured by epifluorescence microscopy (Nikon
eclipse TE200 inverted microscope, Tokyo, Japan) in cultured HBEC
monolayers or in differentiated HBEC in ALI using the Ca2+ indicator
dye fura-2AM as previously outlined [14,16]. Both, HBEC mono-
layers and differentiated HBEC Ca2+ experiments were done in
Hank’s balanced salt solution (HBSS, Clonetics, UK) without phenol
red. In brief, fluorescence of fura-2AM (5 mM)-loaded cells was
measured by using continuous rapid alternating excitation (340 and
380 nm) and emission (510 nm) in a fluorescence spectrophot-
ometer equipped with a xenon lamp (Nikon XB0 100, Tokyo, Japan)
and a CDD camera CoolSNAPfx (photometrics, Tokyo, Japan)
(20 MHz, 1300� 1030 pixel). The fluorescence ratio was recorded
every 3 s using Lambda 10-2 Sutter Instrument (Nikon Co., Tokyo,
Japan) and fluorescence analysis was performed with the software
Metafluor15.0 (Molecular Devices, USA). A baseline was established
for 15 s. Data are presented as changes in fluorescence ratio F340/F380

intensities compared with baseline values. Intracellular Ca2+ wave
propagation after mechanical injury in differentiated HBEC in ALI
cultures were performed as previously reported with modifications
[17]. In brief, transwell inserts were immersed in HBSS and fixed to
the bottom in a 6-well plate. Wounds were made in differentiated
HBEC by scratching by micromanipulator (Narishige, USA) with a
fresh 18 G needle (tip diameter, 8 mm) which removed cells from
about 100–200 mm. Differentiated HBEC were observed on the
inverted epifluorescence microscopy during the fluorescence
imaging ratio with a nikon CF fluor �40 objective. To be sure that
the wound was always made in the same relative position the needle
was located initially in the upper right field of the fluorescence
image. In these experiments we monitored fluorescence ratio F340/
F380 intensities simultaneously in the full fold of the image (�400
magnification) during 300 s following wound healing. Wave Ca2+

propagation was considered as the duration of time of the maximal
fluorescence intensity observed in the full fold image. Calcium peak
intensity was observed when calcium wave occupied the full fold
image. Calcium wave was correlated with the area under curve of the
fluorescence intensity around the total time (300 s) of the
experiment.

2.3. Wound repair studies

Differentiated HBEC repair studies were carried out in 12-well
transwell inserts in antibiotic free #CnT-23BM differentiated
culture media with supplements CnT-23S (CELLNTEC, Switzerland)
without Ca2+. The different requirements of [Ca2+]out were added in
each concrete experiment. Wound closure assay on differentiated
HBEC showed an in vitro approximation of the real in vivo

conditions as previously outlined [18]. Differentiated HBEC were
pre-treated with pharmacologic modulators for 30 min and
scrape-wounded using a sterile p200 pipette tip by one perpendi-
cular linear scratch, creating a wound of 4 1 mm width across the
diameter of the insert. Transwell inserts were then washed two
times with the same differentiated medium to eliminate floating
and dead cells. After washing, differentiation culture media was
added with or without pharmacologic modulators or with different
[Ca2+]out. To be sure that the wound area measures were done in
the same place during wound closure, a black line was painted to
the bottom of each plate and wound areas were measured in the
intersection of the wound and the black line. Wound closure was
monitored immediately after initial wounding using a 5� phase
contrast objective lens and was digitally captured at regular time
intervals after wounding until repair was complete. Wound areas
were analysed using Image J 1.42q software (available at: http://
rsb.info.nih.gov/ij/, USA); the extent of repair was calculated and
expressed as a percentage of the original wound area.

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/


J. Milara et al. / Biochemical Pharmacology 80 (2010) 236–246238
2.4. Proliferation assay

HBEC cell proliferation was measured by colorimetric immu-
noassay based on BrdU incorporation during DNA synthesis using a
cell proliferation enzyme-linked immunosorbent assay BrdU kit
(Roche, Mannheim, Germany) according to the manufacturer’s
protocol as previously outlined [14]. Semiconfluent cultured HBEC
were grown in 96-well plates at a density of 3 � 103 cells/well and
incubated for 24 h in antibiotic free #CnT-17BM airway epithelial
culture media with supplements CnT-17S (CELLNTEC, Switzerland)
without Ca2+. The different requirements of [Ca2+]out were added in
each concrete experiment. Cells were then exposed to different
[Ca2+]out for 24 h. The different pharmacologic modulators were
added to the cells 1 h before addition of [Ca2+]out. The 490 nm
absorbance was quantified using a microplate spectrophotometer
(Victor 1420 Multilabel Counter, PerkinElmer). Proliferation data
refer to the absorbance values of BrdU-labeled cellular DNA
content per well. Stimulation is expressed as x-fold proliferation
over basal growth of the untreated control (0 mM Ca2+ basal #CnT-
17BM plus CnT-17S) set as unity.

2.5. Western blot

Western blot analysis was used to detect CaSR protein (150–
135 kDa), phospho-ERK 1/2 and total ERK 1/2 (42–44 kDa) proteins
in differentiated HBEC. Cells were scraped from well differentiated
HBEC and lysed on ice with a lysis buffer consisting of a complete
inhibitor cocktail plus 1 mM ethylenediaminetetraacectic acid
(Roche Diagnostics Ltd., West Sussex, UK) with 20 mM Tris base,
0.9% NaCl, 0.1% Triton X-100, 1 mM dithiothreitol, and 1 mg ml�1

pepstatin A. The Bio-Rad assay (Bio-Rad Laboratories Ltd., Herts,
UK) was used (following manufacturer’s instructions) to quantify
the level of protein in each sample to ensure equal protein loading.
Sodium dodecyl sulphate polyacrylamide gel electrophoresis was
used to separate the proteins according to their molecular weight.
Briefly, 20 mg proteins (denatured) along with a molecular weight
protein marker, Bio-Rad Kaleidoscope marker (Bio-Rad Labora-
tories Ltd., Herts, UK), were loaded onto an acrylamide gel
consisting of a 5% acrylamide stacking gel stacked on top of a 10%
acrylamide resolving gel and run through the gel by application of
100 V for 1 h. Proteins were transferred from the gel to a
polyvinylidene difluoride membrane using a wet blotting method.
The membrane was blocked with 5% Marvel in PBS containing 0.1%
Tween20 (PBS-T) and then probed with the following antibodies:
anti-CaSR (1:1000) antibody (mouse polyclonal antibody, cat no.
MA1–934, Affinity Bioreagents, UK), anti-CaSR (1:1000) antibody
(mouse monoclonal antibody, cat no. C0493, Sigma), with anti-p-
ERK 1/2 (1:1000, cat no. 4376S, Cell signalling, USA) and ERK 1/2
(1:1000, cat no. 4695, Cell signalling, USA) or with b-actin (1:1000,
Sigma, Spain) as internal control, followed by a peroxidase
conjugated secondary (1:10,000) antibody. The enhanced chemi-
luminescence method of protein detection using enhanced
chemiluminescence reagents (Amersham GE Healthcare, Buck-
inghamshire, UK) was used to detect labelled proteins.

2.6. Immunohistochemistry and immunofluorescence

Human lung tissue and differentiated HBEC grown in ALI
cultures were fixated (4% paraformaldehyde, 30 min, room
temperature). Paraffin inclusion and sections were performed as
outlined [14]. Briefly, slices were permeabilized (20 mM HEPES, pH
7.6, 300 mM sucrose, 50 mM NaCl, 3 mM MgCl2, 0.5% Triton X-
100), blocked (10% goat serum in PBS), and incubated with the
primary antibody (anti-human CaSR mAb, 1:1000; MA1–934 and
C0493) overnight at 4 8C followed by secondary antibody anti-
mouse rhodamine 1:100 and DAPI (2 mg/ml) to mark nuclei
(Molecular Probes, Leiden, The Netherlands) for immunofluores-
cence, or secondary anti-rabbit antibody (1:100; Vector Labora-
tories, Burlingame, CA) with avidin–biotin complex/horseradish
peroxidase (for 30 min) for immunohistochemistry. Tissue was
counterstained with hematoxylin. Slices were visualized by
epifluorescence microscopy (�200; Nikon eclipse TE200 inverted
microscope, Tokyo, Japan).

In other experiments, HBEC were grown in monolayers or were
differentiated in ALI before fixation (4% paraformaldehyde, 30 min,
at room temperature). HBEC on coverslips (for monolayer cell
cultures) (22 mm #1.5, Dow Corning, Midland, MI) or differen-
tiated HBEC on polyester inserts were treated with the anti-human
CaSR mAb, 1:1000; polyclonal MA1–934 and monoclonal C0493,
and a secondary anti-mouse antibody labelled with FITC or
rhodamine (1:100, Molecular Probes, UK). The specificity of the
immunostaining was confirmed by the substitution of primary
antibody with an irrelevant IgG1 mouse and by omission of the
primary antibody. No positive immunostaining was observed in
IgG1 anti-mouse control in slice tissues and HBEC preparations.

2.7. Transfection of CaSR siRNA

In non-differentiated HBEC, small interfering RNA (siRNA) was
transfected with CaSR-targeted siRNA (Ambion, Austin TX, USA. PN
4392420) or negative control scramble (�) siRNA with no
homology to the human genome (Ambion, Huntingdon, Cam-
bridge, UK) at concentration of 50 nM in serum free medium over a
period of 6 h, the medium was then aspirated and replaced with
serum containing medium for a further period of 42 h before
proliferation experiments. The transfection reagent used in non-
differentiated HBEC monolayer was lipofectamine-2000 (Invitro-
gen, Paisley, UK) at a final concentration of 2 ml/ml.

In differentiated HBEC, siRNA transfection was performed with
commercial siRNA against CaSR (Ambion, Austin TX, USA; PN
4392420) or with 50 nM siRNA control (Ambion, Huntingdon,
Cambridge, UK), through reverse permeabilization technique as
previously outlined [19]. In other experiments, differentiated HBEC
were transfected with Silencer1 CyTM3 labeled Negative Control
#1 siRNA; PN AM4621) to verify the internalization of the siRNA
inside cells. Briefly, differentiated HBEC were exposed to three
successive solutions (4 8C) containing (in mM): (1) 10 EGTA, 120
KCl, 5 ATP, 2 MgCl2, 20 TES (pH 6.8; 20 min); (2) 120 KCl, 5 ATP, 2
MgCl2, 20 TES and 50 nM siRNA (pH 6.8; 3 h); and (3) 120 KCl, 5
ATP, 10 MgCl2, 20 TES and 50 nM siRNA (pH 6.8; 30 min).
Subsequently, ALI epithelial cells were bathed in a fourth solution
containing (in mM) 140 NaCl, 5 KCl, 10 MgCl2, 5 glucose, and 2
MOPS (pH 7.1, 22 8C) in which Ca2+ concentration was gradually
increased from 0.01 to 0.1 to 1.8 mM every 15 min. Then, cells were
cultured in differentiation media. The protein expression for CaSR
was monitored for 48, 72 and 96 h by Western blot to determine
silencing efficiency.

2.8. Statistics

Data are presented as mean � SEM of n experiments. Statistical
analysis of data was carried out by analysis of variance (ANOVA)
followed by Bonferroni test (GraphPad Software Inc., San Diego, CA,
USA). Significance was accepted when P < 0.05.

3. Results

3.1. CaSR is expressed in human lung tissue

CaSR protein expression was detected in the human lung,
mainly in epithelial cells from human bronchus (Fig. 1, panels a–d,
representative of four patients).



Fig. 1. Expression of CaSR in lung tissue. Photomicrographs of representative histological sections from human lung tissue of four different patients, from bronchus (panels a–

d represent four sections of four different patients), pulmonary veins (panel e), parenchyma and alveolar macrophages (panel f) or pulmonary artery with bronchus (panel g).

Slice tissue sections were immunostaining against CaSR with MA1–934 and C0493 antibodies. Representative sections are shown to CaSR MA1–934 antibody. Tissue was

counterstained with hematoxylin (blue colour structures). Black arrows show positive immunoreactivity as brown staining. Human bronchial epithelial cells (HBEC) were

grown in monolayer in 22 mm cover slips (panel h) or in transwell inserts in air liquid interface for 28 days (panels i and j) and immunostained for CaSR MA1–934 and C0493

antibodies following antimouse-FITC secondary antibody. At 28th day of HBEC differentiation CaSR was located abundantly on non-ciliated and ciliated epithelial cells

(panels i and j respectively). Representative sections are shown to CaSR MA1–934 antibody. CaSR was present in basal and columnar cells in cross sections of differentiated

HBEC included in paraffin (panel k). Blue color represents DAPI marked nucleus, and red color represents CaSR immunostaining. IgG1 isotype controls are shown for

immunofluorescence and immunohistochemistry (panels l and m). Scale bar: 10 mm (panel h); 20 mm (panels i–l).
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The CaSR pattern of expression found in healthy lung tissue
(Fig. 1b) corresponded with those patients with lung carcinoma
suggesting that CaSR expression was not exclusively induced by
tumour microenvironment. The ontogeny was similar when any of
the two antibodies defined in Section 2 were employed. For
brevity, only the data using MA1–934 are presented in the text.
Apart from human bronchus, CaSR was detected on smooth muscle
layer from pulmonary veins (Fig. 1, panel e), alveolar macrophages
(Fig. 1, panel f) and pulmonary arteries (Fig. 1, panel g). On the
other hand, CaSR expression became apparent also in non-
differentiated HBEC in culture (Fig. 1, panel h) as well as in
differentiated HBEC in ALI (Fig. 1, panels i–k). Furthermore CaSR
expression was located in almost every cell type in the
pseudostratified epithelium as ciliary epithelial cells and columnar
and basal human epithelial cells (Fig. 1, panels i–k) being
distributed on the plasmatic membrane.

3.2. CaSR agonists evoke an increase in intracellular Ca2+ signalling in

HBEC

In most cell types studied to date [11] activation of the G
protein-coupled CaSR by its agonists causes PLC-evoked [Ca2+]i



Fig. 2. Extracellular Ca2+ induces an intracellular Ca2+ transient in HBEC. (A) Concentration-dependent increase by CaCl2 of the intracellular free Ca2+ concentration ([Ca2+]i) in

HBEC cultured in monolayer in absence of extracellular free Ca2+ medium ([Ca2+]out). Changes in [Ca2+]i were monitored in fura 2-AM loaded cells as described in Section 2,

and results were expressed as increments of the ratio between fura 2 fluorescence intensities at 340 nm and 380 nm (F340/F380) with respect to basal levels of F340/F380 ratio.

(B) CaCl2 (5 mM) triggered a rapid increase of fura 2 F340/F380 ratio followed by decay to baseline in monolayer HBEC in absence of extracellular free Ca2+ medium.

Experiments are the mean � SEM of n = 4 experiments per condition.
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release from internal stores as we showed previously in human
airway epithelial cells stimulated with nickel [14]. To test the
hypothesis that the CaSR is functional on HBEC in response to
[Ca2+]out we stimulated HBEC monolayer with different amounts of
[Ca2+]out. We detected an increase in [Ca2+]i in a range of 1.5–
15 mM of [Ca2+]out with a potency of �5.6 mM (Fig. 2A;
�log EC50 = 2.24 � 0.03; n = 4). The Ca2+-induced increase of
[Ca2+]i consisted of an initially rapid increase of [Ca2+]i to reach a
peak in�15 s followed by a subsequent decline that reached a plateau
baseline after �50 s (Fig. 2B).

3.3. Repair of bronchial epithelium is dependent on [Ca2+]out-induced

migration and CaSR activation

Previous studies have suggested that [Ca2+]out signalling plays an
important role during migration of a variety of cell types [20,21]. We
therefore hypothesized that HBEC wound repair was likely to be a
[Ca2+]out-dependent process. Fig. 3A shows the acceleration of
differentiated HBEC wound repair by increasing [Ca2+]out, being
maximum at 5 mM. This effect was supported by the selective
extracellular [Ca2+] chelation with EGTA 1 mM which results in a
delayed wound repair (Fig. 3B). Furthermore, [Ca2+]i was critical to
wound repair since selective [Ca2+]i chelation with BAPTA-AM
dramatically inhibited differentiated HBEC wound closure (Fig. 3B).
When [Ca2+]out and [Ca2+]i were simultaneously removed with EGTA
and BAPTA-AM wounding repair was completely blocked suggesting
that wounding repair is totally dependent of calcium signalling
(Fig. 3B). To be sure that these effects were mediated by [Ca2+]
suppression and not by cytotoxicity of the chemical reagents,
differentiated HBEC ALI cultures or monolayer cultures were
incubated with 1 mM EGTA, 100 mM BAPTA-AM or their combina-
tions for 48 h. No significant difference in the lactate dehydrogenase
supernatant level (lactate dehydrogenase cytotoxicity assay; Cay-
man, Spain) respect control conditions were observed which discard
cytotoxicity (data not shown).

On the other hand, in presence of 2.5 mM [Ca2+]out, the addition
of U73122 10 mM (an inhibitor of PLC) and PD98059 10 mM (an
inhibitor of ERK1/2) partially suppress wound repair suggesting
the involvement of PLC and ERK1/2 pathways in [Ca2+]out-induced
wound closure of differentiated HBEC.

Since [Ca2+]out may activate [Ca2+]i and PLC/ERK1/2 through the
G protein-coupled receptor CaSR [12], we investigated the role of
the CaSR antagonism in wound repair. NPS2390 has been
employed previously as CaSR antagonist in a range of 1–10 mM
[22–24]. In this work, we observed that NPS2390 concentration-
dependently inhibited wound repair significantly at 1 and 10 mM
(Fig. 3C). To further study the role of CaSR on wound repair we
targeted suppressed CaSR with specific siRNA-CaSR. Thus, differ-
entiated HBEC were reversibly permeabilizated and a fluorescence
CyTM3 labeled non-selective small interfering RNA ((�)siRNA) was
detected verifying the correct internalization of the siRNA inside
cells (Fig. 4A). CaSR protein downregulation was detected in
differentiated HBEC by Western blot following 72 h being highest
at 96 h after siRNA-CaSR transfection (Fig. 4A). In this sense,
scrape-wounded was performed at 96 h after siRNA-CaSR trans-
fection which significantly inhibited wound closure (Fig. 4B).

In the process of airway epithelial damage and repair different
cell types are involved. Thus, basal cells migrate neighbouring
the wound, squamous cells are transient epithelial cells involved in
the regeneration process, while ciliated cells are representative of
the complete regenerated pseudostratified mucociliary epithelium
[2]. We investigated the expression of CaSR after the 24 h post-
wound in differentiated HBEC. In the margins of wound, CaSR was
located mainly around the cellular nucleus (Fig. 4C, panel b)
showing a possible immature CaSR protein derived from the active
proliferation found after 24 h post-wounding [2]. However
epithelial cells located in the recently repaired area showed a
global and plasmatic membrane distribution (Fig. 4C, panel c). On
the other hand, in non-damaged epithelium CaSR was located
abundantly on ciliated cells (Fig. 4C, panel d).

3.4. Wound causes a [Ca2+]i wave in differentiated HBEC which is

partially mediated by CaSR

Recently it has been shown that CaSR mediates cell–cell
communication in response to [Ca2+]out fluctuations between cells
[25]. In this work we targeted suppressed CaSR with specific
siRNA-CaSR during 96 h in differentiated HBEC, and then cells were
loaded with fura-2 and wounded with a 18-gauge needle.
Immediately after the cells were wounded, [Ca2+]i waves were
started as represented by the fluorescence ratio F340/F380 (Fig. 5A).
The [Ca2+]i wave propagation and the intensity of F340/F380 signal
was significantly diminished in differentiated HBEC transfected
with siRNA-CaSR compared to cell transfect with the (�)siRNA
control (Fig. 5A and B; P < 0.05). To further analyze the CaSR role
on [Ca2+]i wave propagation, we used 10 mM NPS2390 in presence
of 1.5 mM [Ca2+]out. NPS2390 addition resulted in a diminished
F340/F380 wave intensity propagation in differentiated HBEC
respect non-treated cells (Fig. 5C; P < 0.05). Since [Ca2+]out is
responsible of the CaSR activation, we abolished [Ca2+]out using
1 mM EGTA which significantly inhibited F340/F380 wave intensity
propagation after wound (Fig. 5D; P < 0.05). Furthermore the
[Ca2+]i chelation by BAPTA-AM fully suppresses [Ca2+]i waves
(Fig. 5D; P < 0.05).



Fig. 3. Wound repair in differentiated HBEC is dependent of extracellular Ca2+. (A)

Differentiated HBEC wound repair is accelerated by growing extracellular Ca2+

concentrations reaching maximal significance at 5 mM. Note that only extracellular

Ca2+ concentrations between 1.5 mM and 5 mM reached significance respect basal

culture medium (0 mM Ca2+). (B) In subsequent experiments the inhibition of

phospholipase C with U71322, or the inhibition of the ERK 1/2 with PD98059 as well

as the extracellular Ca2+ chelation (EGTA in free Ca2+ medium) and intracellular Ca2+

chelation with BAPTA-AM inhibited wound repair. (C) The inhibition of CaSR with

the specific inhibitor NPS 2390 dose-dependently inhibited wound repair.

Experiments are represented as mean � SEM of the percentage of wound

remaining at different times post-wound in a total of n = 4 per condition. *P < 0.05

vs medium with 0 mM of extracellular Ca2+; #P < 0.05 vs medium with 2.5 mM of

extracellular Ca2+; �P < 0.05 vs medium with 2.5 mM of extracellular Ca2+.
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3.5. HBEC proliferation is dependent of [Ca2+]out and CaSR

Ca2+-signalling system regulates many cellular functions as cell
migration and proliferation [9]. Since cell proliferation mediates
one of the steps required to wound repair we explored the effect of
[Ca2+]out and CaSR as well as its downstream pathways on HBEC
proliferation. HBEC proliferation was highest between 1.5 and
2.5 mM of [Ca2+]out culture medium and in a lesser extent at 5 mM
of [Ca2+]out with respect to HBEC exposed to 0 mM of [Ca2+]out

(Fig. 6A; P < 0.05 respect 0 mM of [Ca2+]out). Furthermore,
suppression of [Ca2+]i with BAPTA-AM inhibited HBEC proliferation
below baseline (0 mM of [Ca2+]out) levels (Fig. 6A; P < 0.05 respect
0 mM of [Ca2+]out).

On the other hand, in presence of basal 2.5 mM of [Ca2+]out, the
addition of U73122 10 mM or PD98059 10 mM partially suppresses
HBEC proliferation suggesting the involvement of PLC and ERK1/2
pathways in [Ca2+]out-induced proliferation (Fig. 6B; P < 0.05
respect basal 2.5 mM of [Ca2+]out condition). To test the effect of
CaSR on HBEC proliferation we added NPS2390 to HBEC at different
doses (0.1–10 mM). In presence of 2.5 mM of [Ca2+]out, NPS2390
significantly inhibited cell proliferation at doses of 1 and 10 mM
(Fig. 6C; P < 0.05). In addition, non-differentiated HBEC trans-
fected with siRNA-CaSR suppressed CaSR protein expression
(Fig. 6B) which significantly reduced HBEC proliferation compared
to negative control (�) siRNA (Fig. 6D; P < 0.05).

3.6. [Ca2+]out activates ERK1/2 through CaSR in differentiated HBEC

CaSR-induced signalling involves [Ca2+]i mobilization as well as
the activation of various phospholipases and protein kinases. In
this work we have observed that the activation of CaSR increases
[Ca2+]i in HBEC and that the use of inhibitors of PLC and ERK1/2
inhibits migration and proliferation of HBEC. Thus, in order to
explore whether CaSR activation induces phosphorylation of ERK1/
2, increasing [Ca2+]out were added to differentiated HBEC. After
20 min of [Ca2+]out stimulation phospho-ERK1/2 protein expres-
sion was increased being highest at 5 mM (Fig. 7A). Furthermore,
both CaSR antagonism by NPS2390 as well as CaSR silencing by
siRNA-CaSR effectively suppressed phospho-ERK1/2 protein
expression induced by 5 mM of [Ca2+]out (Fig. 7B) suggesting that
phosphorylation of ERK1/2 by CaSR activation partially mediates
wound repair.

4. Discussion

The present study demonstrates that CaSR is expressed in
human lung tissue and that it partially mediates wound repair
process in well-differentiated HBEC. The evidence of CaSR in
wound repair was assessed by the use of specific inhibitor and
transient siRNA-CaSR. Furthermore, we observed that CaSR
mediates [Ca2+]i waves after epithelial injury through local
[Ca2+]out increases inducing PLC activation, [Ca2+]i elevation as
well as ERK1/2 phosphorylation which in turn activates cell
migration and proliferation mediating wound repair. These
findings identify CaSR as a potential new receptor involved in
protection of the airway epithelial barrier.

CaSR was initially cloned in the parathyroid gland [26] and its
function has been extensively studied in homeostatic Ca2+

detection, where it senses small changes in blood [Ca2+]out and
adjusts the secretion of parathyroid hormone accordingly [11].
However, the role of CaSR in tissues uninvolved in systemic ionic
homeostasis is now subject to an increasing attention. To this
respect, CaSR was found along the entire gastrointestinal tract
[27] in human keratinocytes [28], in nervous system [29] and in
breast and ovarian epithelium among other [30]. More recently,
CaSR has been discovered in the blood vessel wall where it
regulates arterial tone, peripheral vascular resistance and
vascular inflammation and repair [31]. Furthermore, the expres-
sion of CaSR on monocyte–macrophage has been related with its
migration at sites of inflammation where [Ca2+]out are elevated
[32]. In this study we have observed a marked expression of CaSR



Fig. 4. Silence of CaSR in differentiated HBEC delay wound repair. (A) Differentiated HBEC were reversibly permeabilizated as described in Section 2 using a fluorescence

CyTM3 labeled non-selective small interfering RNA (�)siRNA to verify the internalization of the siRNA inside cells (scale bar: 20 mm). siRNA targeted CaSR was introduced by

reverse permeabilization into differentiated HBEC and the expression of CaSR protein was monitored after 72 and 96 h and compared to CaSR expression in differentiated

HBEC transfected with control (�)siRNA. The expression of CaSR was reduced maximally at 92 h post-transfection. Results are representative of n = 3 in a total of three

different siRNA transfections. (B) Differentiated HBEC wound repair is delayed when CaSR protein is downregulated by siRNA targeted CaSR. Representative phase contrast

images of wound closure are showed (50�magnification) after 0, 8 and 48 h post-wound in differentiated HBEC with siRNA-CaSR or its control (�)siRNA. Experiments are

represented as mean � SEM of the percentage of wound remaining at different times post-wound in a total of n = 3 per condition in three different transfections. #P < 0.05 vs

differentiated HBEC silencing with control (�) siRNA in culture medium with 2.5 mM of extracellular Ca2+. (C) One linear wound was created on differentiated HBEC and after 24 h

post-wound was fixed in 4% paraformaldehyde. After permeabilization differentiated HBEC were immunostained with CaSR antibody and its respective secondary antibody-FITC.

Image shows the CaSR distribution across wound in a full field (panel a), in cells located at the wound border where CaSR was located mainly on the nucleus (panel b), in cells located

near the border where CaSR was expressed around the complete cell (panel c), or in cells located far of the wound border where CaSR was ubiquitously expressed and detected

abundantly on ciliated cells (panel d). Images are representatives of four different wounds in air liquid interface cultures of HBEC. Scale bars; 300 mm (panel a); 10 mm (panels b–d).
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on pulmonary veins and arteries corroborating previous findings
in non-pulmonary vascular wall [31]. Alveolar macrophages with
CaSR high expression were also observed which may partially
explain its migration to lung parenchyma. However the role of
CaSR on pulmonary circulation remains to be elucidated.
Recently, the expression of CaSR has been related with the
regulation of mouse lung development [33]. In this work CaSR
was expressed mainly on bronchial epithelial cells and was
apparent until 18 embryonic day, after which the receptor was
absent [33]. In contrast to this report we have found CaSR
expression on adult bronchial epithelial cells from four different
patients. Furthermore, the CaSR protein and mRNA was



Fig. 5. Wounding produced an intracellular free Ca2+ concentration wave that is partially mediated by CaSR. Differentiated HBEC cultured in air-liquid interface were loaded

with fura 2AM as describe above. Wounds were made in differentiated HBEC by scratching with an 18-gauge needle under various conditions. Panel (A) Representative

images of Ca2+ waves on differentiated HBEC following wounding (black arrows) in cells transfected with (�) siRNA control (left) or with siRNA-CaSR (right). Scale bar: 50 mm.

Panel (B) Differentiated HBEC transfected with (�) siRNA control (left) or with siRNA-CaSR in HBSS medium with 1.5 mM of extracellular Ca2+ ([Ca2+]out). Panel (C)

Differentiated HBEC pretreated with or without CaSR antagonist NPS2390 in HBSS medium with 1.5 mM of [Ca2+]out. Panel (D) Differentiated HBEC pretreated with or without

[Ca2+]out chelator EGTA or intracellular Ca2+ ([Ca2+]i) chelator BAPTA-AM. Graphs are traces of the fura 2 fluorescence intensity ratio (F340/F380) vs. time and area under curve

(AUC) of the fura 2 fluorescence ratio ((F340/F380) in 300 s of fluorescence measurement. Data is the mean � SEM of 5 different experiments per condition. *P < 0.05 vs. control.
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expressed in non-differentiated and differentiated HBEC as we
previously observed [14]. Whether there is a different pattern of
CaSR expression between species seems to be a question to study
in future works.
Previous reports have shown that CaSR activation promotes cell
migration in breast cancer cells [20], osteoblasts [34] and
monocytes [35] in response to elevated [Ca2+]out similarly to that
found at sites of injury or infection. In this sense, cells have levels of



Fig. 6. Proliferation of HBEC is dependent of extracellular Ca2+, PLC, ERK1/2 and CaSR. Semiconfluent HBEC were grown in presence or absence of growing extracellular Ca2+

concentrations ([Ca2+]out) or in presence of intracellular Ca2+ chelator BAPTA-AM (panel A), PLC inhibitor U73122, or the ERK1/2 inhibitor PD98059 (panel B), CaSR antagonist

NPS2390 at different doses (panel C). Panel (D) shows the specific siRNA targeted to CaSR that effectively suppressed CaSR protein expression in HBEC monolayer (panel B).

Then HBEC monolayer were transfect with (�) siRNA control or with siRNA-CaSR. HBEC proliferation was evaluated by the BrdU assay for 24 h as described under Section 2.

Values are expressed as x-fold stimulation of BrdU incorporation over basal (x = 1). Data are mean � SEM of 8 determinations and are representative of at least three independent

experiments. *P < 0.05 from 0 mM [Ca2+]out medium; #P < 0.05 from 2.5 mM [Ca2+]out medium.
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total intracellular calcium that are substantially higher than that in
the blood owing to the presence of high concentrations of calcium
within intracellular stores such as endoplasmic reticulum and
secretory vesicles [36]. Therefore, death or injury of cells and
release of cellular calcium in a soluble form could lead to
substantial local increases in [Ca2+]out. Thus we hypothesized that
the high expression of CaSR on bronchial epithelial cells could be
related with epithelial cell migration and repair in response to lung
injury, where [Ca2+]out, which is its natural agonist, are highly
increased. In this sense, we observed that increasing [Ca2+]out

induced [Ca2+]i and migration of differentiated HBEC which was
partially reversed by the inhibition of PLC, ERK1/2 and by the
suppression of [Ca2+]out or [Ca2+]i. Furthermore, simultaneously
suppression of both, [Ca2+]out and [Ca2+]i completely blocked
wound repair suggesting that wounding repair is totally dependent
of calcium signalling. It is well known that the CaSR activation
increases [Ca2+]i through PLC/InsP3 and phosphorylates ERK1/2
[12]. Furthermore both [Ca2+]i and ERK1/2 mediate, almost in part,
cell migration and wound repair [18,37]. We observed that
[Ca2+]out addition induces a dose-dependent ERK1/2 phosphoryla-
tion which was suppressed by the CaSR antagonism and by CaSR
RNA silencing as previously reported in breast cancer cells [20].
These results were translated in wound repair since antagonism of
CaSR and CaSR silencing also delayed wound repair.

In the process of airway epithelial repair and regeneration,
migration of the basal cells neighbouring the wound is considered
the first step of wound repair. However, it has been demonstrated
recently that the early rapid restoration of the bronchiolar
epithelium after bronchial injury is mediated by spreading and
squamous metaplasia of ciliated cells, which maintain the epithelial
barrier during repair [38]. In this work we have observed that CaSR is
expressed among pseudostratified bronchial epithelium. In con-
crete, when immunofluorescence analysis was performed after 24 h
post-wound CaSR was expressed on cells neighbouring the wound.
Furthermore, squamous cells and ciliated cell showed a high CaSR
expression at different distances of the wound which may be related
with the role of CaSR on wound repair studied in this work. But the
mechanism underlying CaSR-induced wound repair can become
even more complicated since CaSR may transactivate epidermal
growth factor receptor (EGFR) and its downstream MAPK cascade
[39] promoting cell migration and proliferation.

Following cell migration, proliferation and active mitosis are
the subsequent steps in the global process of wound repair. At this
respect, we have observed that [Ca2+]out activates HBEC prolifera-
tion by means of CaSR, since its inhibition and specific RNA
silencing partially suppress this effect. Furthermore HBEC pro-
liferation was suppressed by the inhibition of PLC and ERK1/2.
Previously it has been shown that CaSR mediates cell proliferation
in breast cancer cells [40], rat aortic vascular smooth muscle cells
[24], mouse mesangial cells [41] and osteoblasts among other [34]
which is in line with our results.

But one of the most interesting functions of CaSR related with
wound repair seems to be the capacity to mediate the commu-
nication between cells. In this mechanism, cellular damage induces
a [Ca2+]i wave signal that is propagated between cells. This
propagation is partially mediated by gap junctions [42,43] and
mechanisms that involve the release of cellular ATP to the
extracellular space with concomitant stimulation of purinergic
receptors on neighbouring cells [4]. But another system that allows
[Ca2+]i wave propagation implicates CaSR. Here, cell damage
releases [Ca2+]out that specifically activates CaSR on neighbouring
cells which express it. Thus, CaSR activation releases intracellular
stores of Ca2+ through PLC/InP3 which is invariably accompanied
by Ca2+ influx across the plasma membrane to the intercellular
space microenvironment. Ca2+ extrusion may be mediated by the
plasma-membrane Ca2+ ATPase, Na+/Ca2+ exchange, voltage-
operated and store operated Ca2+ channels and through exocytosis
of secretory granules, which again can activate CaSR located on the
adjacent cells as it has been demonstrated previously in HEK-CaSR
cell constructs [10,25]. In this work, we studied the role of CaSR in



Fig. 7. Extracellular Ca2+ activates ERK1/2 through CaSR in differentiated HBEC. Panel (A) Western blot analysis of phosphor-ERK1/2 following different extracellular Ca2+

([Ca2+]out] concentrations stimulations in a period of 20 min in differentiated HBEC. Panel (B) ERK1/2 activation in NPS2390 treated cells or in siRNA-CaSR and control (�)

siRNA transfected HBEC in response to [Ca2+]out. A reduction in the [Ca2+]out-induced increase in ERK1/2 phosphorylation was observed in NPS2390 and and siRNA-CaSR

transfected cells, implicating the CaSR in the effect. The results are representative of at least 3 experiments.
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cell–cell communication after mechanical injury of well-differ-
entiated HBEC. Both, protein silencing and antagonism of CaSR
resulted in a diminished [Ca2+]i wave propagation. Furthermore,
removal of the [Ca2+]out with EGTA also reduced [Ca2+]i wave
propagation by uncoupling [Ca2+]i–[Ca2+]out cycle as previously
was shown in different wounding cellular models [6,17].

Repair of the airway epithelium after injury is critical for the
maintenance of the barrier function and the limitation of airway
hyperreactivity. Improving our understanding of epithelial func-
tion in normal and pathologic conditions, through in vitro models
that mimic human airway epithelial injury repair and regenera-
tion, may help to develop novel regenerative therapeutics allowing
the rapid repair and regeneration of a functional airway epithelium
in lung disorders such as COPD or asthma.

5. Conclusions

The present study provides cellular evidence that CaSR actively
participates in the repair of the bronchus epithelium after acute
injury through rapid cell migration and posterior proliferation of
HBEC. In this process CaSR activation promotes cell–cell commu-
nication through [Ca2+]i wave propagation which may be
translated in a novel type of intercellular communication in the
human airway epithelium.
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