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Abstract

Carbocisteine (CCis), a mucoactive agent, is widely used to improve respiratory diseases. This study demonstrated that CCis
increases ciliary bend angle (CBA) by 30% and ciliary beat frequency (CBF) by 10% in mouse airway ciliary cells. These
increases were induced by an elevation in intracellular pH (pH;; the pH; pathway) and a decrease in the intracellular C1™
concentration ([Cl J;; the CI” pathway) stimulated by CCis. The CI™ pathway, which is independent of CO,/HCOj5 ", increased
CBA by 20%. This pathway activated Cl ™ release via activation of CI” channels, leading to a decrease in [Cl " ];, and was inhibited
by CI" channel blockers (5-nitro-2-(3-phenylpropylamino) benzoic acid and CFTR(inh)-172). Under the CO,/HCO; -free
condition, the CBA increase stimulated by CCis was mimicked by the CI -free NO;  solution. The pH; pathway, which depends
on CO,/HCO; ", increased CBF and CBA by 10%. This pathway activated HCO3 ™ entry via Na*/HCO;™ cotransport (NBC),
leading to a pH; elevation, and was inhibited by 4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid. The effects of CCis were not
affected by a protein kinase A inhibitor (I uM PKI-A) or Ca**-free solution. Thus, CCis decreased [Cl ; via activation of CI~
channels including CFTR, increasing CBA by 20%, and elevated pH; via NBC activation, increasing CBF and CBA by 10%.
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Introduction

Mucociliary clearance is a host-defense mechanism of the
lungs and involves the mucous layer and the beating cilia
lining the airway surface. The surface mucous layer entraps
inhaled small particles, including dust, bacteria, and viruses,
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and is swept towards the oropharynx by the beating cilia [1,
37, 48]. Thus, mucociliary transport is compared to a belt
conveyer system for removing inhaled particles from the air-
way [11], in which the beating cilia are the engine. Therefore,
drugs stimulating ciliary beating are of particular importance
to improve respiratory diseases.

Ciliary beating is activated by many substances, including
cyclic adenosine monophosphate (cCAMP), Ca**, ATP, and B»-
agonists [22-24, 37, 38, 48], and modulated by cellular events,
such as cell shrinkage, [C]]; decrease [38, 45], and changes in
intracellular pH (pH;) [42]. Carbocisteine (CCis), a mucoactive
agent used for the treatment of respiratory diseases, is thought
to activate mucociliary clearance [18, 36] based on the follow-
ing observations. CCis stimulates CI secretion in tracheal ep-
ithelia via anion channels including cystic fibrosis transmem-
brane conductance regulator (CFTR) [12, 30], which also plays
crucial roles in HCO5  secretion [5, 21]. These observations
suggest that CCis may stimulate ciliary beatings mediated via
changes in cell volume and pH; coupled with anion transport,
especially HCO;™ transport, in airway ciliary cells. However,
the effects of CCis on beating cilia in the airways remain un-
certain [18, 33, 36].
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Ciliary beating activities can be assessed by two parame-
ters, ciliary beat frequency (CBF) and ciliary bend angle
(CBA, an index of ciliary bend amplitude) [22—24]. Previous
studies in Chlamydomonas showed that axonemal beating is
driven by two functionally distinct dyneins (molecular mo-
tors), namely, the inner dynein arm (IDA) and the outer dynein
arm (ODA) [6, 7]. Chlamydomonas mutant studies revealed
that IDAs change the waveform, including the amplitude
(CBA), and ODAs change the frequency (CBF) [6].

In this study, we examined the effects of CCis on CBA and
CBEF in isolated airway ciliary cells using a video microscope
equipped with a high-speed camera [22—24]. CCis stimulated
an increase in CBA and CBF, which coincided with a [CI ];
decrease in airway ciliary cells. As a decrease in [Cl ]; has
been shown to modulate some cellular functions [28, 29], this
decrease may be an essential signal to increase the CBA and
CBF of airway cilia during CCis stimulation. The aim of this
study is to confirm this hypothesis.

Materials and methods
Solution and chemicals

The control solution contained the following (in mM): NaCl,
121; KCl, 4.5; NaHCOs5, 25; MgCl,, 1; CaCl,, 1.5; Na-
HEPES, 5; H-HEPES, 5; and glucose, 5. For preparation of
the CO,/HCO5 -free solution, NaHCO; was replaced with
NaCl, and for preparation of the CI -free solution, CI” was re-
placed with NO5 . The CO,/HCO; -containing solutions were
aerated with 95% O, and 5% CO,, and the CO,/HCO; -free
solutions were aerated with 100% O,. The pH values of the
solutions were adjusted to 7.4 by adding IN-HCI or 1N-
HNOs, as appropriate. The experiments were carried out at
37 °C. 5-Nitro-2-(3-phenylpropylamino) benzoic acid (NPPB),
4-[[4-0x0-2-thioxo-3-[3-(trifluoromethyl)phenyl]-5-
thiazolidinylidene]methyl]-benzoic acid (CFTR(inh)-172) and
4.4'-diisothiocyano-2,2'-stilbenedisulfonic acid (DIDS) were
purchased from Sigma (St. Louis, MO, USA); carbocisteine
(CCis, S-(carboxymethyl)-L-cysteine), heparin, elastase, bovine
serum albumin (BSA), and dimethyl sulfoxide (DMSO) were
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). CCis
was dissolved in 0.1 N HCI, and other reagents were dissolved
in DMSQO; these solutions were then stored at —20 °C. All
reagents were prepared to their final concentrations immediately
before the experiments. The DMSO concentration did not ex-
ceed 0.1%, and DMSO at this concentration had no effect on
CBF and CBA [22-24, 38].

Cell preparation

The mice were anesthetized with inhaled isoflurane (3%), fur-
ther anesthetized with an intraperitoneal injection (ip) of
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pentobarbital sodium (40 mg/kg), and heparinized (1000
units/kg) for 15 min. Then, the mice were sacrificed by a high
dose of pentobarbital sodium (100 mg/kg, ip). Cell isolation
procedures have already described in details [22—-24, 38].
Briefly, after the mice were sacrifices, a thoracotomy was
carried out. Then, the lungs were cleared of blood by perfu-
sion via the pulmonary artery, and the lungs, with the trachea
and heart, were removed from the animal en bloc. A nominal-
ly Ca®*-free solution (0.5 ml) was instilled into the lung cavity
via the tracheal cannula and then removed. This procedure
was repeated four times. The fifth instillation was retained in
the lung cavity for 5 min, and the lung cavity was then washed
five times with the control solution via the tracheal cannula.
Finally, the control solution containing elastase (0.2 mg/ml)
and DNase I (0.02 mg/ml) was instilled into the lung cavity,
and the airway epithelium was digested for 40 min at 37 °C.
Following this incubation, the lungs were minced using fine
forceps in control solution containing DNase I (0.02 mg/ml)
and BSA (5%). The minced tissue was filtered through a ny-
lon mesh (a sieve with 300-um openings). The cells were
washed three times with centrifugation (160xg for 5 min)
and then suspended in the control solution. The cell suspen-
sion was stored at 4 °C, and cells were used within 5 h after the
isolation.

CBA and CBF measurements

Cells were placed on a coverslip precoated with Cell-Tak
(Becton Dickinson Labware, Bedford, MA, USA).
Coverslips were set in a micro-perfusion chamber (20 ul)
mounted on an inverted light microscope (Eclipse Ti,
NIKON, Tokyo, Japan) connected to a high-speed camera
(FASTCAM-1024PCI, Photron Ltd., Tokyo, Japan). The
stage of the microscope was heated to 37 °C, as CBF is highly
dependent on temperature [11]. Cells were perfused at 200 pl/
min with the control solution aerated with a gas mixture (95%
0, and 5% CO,) at 37 °C. Ciliary cells, which were distin-
guished from other cells by their beating cilia, accounted for
10-20% of isolated lung cells. For the CBA (angle) and CBF
measurements, video images were recorded for 2 s at 500 fps
[22-24]. Before the start of the experiments, cells were per-
fused with control solution for 5 min. After the experiments,
CBA and CBF were measured using an image analysis pro-
gram (DippMotion 2D, Ditect, Tokyo, Japan). The method to
measure CBA and CBF has been previously described [22].
The CBA and CBF ratios (CBA,/CBA, and CBF,/CBF,),
values of which were normalized to the control values,
were used to make a comparison among the experiments.
The subscript 0 or ¢ indicates the time before or after the
start of experiments, respectively. Each experiment was
carried out using four to ten cover slips with cells obtained
from 2 to 5 animals. In each coverslip, we selected one to
two cells or a cell block and measured their CBAs and
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CBFs. The normalized CBA and CBF (CBA ratio and CBF
ratio) calculated from 4 to 12 cells were plotted, and n
shows the number of cells.

Measurement of the cell volume

For cell volume measurements, the outline of a ciliary cell
was traced on a video image, and the area (A) was mea-
sured. The index of cell volume (V,/Vy=(A/Ag)">) was
calculated [31]. The indices of cell volume measured ev-
ery 1 min during the control perfusion (5 min) were av-
eraged, and the averaged value was used as V,. The sub-
script 0 or ¢ indicates the time before or after the start of
experiments, respectively. Each experiment was carried
out using four to six cover slips obtained from two to
three animals. The V/Vs calculated from four to six cells
were plotted, and » shows the number of cells.

Measurement of pH; and [CI7];

To measure intracellular pH (pH;) of airway ciliary cells, we
used carboxy-SNARF-1 (a pH-sensitive fluorescent dye) [17].
Cells were incubated with 10 uM carboxy SNARF1-AM for
60 min at 37 °C, and the cells were set on the heated stage
(37 °C) of an inverted confocal laser microscope (model
LSM510 META, Carl Zeiss, Jena, Germany). The excitation
wavelength was 515 nm, and the emission wavelengths were
645 and 592 nm. The fluorescence ratio (F645/F592) was
calculated. The calibration line was obtained using calibration
solutions. The calibration solution containing 110 mM KCl,
25 mM KHCOs3, 11 mM glucose, | mM MgCl,, 1 mM CaCl,,
10 mM HEPES, and 10 uM nigericin was aerated with 95%
air and 5% CO,. The pH of the calibration solution was ad-
justed to 6.8, 7.2, 7.4, 7.6, or 7.8 by adding 1 M CsOH at
37 °C. The pH; of ciliary cells was calculated from the cali-
bration line.

Intracellular chloride concentration ([Cl ;) was mea-
sured using MQAE (N-Ethoxycarbonylmethyl-6-
methoxyquinolinium bromide, a chloride fluorescence
dye)-based two photon confocal microscopy [17, 19].
Isolated ciliary cells were incubated with 10 mM MQAE
for 60 min at 37 °C. MQAE was excited at 780 nm using
a two-photon excitation laser system (MaiTai, Spectra-
Physics). The emission was 510 nm. The ratio of fluores-
cence intensity (Fo/F,) was calculated. The subscript 0 or ¢
indicates the time before or after the start of experiments,
respectively.

Antibodies

Mouse monoclonal anti-CFTR, [CF3] ab2784 (clone CF3,
originally developed by Per et al. [35], Abcam, Cambridge,
UK), was used for CFTR staining. The antibody, ab2784,

was used to detect CFTR in human airway adenocarcinoma
cell line Calu 3 [34], human tracheal cell line CFT1-
LCFSN [35], mouse intestine [2], and sperm flagella in
mouse [47, 49] and guinea pig [9]. Rabbit polyclonal
anti-ARL13B (ADP-ribosylation factor-like protein 13B),
17711-1-AP (Proteintech, Rosemont, IL, USA), was used
for cilia staining, because ARL13B, a small GTPase, is
localized in cilia.

Western blot analysis

Western blottings detecting cystic fibrosis transmembrane
conductance regulator (CFTR) were carried out using iso-
lated Iung cells and striated muscles of thigh. The proce-
dures for protein extraction and western blotting have al-
ready been described in the previous reports [23]. The an-
tibodies used were anti-CFTR antibody [CF3] ab2784
(Abcam plc, Cambridge, UK) and goat anti-mouse IgM
mu chain (HRP) ab97230 (secondary antibody, 1:10000).
The protein band was visualized by an enhanced chemilu-
minescence reagent (WSE-712 EzWestLumi plus, ATTO
Corporation, Tokyo, Japan) and captured by a Lumino-
image analyzer (LAS 3000; Fuji Film, Tokyo, Japan).

Immunofluorescence microscopic examination

The immunofluorescence images of isolated ciliary cells
were also observed using a confocal laser microscope
(model LSM 510META, Carl Zeiss, Jena, Germany) [19,
23]. The isolated lung cells were attached on the coverslip
and dried. Then, they were fixed in 4% paraformaldehyde
(Nacalai tesque, Kyoto, Japan) for 30 min and dried. After
the fixation, they were permeabilized by 0.1% Triton X-
100 (Sigma, St. Louis, MO, USA). For the immunofluo-
rescence staining, the samples were incubated with anti-
CFTR antibody [CF3] ab2784 and anti-ARL13B 17711-1-
AP for 12 h at 4 °C. After this incubation, the samples
were incubated with the secondary antibodies for 2 h. The
secondary antibodies used were Alexa Fluor 488, goat
anti-mouse IgM (heavy chain) cross-adsorbed secondary
antibody (1:500; Invitrogen, Carlsbad, CA, USA), and
Alexa Fluor 546, goat anti-rabbit IgG (H + L) highly
cross-adsorbed secondary antibody (1:250; Invitrogen,
Carlsbad, CA, USA). The samples on the coverslip were
enclosed with VECTASHIELD HardSet Mounting
Medium with DAPI (Vector, Burlingame, CA, USA).

Statistical analysis
Data are expressed as the means + standard error (SEM).

Statistical significance between means was assessed by anal-
ysis of variance (ANOVA) or Student’s ¢ test, as appropriate.
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Differences were considered significant at p < 0.05. The sta-
tistical significance is shown in the figures.

Results
Cellular events activated by CCis

CCis stimulated CBA increase, CBF increase, cell shrinkage,
and [CIl ]; decrease in airway ciliary cells (Figs. 1, 2, and 3).
Figure 1 shows one ciliary beating cycle before (Fig. 1a) and
15 min after CCis stimulation (Fig. 1b). Figure 1 (al-a9)
shows consecutive images taken every 14-16 ms. A beating
cilium was marked by a white line. Figure 1 (al—a4) shows the
effective stroke of the beating cilium, and Fig. 1 (a5-a9)
shows the recovery stroke. The white line in Fig. 1 (al) shows
the start of effective stroke, Fig. 1 (a4) shows the end of ef-
fective stroke, and the line showing the start of effective stroke
(Fig. 1 (al)) is superimposed in Fig. 1 (a4). The angle between
two lines in Fig. 1 (a4) shows the CBA [22]. Figure 1 (b1-b3)
also shows the effective stroke of a beating cilium stimulated
by CCis for 15 min, and Fig. 1 (b4-b7) shows the recovery
stroke. The white line in Fig. 1 (b1) shows the start of effective
stroke, Fig. 1 (b3) shows the end of effective stroke, and the
line showing the start of effective stroke (Fig. 1 (bl)) is
superimposed in Fig. 1 (b3). CCis stimulation increased the
CBA from 94° (Fig. 1 (a4)) to 118° (Fig. 1 (b3)) and CBF
from 9 Hz (Fig. 1 (a)) to 11 Hz (Fig. 1 (b)).

CCis stimulation also evoked cell shrinkage in airway cil-
iary cells. The outline of the airway ciliary cell before CCis
stimulation is shown in Fig. 2a and is superimposed in Fig. 2b.
As shown in Fig. 2 b, the ciliary cell 15 min after CCis stim-
ulation was smaller than that just before CCis stimulation.
Thus, CCis evoked cell shrinkage in airway ciliary cells.
We measured [Cl ]; of the airway ciliary cells using
MQAE-based two-photon microscopy [19], because cell
shrinkage under iso-osmotic conditions is known to de-
crease intracellular CI™ concentration ([CI ;) [28, 29, 39].
Figure 2c, d shows changes in the MQAE fluorescence
intensities of an airway ciliary cell just before and 15 min
after CCis stimulation. CCis stimulation increased the in-
tensity of MQAE fluorescence in an airway ciliary cell,
indicating that CCis decreased [Cl ]; as expected.

The enhancement of ciliary beating amplitude during CCis
stimulation was detected by the light intensity change of a
beating cilium reported by the image analysis program [50].
We selected the ciliary cells, beating cilia of which were ob-
served from the apical side (Fig. 3 (a, b)). Figure 3 (al, a2)
shows the start and the end of effective stroke in an airway
ciliary cell just before CCis stimulation. When we set a line
“A-B” on video images of the beating cilium (Fig. 3 (a2)), the
analysis program reported the image of light intensity changes
on the line A-B (Fig. 3 (c)). The reported image shows the
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frequency and amplitude of ciliary beating [50]. Two white
lines “S” and “E” in Fig. 3 (c) show the start and end of
effective stroke, respectively. We measured the distance
(pixels) between the two lines S and E, which is an index of
ciliary beating amplitude (Fig. 3(c)). We expressed this ampli-
tude as “CBA-D”. Figure 3 (bl, b2) shows the start and the
end of effective stroke in the same airway ciliary cell stimu-
lated with CCis for 15 min. To analyze the ciliary beating
15 min after CCis stimulation, we set the line “C-D” on the
same place of the cell. The analysis program reported changes
in the light intensity on the line C-D. The reported image is
shown in Fig. 3 (d). The amplitude of ciliary beating (CBA-D)
15 min after CCis stimulation (Fig. 3 (d)) was 25% larger than
that just before CCis stimulation (Fig. 3 (c¢)). CCis stimulation
also increased the frequency by 1 Hz (Figs. 3 (c, d)). Thus,
Figs. 1 and 3 clearly showed that stimulation with CCis in-
creased the amplitude (CBA and CBA-D) and the frequency
(CBF) in the airway ciliary cells. In this study, we used CBA
(angle) to evaluate the amplitude of airway ciliary beating.

Effects of CCis on CBF and CBA

The experiments were carried out in the presence of CO,/
HCO; . Figure 4a shows a typical case. In an unstimulated
airway ciliary cell, CBA and CBF were 100° and 11.5-12 Hz,
respectively. Stimulation with 100 uM CCis gradually in-
creased and plateaued CBA and CBF within 1015 min, and
CBA and CBF at the plateaus were 130° and 12—-12.5 Hz,
respectively. The concentration effects of CCis on CBA and
CBF are shown in Fig. 4b, in which normalized CBA and
CBF (CBA ratio and CBF ratio) are plotted. The stimulation
with CCis (100 uM) gradually increased CBA and CBF,
which reached plateaus within 15 min. The values of CBA
ratio and CBF ratio 16 min after CCis stimulation were 1.25 +
0.02 (n=6) and 1.07 £0.02 (n = 14), respectively. In the CCis
concentration-response study, CCis increased CBA and CBF
in a concentration-dependent manner and maximally in-
creased them at 100 uM (Fig. 4c). In the present study, the
CCis concentration used for stimulation was 100 pM through-
out the experiments. The experiments were also carried out in
the absence of CO,/HCO;5 (Fig. 4d). The switch to CO,/
HCOj; -free solution immediately increased CBA and CBF.
The values of CBA ratio and CBF ratio 5 min after the switch
were 1.16+0.02 (n=5) and 1.18 £0.03 (n = 8), respectively.
Further CCis stimulation gradually increased CBA but not
CBF. The values of CBA ratio and CBF ratio 16 min after
CCis stimulation were 1.27+0.02 (n=5) and 1.18+0.02
(n=28), respectively. Thus, the CBA increase stimulated by
CCis was independent of CO,/HCO; , while the CBF in-
crease was dependent on CO,/HCOj3; . The CO,/HCO; -free
solution, which elevates pH; [42, 44], increased CBA and
CBF. Sutto et al. [42] showed that a pH; elevation induced
by the CO,/HCO; -free solution increased CBF in tracheal
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Fig. 1 Consecutive video images
of an airway ciliary cell (side
view). a Nine consecutive images
taken every 14-16 ms showing
one ciliary beating cycle before
CCis stimulation. (al—a4) show
the effective stroke, and (a5-a9)
show the recovery stroke. A
beating cilium marked by white
line in (al) shows the start of
effective stroke and that in (a4)
shows the end of effective stroke,
and the line showing the start of
effective stroke (al) is
superimposed in (a4). The angle
between two lines in (a4) shows
the CBA [16]. b Seven
consecutive images taken every
14-16 ms showing one ciliary
beating cycle 15 min after CCis
stimulation. (b1-b3) show the
effective stroke, and (b4-b7)
show the recovery stroke. A
beating cilium marked by white
line in (b1) shows the start of
effective stroke and that in (b3)
shows the end of effective stroke,
and the line showing the start of
effective stroke (bl) is
superimposed in (b3). CCis
stimulation increased the CBA
from 94° (a4) to 118° (b3) and
CBF from 9 Hz (a) to 11 Hz (b)

[ V)

effective stroke

recovery stroke

T

effective stroke

recovery stroke

ciliary cells. This study also demonstrated that an elevation of
pH; induced by the CO,/HCOj3 -free solution increases both
CBA and CBF in the airway ciliary cells.

CCis stimulated cell shrinkage as shown in Fig. 2.
Decreases in cell volume (V/V,, an index of cell volume)
are shown in Fig. 5a. The V/V, decreased and plateaued
VIV, within 15 min from the start of CCis stimulation.
The V/Vy 16 min after stimulation was 0.82+0.02 (n=
5). Since the isosmotic cell shrinkage decreases [Cl [;
[28], the [CI ]; was measured using MQAE-based two-
photon microscopy (Fig. 5b) [19]. CCis stimulation de-
creased the ratio of MQAE fluorescence intensities (Fy/
F) within 10 min. The value of Fy/F 10 min after

Before CCis stimulation

stimulation was 0.78 £0.01 (n=4). The time course of
the decrease in [CIl ]; was similar to that of the V/V, de-
crease (Fig. 5a, b). Changes in pH; were also measured
using carboxy-SNARF-1 during CCis stimulation (Fig.
5¢). CCis stimulation slightly increased pH;, although
the increase in pH; was not significant. The pH;s before
and 20 min after CCis stimulation were 7.49 +0.02 and
7.54 £0.06, respectively (n=3).

The effects of Ca**-free solution or a protein kinase A
(PKA) inhibitor (PKI-A) on CCis-stimulated CBA and
CBF were examined (Fig. 6a). We used a nominally
Ca**-free solution to inhibit Ca®* entry from the extracel-
lular solution because EGTA-containing Ca®*-free
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Fig. 2 Changes in cell volume
and [CI ]; stimulated by CCis
(100 uM). a A video image of an
airway ciliary cell before CCis
stimulation. The outline of a
ciliary cell (white line) was
depicted on a ciliary cell. b A
video image of an airway ciliary
cell 15 min after CCis stimulation.
The white outline of the cell
shows before CCis stimulation (a)
and was superimposed on b. The
outline of airway ciliary cell
stimulated by CCis was smaller
than that before CCis stimulation
(white line). ¢ The MQAE
fluorescence image of an airway
ciliary cell before CCis
stimulation. d The MQAE
fluorescence image of an airway
ciliary cell 15 min after CCis
stimulation. CCis potentiated the
intensity of MQAE fluorescence,
indicating that CCis stimulation
decreased [C1];

Fig. 3 Video images of airway ciliary cells (an apical view). We selected
a visual field in which we could observe an airway ciliary cell from the
vertical direction. a Before CCis stimulation. (al) and (a2) show the start
of and the end of a recovery stroke in a ciliary beating cycle, respectively.
b Fifteen minutes after CCis stimulation. (b1) and (b2) show the start and
the end of a recovery stroke, respectively. When we superimposed a line
on the beating cilia (a line “A-B” on (a2) or “C-D” on (b2)), the analysis
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program reported the changes in light intensity of the line. ¢ Changes in
the light intensity of the line A-B in (a2) before CCis stimulation. d
Changes in the light intensity of the line C-D in (b2) 15 min after CCis
stimulation. Two white lines, “S” and “E” in (c) and (d) show the start and
the end of an effective stroke. The reported image clearly shows that CCis
increases the amplitude (distance between two lines S and E) and the
frequency (marked by arrows, from 12 to 13 Hz) in the airway ciliary cells
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Fig.4 Changes in CBA and CBF a
stimulated by CCis in airway 20

T

ciliary cells. a A typical case. E [ CCis 100 uM

[CcCis 100 pyM

CCis (100 uM) stimulation
increased CBA and CBF, which 18 -]
reached plateaus within 15 min. b
Increases in normalized CBA
(CBA ratio = CBA/CBA,) and
CBF (CBF ratio = CBF /CBF)
during 100 pM CCis stimulation.
Experiments were carried out in ]
the presence of COo/HCO;". 12 H
CCis stimulation increased CBA ]
by 30% and CBF by 10%. ¢ The 103
concentration-response study of

CCis. CBA ratio and CBF ratio 5 0 5
15 min from the start of CCis
stimulation were plotted. CCis at
100 M maximally increased
CBA and CBF in the airway
ciliary cells. Significantly
different (*p < 0.05). d The CCis-
stimulated CBA and CBF
increase in the absence of CO,/
HCO; . The switch to the CO,/
HCOj5  -free solution immediately
increased the CBA ratio (110%)
and the CBF ratio (120%).
Further CCis stimulation
increased the CBA ratio to 130%,
but not the CBF ratio
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solution has been shown to stimulate cAMP accumulation
by inhibiting PDEIA in airway ciliary cells [23, 24]. The
switch to a nominally Ca”*-free solution slightly de-
creased CBF by 5% but not CBA, as shown in the previ-
ous report [24]. The CBF ratio 5 min after the switch was
0.95+£0.01 (n=6), while the CBA ratio 5 min after the
switch was 1.02+0.01 (n=5). Further CCis stimulation
increased CBA and CBF. The CBA ratio and CBF ratio
16 min after CCis stimulation were 1.18 £0.02 (n=5) and
1.01£0.03 (n=06), respectively. Experiments were also
carried out using airway ciliary cells treated with PKI-A
for 30 min. Prior treatment with 1 pM PKI-A did not
affect the increase in CBA or CBF stimulated by CCis
(Fig. 6b). The CBA ratio and CBF ratio 16 min after
CCis stimulation were 1.24+£0.01 (n=5) and 1.05+0.01
(n=5), respectively. Thus, the CCis-induced increase in
CBA and CBF was not mediated by an [Ca®*]; increase
nor a PKA activation.

pH; pathway

CCis increased CBF dependent on CO,/HCO3; as shown in
Fig. 4. In the presence of CO,/HCO; , CCis slightly increased
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pH; (Fig. 5). A previous study demonstrated that a pH; eleva-
tion increases CBF [42]. These observations suggest that CCis
increases CBF via a pH; increase. The effects of DIDS
(200 uM, a blocker of Na”/HCO; ™ cotransport (NBC) and
anion exchange (AE)) on CCis-stimulated CBA and CBF
were examined (Fig. 7a). The addition of DIDS increased
and sustained CBF but not CBA. The CBF ratio 10 min after
DIDS addition was 1.06+0.03 (n=22), while the CBA ratio
was 1.00£0.01 (n=28). Further CCis stimulation increased
CBA but not CBF. The CBF ratio and CBA ratio 10 min after
CCis stimulation were 1.15+0.02 (n=22) and 1.06+0.02
(n = 8), respectively. On the other hand, DIDS is a well known
inhibitor of volume-regulated anion channels and Ca®*-acti-
vated Cl channels [4, 26, 27, 46]. Changes in cell volume
induced by DIDS were measured to examine DIDS-sensitive
CI release from airway ciliary cells. If DIDS inhibited net CI™
release in the airway ciliary cells, DIDS would increase cell
volume. However, the addition of DIDS (200 uM) decreased
VIVy to 0.92+0.02 (n=15) and the further addition of CCis
decreased V/V, to 0.82+0.02 (n =5) (Fig. 7b). This indicates
that DIDS does not inhibit net Cl" efflux, suggesting that the
Ca**-activated CI~ channels are not main pathways for Cl~
release from airway ciliary cells. DIDS stimulated cell
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Fig. 5 Changes in cell volume, [Cl ]; and pH; stimulated by 100 uM
CCis. a CCis-stimulated cell shrinkage. CCis stimulation gradually
decreased cell volume to 80%. The cell volume reached a plateau
10 min from the start of CCis stimulation. b CCis-stimulated [CI J;
decrease. CCis decreased the MQAE fluorescence ratio (Fy/F) to 0.75.
The time course of [Cl ]; decrease was similar to that of cell shrinkage.
Significantly different (*p < 0.05). ¢ CCis-stimulated pH; elevation. CCis
stimulation slightly increased pH;, but not significantly

shrinkage suggests that DIDS inhibits NBC and AE leading to
inhibit NaCl entry, as shown in the following results. CCis still
increased CBA without any CBF increase in the presence of
DIDS, similar to the CO,/HCO; -free solution. Changes in
pH; induced by DIDS were measured. The addition of DIDS
gradually increased and plateaued pH; within 10 min. The
values of pH; just before and 20 min after the DIDS addition
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Fig. 6 The effects of Ca**-free solution and PKI-A (a PKA inhibitor) on
CCis-stimulated CBA and CBF. a Ca**-free solution. The switch to a
nominally Ca®*-free solution decreased CBF to 0.95, but not CBA.
Further CCis stimulation increased CBA by 30% and CBF by 10%. b
PKI-A (1 uM). Cells were treated with PKI-A for 30 min prior to CCis
stimulation. CCis stimulation increased CBA by 30% and CBF by 10%.
Increases in CBA and CBF stimulated by CCis were not affected by the
Ca®*-free solution or PKI-A

were 7.44+0.03 (n=5) and 7.50 £0.03. Further CCis stimu-
lation did not induce any increase in pH;. To confirm NBC
activation by CCis, experiments were carried out using
HCO; -containing Cl -free NO;  solution, in which NBC,
not AE, functions (Fig. 7c). The switch to the HCO; -contain-
ing Cl -free NO3 solution increased and sustained both CBA
and CBF. The CBA ratio and CBF ratio 10 min after the
switch were 1.13+0.01 (n=28) and 1.14+£0.02 (n=34), re-
spectively. Further CCis stimulation increased CBA and CBF.
The CBA ratio and CBF ratio 20 min after CCis stimulation
were 1.17+£0.02 (n=8) and 1.22 £0.02 (n = 34), respectively
(Fig. 7c). Changes in pH; in the HCO; -containing Cl1 -free
NO;  solution were measured (Fig. 7d). The switch to the
HCOj5 -containing Cl -free NO;  solution increased pH;.
The values of pH; just before and 10 min after the switch were
7.52+0.01 (n=4) and 7.63 +0.02, respectively. Further CCis
stimulation increased pH;. The value of pH; 15 min after CCis
stimulation was 7.71+0.02 (Fig. 7d). Thus, in the HCO; -
containing Cl -free NO5; solution, CCis increased pHj,
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Fig. 7 The effects of DIDS and HCO; -containing Cl -free solution
(HCOs5 -containing NO;  solution) on CBA, CBF, and pH; stimulated
by CCis. a DIDS: The addition of DIDS gradually increased CBF, but
not CBA. Further CCis stimulation increased the CBA ratio by 20%, but
not the CBF ratio. b Changes in cell volume (V/V;). The addition of DIDS
(200 uM) decreased V/V,, by 8%, suggesting DIDS inhibit NaCl entry via
NBC and AE, but not net C1™ release. Further CCis stimulation decreased
VIV, suggesting that CCis stimulated Cl release are not inhibited by

indicating that CCis stimulates NBC leading to a pH; increase
(HCOj3 entry). These observations suggest that a small pH;
increase (activation of the pH; pathway) stimulated by CCis
increases CBA and CBF in the control solution, although the
extent of CBA increase may be small.

CI” pathway

In airway ciliary cells, cell shrinkage has been shown to mod-
ulate CBF increase during terbutaline stimulation [38]. The
isosmotic cell shrinkage has been shown to decrease [Cl |;
[28], and moreover, an [Cl ]; decrease has been shown to
modulate some cellular functions [15, 17, 28, 29, 39, 40,
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DIDS. ¢ HCO; -containing NO3 ™ solution, in which NBC functions,
but not AE. This solution also decreases [Cl ]; to an extremely low level
by replacing ClI” with NO; . The switch to HCO; -containing NO5~
solution immediately increased both CBA and CBF, and further CCis
stimulation increased CBA and CBF. d Changes in pH; in the HCO; -
containing NO;~ solution. The switch to HCO5; -containing NO3
solution immediately increased pH;. Further CCis stimulation increased
pH;, suggesting that CCis stimulates NBC to increase HCO3 ™ entry

43]. The effects of an [CI |; decrease stimulated by CCis on
CBA and CBF were examined. To examine whether CCis
inhibits NKCC to decrease [CI ];, we used bumetanide
(20 uM, an inhibitor of Na*/K*/2CI™ cotransport (NKCC))
(Fig. 8a). The addition of bumetanide alone increased CBA
but not CBF. The CBA ratio and CBF ratio 10 min after
bumetanide addition were 1.11 +£0.01 (n=4) and 1.00+£0.01
(n=9), respectively. Further CCis stimulation increased both
CBA and CBF. The CBA ratio and CBF ratio 10 min after
CCis stimulation were 1.25+0.01 (n=4) and 1.07£0.02
(n=9), respectively. We also measured [CI ]; in MQAE-
loaded airway ciliary cells using the same protocol.
Figure 8b shows changes in F(y/F's in three experiments. The
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Fig. 8 The effects of bumetanide and CI -free solution (NO5z ™ solution)
on CCis-stimulated CBA and CBF. a CBA and CBF increases stimulated
by CCis in the presence of bumetanide (an NKCC inhibitor) under the
CO,/HCO; -containing condition. The addition of bumetanide increased
CBA, but not CBF. Further CCis stimulation increased CBA and CBF. b
Changes in [Cl]; induced by CCis in the presence of bumetanide.
Changes in F/F were obtained from three experiments. The addition of
bumetanide decreased F/F, and further stimulation with CCis decreased

addition of bumetanide (20 uM) alone decreased and
plateaued Fo/F within 3 min. The value of Fy/F' 10 min after
bumetanide addition was 0.83 £0.03 (n=3). Then, further
addition of CCis decreased Fo/F (Fo/F 10 min after CCis
stimulation = 0.77 £0.03, n = 3). Thus, in the presence of bu-
metanide, CCis still decrease [Cl ;, indicating that CCis does
not inhibit NKCC (the [CI ]; decrease stimulated by CCis was
not caused by inhibition of NKCC). However, the addition of
bumetanide alone, which decreased [CI ];, increased CBA
(Fig. 8a), suggesting that a decrease in [Cl ]; increased
CBA, but not CBF.

To decrease [CI ];, experiments were carried out using
CO,/HCOj3 -free Cl -free NO3 solution (Fig. 8c). The
CO,/HCO; -free Cl -free NO3™ solution has already been
shown to decrease [Cl ]; by substituting NO; for Cl in
airway ciliary cells [19]. The switch to CO,/HCO; -free
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Fy/F. CCis significantly decreased Fi/F (p <0.05, paired ¢ test). ¢ CBA
and CBF increases stimulated by CCis in the CO,/HCO5 -free Cl -free
NO; solution. The switch to NO5 solution immediately increased CBA,
but not CBF. Further CCis stimulation did not induce any increase in
CBA or CBF. d Changes in [Cl ]; induced by CCis in the CO,/HCO; -
free CI -free NO5 solution. The switch to the CO,/HCOj5 -free solution
alone decreased [Cl ];. The second switch to NO3  solution further
decreased [Cl J;, and further CCis stimulation did not change [CI ;

5 0 5

solution increased CBA and CBF (CBA ratio and CBF
ratio 10 min after the switch were 1.12+0.01 (n=4)
and 1.18+0.02 (n=5), respectively). Then, the second
switch to CO,/HCOj5 -free Cl -free NO5; solution imme-
diately increased CBA but not CBF. The values of CBA
ratio and CBF ratio 10 min after the switch were 1.26 +
0.01 and 1.17+0.02, respectively. Further CCis stimula-
tion did not induce any increase in CBA or CBF (Fig. 8c).
[CT]; was also measured using the same protocol, and
Fig. 8d shows changes in Fy/Fs in three experiments.
The switch to CO,/HCO5 -free solution decreased [CI |;
(Fo/F 10 min after the switch=0.92+0.01, n=4). Then,
the second switch to the CO,/HCO;5 -free Cl -free NO5;
solution further decreased [CI |; (Fo/F 10 min after the
second switch =0.75+0.03), and then CCis stimulation
did not induce any change in [CI ];.
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Fig. 9 Effects of the CI” channel
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To counteract the increase in [Cl ];, the airway ciliary
cells were treated with a CI” channel blocker (20 uM
NPPB) (Fig. 9a, b). The addition of NPPB induced a small
decrease in CBA and CBF. The CBA ratio and CBF ratio
10 min after NPPB addition were 0.95+0.01 (n=5) and
0.91£0.01 (n=12), respectively. Further, CCis stimula-
tion increased CBF but not CBA. The CBA ratio and
CBF ratio 10 min after CCis stimulation were 0.96 +=0.01

(n=5)and 1.00+0.01 (n=12), respectively (Fig. 9a). This
suggests that CCis appears to increase pH; in the presence
of NPPB leading to a CBF increase. We also measured
[CT]; using MQAE fluorescence. The addition of NPPB
increased [Cl ]; (Fo/F 10 min after the NPPB addition =
1.31+0.03, n=4), but further CCis stimulation did not
induce any change in [Cl ]; (Fo/F 10 min after the NPPB
addition=1.31+0.03, n=4) (Fig. 9b).
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Experiments were also carried out using CFTR(inh)-172
(1 uM, an inhibitor of CFTR) (Fig. 9¢, d). Because, previ-
ous studies [12, 25, 30] suggest that CCis stimulates CFTR
in human airways. CFTR(inh)-172 evoked similar re-
sponses in CBA, CBF, and [CI ];, although extents of de-
creases in CBA and CBF or in [Cl ]; increase were slightly
small. The CBA ratio and CBF ratio 10 min after
CFTR(inh)-172 addition were 0.94+0.01 (n=6) and
0.95+0.01 (n=10), respectively. Further CCis stimulation
increased CBF (1.02+0.02, n=10) not CBA (0.95+0.01,
n=15) (Fig. 9¢). Changes in [CI ]; were measured using
MQAE fluorescence. The addition of CFTR(inh)-172 in-
creased [Cl ];. The value of Fo/F 10 min after CFTR(inh)-
172 addition was 1.26 +0.03 (n=4). Then, further CCis
stimulation did not induce any change in [Cl ]; (Fo/F
10 min after CFTR(inh)-172 addition=1.27+0.03, n=4)
(Fig. 9d). Thus, CCis appears to stimulate CFTR in mouse
airways, as shown in human airways [12, 30].

On the other hand, NPPB has been reported to decrease pH;
at high concentration, such as 100 uM [8]. A decrease in pH;
has been reported to reduce CBF [42]. To examine the effects
of NPPB on pH;, CBF and CBA were measured in the CO,/
HCO; -free CI -free NO5 ™ solution, which did not induce any
change in pH; affected by CO,/JHCO; and in [CI |;. In the
CO,/HCOj5 -free CI -free NO5s  solution, addition of NPPB
did not induce any change in CBF or CBA (Fig.9¢). This
suggests that, at 20 uM NPPB, a decrease in pH; was negligi-
bly small.

Thus, NPPB or CFTR(inh)-172 abolished the CBA in-
crease, CBF increase, and [Cl ]; decrease stimulated by
CCis, indicating that CCis activates CI” channels, as previous-
ly reported [10, 25, 30]. Thus, an increase in [Cl |; decreases
CBF and CBA, but a decrease in [CI J; increases only CBA.

CFTR expression

This study shows that CCis stimulates Cl release from
ciliary cells via Cl" channels including CFTR. The previ-
ous studies demonstrated that CFTR does not express in
ciliary cells of rodent trachea and bronchi [14, 15]. The
Western blot analysis for CFTR was carried out using iso-
lated lung cells and striated muscles of thigh. In the isolat-
ed lung cells, the band for CFTR (168 kDa) was detected,
but not in the striated muscles (Fig. 10a). The localization
of CFTR of airway ciliary cells was examined using con-
focal immunofluorescence microscopy (Fig. 10b).
Figure 10 (A) shows an airway ciliary cell. Airway ciliary
cells were immunopositively stained for CFTR, which lo-
calizes in the cilia and the cytoplasm. The immunofluores-
cence of ARL13B (a small ciliary G protein localized in
cilia) was positive in the cilia located in the apical surface
(Fig. 10 (B)). Merged image shows CFTR exists in the
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airway cilia and cell body (Fig. 10 (C)). Figure 10 (D)
shows the phase contrast image of an airway ciliary cell.

Discussion

This study demonstrated that CCis increases CBA by 30%
and CBF by 10% in the airway ciliary cells of mice, mediated
via a pH; elevation (pH; pathway) and an [Cl [; decrease (CI”
pathway). The pH; pathway, which is CO,/HCOj; -dependent,
increases both CBA and CBF by 5-10%, and the C1 pathway,
which is CO,/HCOj; -independent, only increases CBA by
20%.

The Cl” pathway is the main pathway to increase CBA
during CCis stimulation. CCis stimulation activates C1~ chan-
nels, leading to a decrease in [Cl ];. A decrease in [Cl [; in-
creases CBA, and an increase in [Cl ]; decreases both CBA
and CBF. At present, the mechanisms by which intracellular
CI' may regulate IDAs and ODAs are still unknown. A pre-
vious study showed that microtubule activation of the brain
cytoplasmic dynein (ATPase activity) is stimulated by a low
concentration of KCI, suggesting that a decrease in [C] |; in-
creases the affinity of the dynein for microtubules [41].
Similar mechanisms may regulate the activity of IDA- or
ODA-ATPase in the airway cilia. However, the effects of
[CT]; on CBA are different from those on CBF, that is, a
decrease in [CI J; increased only CBA but not CBF, and in
contrast, an increase in [CI ]; decreased both CBF and CBA.
One possible explanation is that the dependency on [CI J; of
CBA may be different from that of CBF in airway cilia, such
that the [CI J;-response curve of CBA shifts to a lower con-
centration than that of CBF.

There are many reports showing that a decrease in [Cl J;
enhances some cellular functions [15, 17, 28, 29, 31,
38-40, 43, 45], including CBF increase in airway ciliary
cells [38, 45]. The present study also showed that changes
in [Cl ]; appear to modulate CBA and CBF in airway cil-
iary cells.

The present study demonstrated that CCis activates Cl™
channels to increase Cl release in airway ciliary cells.

There are evidences showing that CCis increases CI secre-
tion in airway epithelial cells [10, 25], although the mecha-
nisms are not fully understood [16]. CCis is known to have a
variety of effects on the mucociliary clearance [16, 18, 36].
The present study suggests that CCis stimulation activates
airway mucociliary clearance by enhancing ciliary beating
and Cl secretion.

Airway epithelial cells including ciliary cells have
many types of CI~ channels, such as CFTR and Ca”*-ac-
tivated CI" channels [13, 14]. In previous studies, CCis
stimulated the activity and the density of active cAMP-
dependent channels, identical to the CFTR channel, in hu-
man respiratory epithelium [12, 30]. The present study



Pflugers Arch - Eur J Physiol (2019) 471:365-380

377

Fig. 10 Expression of CFTR in
airway ciliary cells. a Western
blotting. In the isolated lung cells

a Western blotting

including airway ciliary cells (~ (kDa)

20%), the band for CFTR 250~

(168 kDa) were detected, but not CFTR

in the striated muscles. b 168 .
Immunofluorescence

examination. (a) CFTR. Airway 150-

ciliary cells were —
immunopositively stained for

CFTR, which localizes in the cilia

and the cell body. (b) ARL13B (a

small ciliary G protein localized

in cilia). The

immunofluorescence of ARL13B 100-

was positive in the cilia located in
the apical surface. (c) Marged.
The merged image shows that
CFTR exists in the cilia and cell
body in the airway ciliary cells.
(d) Phase contrast image

75'- -

lung cells

also showed that CFTR expresses in mouse lung airway
ciliary cells and plays a crucial role for decreasing [CI ;.
However, previous studies showed that CFTR does not
exist in ciliated cells in the trachea or bronchus of the
rodent [13, 14]. In our experiments, the airway ciliary cells
used were isolated from lung, not from trachea and bron-
chi. The differences in the CFTR expression between the
previous studies [13, 14] and the present study may be
explained by those between proximal and distal airways.
There are reports showing that CBF regulation in distal
airways is different from that in trachea [11].

On the other hand, DIDS inhibits Ca**-activated Cl~ chan-
nels [4, 26, 27, 46], although we used it as an inhibitor of NBC
and AE. Since the addition of DIDS increases pH; and de-
creases cell volume, it is certain that DIDS inhibits NBC and

Isolated Muscle

b Immunocytochemistory

AE. The DIDS-induced decrease in cell volume indicates that
DIDS did not inhibit the net CI” release. If DIDS-sensitive C1™
channels are the main pathways for Cl release, DIDS should
increase cell volume. However, DIDS decreased cell volume
in airway ciliary cells. These results suggest that the DIDS-
sensitive Cl channels are not main pathways for CI release
from airway ciliary cells. Moreover, CCis decreased cell vol-
ume in the presence of DIDS. Thus, a decrease in [Cl ]; stim-
ulated by CCis is induced by activation of the CI" channels
other than DIDS-sensitive Ca>*-activated CI~ channels, such
as CFTR CI' channels in airway ciliary cells.

On the other hand, CBF increases stimulated by CCis were
dependent on CO,/HCO; , suggesting a pH; elevation in-
duced by HCO5™ entry increase CBF [42, 44]. However, the
extent of pH; increase stimulated by CCis was small (not

Fig. 11 CCis stimulated CBA
and CBF increase in the airway e
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significant). We examined the effects of CCis on pH; in the
CO,/HCOj3 -containing Cl -free NO;  solution in which
NBC functions. In this solution, CCis significantly increased
pH;, indicating that CCis stimulates NBC leading to enhance
HCOj; entry. We believe that CCis stimulates a small pH;
elevation in airway ciliary cells, and this small pH; elevation
stimulated by CCis increases CBF. However, it is unclear
whether a small elevation of pH; stimulated by CCis increases
CBA. The extent of CBA increase stimulated by CCis in the
CO,/HCOj5 -free solution was smaller than that in the CO,/
HCOj3 -containing solution. This suggests that activation of
the pH; pathway by CCis increases CBA, although the extent
of the CBA increase would be small (approximately by 5—
10%). Inhibition of AE also increases pH; through inhibition
of HCO; exit from cells. However, at present, we do not
know whether or not CCis inhibits AE. Further experiments
are required to clarify the effects of CCis on AE.

A pH; increase has already been shown to increase CBF in
human airway cilia and sperm flagella [20, 32, 42]. A pH;
increase is suggested to act directly on ODAs in sperm flagella
to increase CBF [20]. Although there is no report showing that
an elevation of pH; stimulates IDAs, a pH; increase may also
stimulate IDAs leading to CBA increase, similarly to ODAs.
There are reports showing that the pH; affects dyneins; pH;-
induced changes in the histidine charge affect dynein ATPase
activity [3], and a pH; increase stimulates the pH-dependent
and cAMP-independent phosphorylation of dynein compo-
nents and/or other axonemal proteins [32]. Although the exact
mechanisms for pH; regulation of ODAs or IDAs are un-
known, these mechanisms activated by a pH; increase may
stimulate IDA and ODA.

A previous study showed that CCis did not increase CBF
in tracheal ciliary cells [33]. However, their experiments
were performed at room temperature (25-26 °C). Because
CBF responses are well known to be temperature-
dependent [11], the room temperature appears to mask the
CBF increase stimulated by CCis because of a small CBF
increase.

The conclusions of this study are summarized in Fig. 11.
CCis activates the pH; pathway and the CI' pathway. In the
pH; pathway, CCis activates HCO;  entry via NBC, which
elevates the pH; of the airway ciliary cells. This pH; elevation
increases both CBF and CBA by 10%. In the Cl pathway,
CCis activates CI" channels, including CFTR. The activation
of Cl channels stimulates C1  release from cells, leading to
[CI']; decrease. The [Cl J; decrease increases CBA by 20%.
CCis may activate the activity and increase the number of C1™
channels, as shown in previous reports obtained from human
airways [12, 30].
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