
SIGNALING AND CELL PHYSIOLOGY

Ciliary beating amplitude controlled by intracellular Cl− and a high
rate of CO2 production in ciliated human nasal epithelial cells

Taka-aki Inui1,2 & Kentaro Murakami1,2 & Makoto Yasuda2 & Shigeru Hirano2
& Yukiko Ikeuchi1,3 & Haruka Kogiso1,3

&

Shigekuni Hosogi1 & Toshio Inui3,4 & Yoshinori Marunaka1,3,5 & Takashi Nakahari3

Received: 23 January 2019 /Revised: 25 April 2019 /Accepted: 29 April 2019 /Published online: 18 May 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
The ciliary transport is controlled by two parameters of the ciliary beating, frequency (CBF) and amplitude. In this study, we
developed a novel method to measure both CBF and ciliary bend distance (CBD, an index of ciliary beating amplitude) in ciliated
human nasal epithelial cells (cHNECs) in primary culture, which are prepared from patients contracting allergic rhinitis and chronic
sinusitis. An application of Cl−-free NO3

− solution or bumetanide (an inhibitor of Na+/K+/2Cl− cotransport), which decreases
intracellular Cl− concentration ([Cl−]i), increased CBD, not CBF, at 37 °C; however, it increased both CBD and CBF at 25 °C.
Conversely, addition of Cl− channel blockers (5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) and 4-[[4-Oxo-2-thioxo-3-[3-
trifluoromethyl]phenyl]-5-thiazolidinylidene]methyl] benzoic acid (CFTR(inh)-172)), which increase [Cl−]i, decreased both CBD
and CBF, suggesting that CFTR plays a crucial role for maintaining [Cl−]i in these cells. We speculate that Cl−modulates activities
of the molecular motors regulating both CBD and CBF in cHNECs. Moreover, application of the CO2/HCO3

−-free solution did not
change intracellular pH (pHi), and addition of an inhibitor of carbonic anhydrase (acetazolamide) sustained pHi increase induced by
the NH4

+ pulse, which transiently increased pHi in the absence of acetazolamide. These results indicate that the cHNEC produces a
large amount of CO2, which maintains a constant pHi even under the CO2/HCO3

−-free condition.

Keywords Airway . Intracellular Cl− . Intracellular pH . NH4
+ pulse . Ciliated human nasal epithelial cell

Introduction

Nasal mucociliary clearance consists of the surface mucous
layer and the beating cilia lining the nasal mucosa [1, 28, 37].
Inhaled small particles trapped by the surface mucous layer
are swept from the nasal cavity by the beating cilia. The beat-
ing cilia play a key role in the maintenance of a healthy nasal
cavity, since their impairment, such as primary ciliary dyski-
nesia, causes sinusitis [1, 28, 37]. Thus, the mucociliary clear-
ance is compared to a belt conveyer system for removing
inhaled small particles from the sinonasal and nasal cavities,
in which beating cilia are the engine [1, 8, 28, 37].

In many studies, only ciliary beating frequency (CBF) has
been measured to evaluate the activity of ciliary beating and
little attention has been paid to the amplitude [8, 21, 22, 28,
30, 32, 36, 42]. Our previous studies demonstrated that activ-
ities of the ciliary beating are controlled by two parameters,
i.e., the ciliary beat angle (CBA, an index of ciliary beat
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amplitude) and CBF [13, 15–20]. Increases in both CBA and
CBF have been shown to enhance the ciliary transport in the
airway surface [16, 20]. However, the measurement of CBA
has some difficulties, because it requires the fine video frame
image of beating cilia with a high time and spatial resolution
[20]. Recent development of the video-microscopy equipped
with high-speed camera has enabled us to observe the fine
movement of each cilium. In our previous studies, CBAwas
measured as an index of ciliary beating amplitude, using the
side view of isolated airway ciliary cells [13, 15–20].

However, in a planar sheet of ciliated cells, such as ciliated
human nasal epithelial cells (cHNECs) cultured on the filter, it is
not easy to observe the beating cilia from the side, because, in the
cell sheet, ciliated cells are observed from above.We developed a
novel method using an image analysis program for measuring
the amplitude of ciliary beating in the cell sheet of cHNECs [15,
16]. The program calculates the light intensity change of a line set
on the video image of a beating cilium and reports the time
course of light intensity change. The reported image shows the
amplitude of ciliary beating [15, 16, 39]. We measured the am-
plitude as ciliary beat distance (CBD, an index of ciliary beat
amplitude), using the reported images.

Previous studies suggest that a decrease in intracellular Cl−

concentration ([Cl−]i) coupled with cell shrinkage modulates
the airway ciliary beating [14–16, 30, 36]. Our recent studies
revealed that an activation of Cl− channels leading to a de-
crease in [Cl−]i enhances the amplitude of airway ciliary beat-
ing [3, 13, 15, 16]. In this study, we measured CBD and CBF
in the cHNEC cell sheet, upon decreasing [Cl−]i. The aim of
this study is to confirm the effects of a low [Cl−]i on CBD and
CBF in cHNECs, using this novel method.

Materials and methods

Ethical approval

This study is approved by the ethics committee of the Kyoto
Prefectural University of Medicine (RBMR-C-1249-4) and
Ritsumeikan University (BKC-HM-2018-022) and the in-
formed consent obtained from patients prior to the surgery
(RBMR-C-1249-4). Human nasal tissue samples (nasal polyp,
uncinate process, or inferior turbinate) were resected from the
patients requiring surgery for their chronic sinusitis or allergic
rhinitis. The samples were immediately cooled in the control
solution (4 °C) and kept until cell isolation. The cell isolation
was performed within 3 h after resection.

Solution and chemicals

TheCO2/HCO3
−-containing control solution contained (inmM):

NaCl, 121; KCl, 4.5; NaHCO3, 25; MgCl2, 1; CaCl2, 1.5; Na-
HEPES, 5; H-HEPES, 5; and glucose, 5. To prepare the CO2/

HCO3
−-free control solution, NaHCO3 was replaced with NaCl,

and to prepare the CO2/HCO3
−-free and Cl−-free NO3

− solution,
Cl− was replaced with NO3

−. To prepare test solutions with
various Cl− concentrations, an appropriate amount of CO2/
HCO3

−-free and Cl−-free NO3
− solution was added to the CO2/

HCO3
−-free control solution. To prepare EGTA-containing

Ca2+-free solution, CaCl2 was removed from the CO2/HCO3
−-

containing control solution and EGTA (1 mM) was added. The
CO2/HCO3

−-containing solutions were aeratedwith 95%O2 and
5%CO2 and the CO2/HCO3

−-free solutionswere with 100%O2.
The pH of solutions was adjusted to 7.4 by adding 1 N-HCl or
1 N-HNO3, as appropriate. The experiments were carried out at
37 °C. Because activities of the airway ciliary beating depend on
temperature [8, 22, 42]. Heparin, elastase, bovine serum albumin
(BSA), dimethyl sulfoxide (DMSO), penicillin, streptomycin,
trypsin, and trypsin inhibitor were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan); DNase I, 5-nitro-2-(3-
phenylpropylamino) benzoic acid (NPPB), 4-[[4-Oxo-2-thioxo-
3-[3-trifluoromethyl]phenyl]-5- thiazolidinylidene]methyl]
benzoic acid (CFTR(inh)-172), acetazolamide and amphotericin
Bwere from Sigma Chemical Co. (St Louis, MO, USA); and N-
ethoxycarbonylmethyl-6-methoxyquinolinium bromide
(MQAE) was from Dojindo Laboratories. (Kumamoto, Japan).
All reagents were dissolved in DMSO and prepared to their final
concentrations immediately before the experiments. The DMSO
concentration did not exceed 0.1%, and DMSO at this concen-
tration has no effect on CBF and CBA [13–21, 30].

PneumaCult-Ex and PneumaCult-ALI basal culture medi-
um for culturing of cHNEC at air liquid-interface (ALI) were
purchased from STEMCELL Technology (Vancouver, BC,
Canada) [24]. The complete PneumaCult-Ex Medium
contained PneumaCult-Ex 50× Supplement (20 μl/ml), hy-
drocortisone (2.5 μl/ml), penicillin (100 unit/ml), and strepto-
mycin (100 μg/ml) in the PneumaCult-Ex Basal Medium, and
the complete PneumaCult-ALI Medium contained
PneumaCult-ALI 10× Supplement (0.1 ml/ml), PneumaCult-
ALI Maintenance Supplement (10 μl/ml), heparin (1 μl/ml),
hydrocortisone (2.5 μl/ml), penicillin (100 unit/ml), and strep-
tomycin (100 μg/ml) in PneumaCult-ALI Basal Medium.

Cell preparation

Each resected sample by the operation was treated with elastase
to isolate cHNECs [13–21, 30, 35, 40, 41]. Briefly, the resected
samples were incubated for 40 min at 37 °C in the CO2/HCO3

−-
containing control solution containing elastase (0.02 mg/ml),
DNase I (0.02 mg/ml), and BSA (3%). Following this incuba-
tion, the samples were minced by fine forceps in the control
solution containing DNase I (0.02 mg/ml) and BSA (3%). The
cells were washed three times with centrifugation at 160×g for
5 min and then, they were sterilized by amphotericin B
(0.25 μg/ml) in Hams’s F-12 with L-Gln for 15 min. After
centrifugation, the cells were plated in the collagen-coated flask
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(Corning, 25 cm2) with the complete PneumaCult-Ex Medium,
which was changed every second day. The culture cells reached
confluence within 10–14 days. Upon reaching confluence, the
cells were washed with PBS (5 ml) and then, incubated with
Hank’s balanced salt solution (HBSS) (2ml) containing 0.1mM
EGTA and 0.025% trypsin for 10 min at 37 °C. Then, a trypsin
inhibitor (1 mg/ml) resolved in HBSS (2 ml) was added. The
cell suspension was washed with centrifugation (160×g for
5 min). After washing, the cells were re-suspended in the com-
plete PneumaCult-Ex Medium (6 ml) and counted the number
of cells. Then, cells (1–2 × 106 cells/insert, 400 μl) were seeded
on culture inserts (3470, 6.5-mm Transwell filter, Coastar
Corporation), which were bathed in the complete PneumaCult-
Ex Medium (500 μl) in the basal chamber. Upon reaching con-
fluence (after 4–6 days), the medium of the apical side was
removed and the medium of the basolateral side was replaced
with the complete PneumaCult-ALI (Air Liquid Interface)
Medium (ALI condition). The cells were cultured under the
ALI condition for 3–4 weeks until they differentiated to
cHNECs [16], and then, they were used for the experiments.

Measurements of CBD, CBA, and CBF

The permeable support filter with the cHNECs was cut into
small pieces (squares of sides 2–5 mm). A cutted filter with
cHNECs was placed on a coverslip precoated with Cell-Tak
(Becton Dickinson Labware, Bedford, MA, USA), and was
set in a micro-perfusion chamber (20 μl) 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 microscope was
heated to 37 °C, since CBFs have been shown to depend on
temperature [8, 16, 22, 42]. The cells were perfused at 200 μl/
min with the CO2/HCO3

−-containing control solution aerated
with a gas mixture (95%O2 and 5% CO2) at 37 °C. The video
images of cHNECs were recorded for 2 s at 500 fps [13,
15–21]. An image analysis program (DippMotion 2D,
DITECT, Tokyo, Japan) was used to measure CBA, CBD,
and CBF. The method to measure CBA and CBF has previ-
ously been reported in detail [20]. CBAwas measured in the
beating cilia that could be observed from the side (Fig. 1a, b);
these cells were selected from the cHNECs on the filter, al-
though most of the beating cilia are viewed from the top
(Fig. 1c, d). The angle between the start and end of effective
stroke was measured as CBA (Fig. 1b). The beating cilia
viewed from the top were selected (Fig. 1c, d), and the dis-
tance between the start and end of an effective stroke was
measured as CBD (Fig. 1c, e). The enhancement of ciliary
beat amplitude increases CBA or CBD. When we set a line
BA–B^ on video images of a beating cilium (Fig. 2a2), the
image analysis program reported the image showing the time
course of the light intensity change along the line BA–B^
(Fig. 2c). The reported image shows the waveform of beating

cilium (Figs. 1e and 2c). The peak of the waveform, Bline S^
shows the start of effective stroke and the bottom, Bline E^
shows the end of effective stroke, and the distance from the
peak to the bottom is the CBD (B←→^ in Fig. 2c).

The ratios of CBA, CBF, and CBD to their baseline
values were calculated (CBAt/CBA0, CBFt/CBF0, and
CBDt/CBD0), where the subscript 0 or t indicates the time
before or after the start of experiments, respectively. These
ratios were used to compare these parameters among ex-
periments. CBA0, CBF0, and CBD0 were calculated as the
averages of CBAs, CBFs, and CBDs measured every 1 min
during control perfusion (5 min). Each experiment was
carried out using 5–9 cover slips from three to six inserts.
In each coverslip, we selected 1–3 cells and measured their
CBFs and CBDs. The CBF and CBD ratios calculated from
5 to 12 cells were plotted in the figures and n shows the
number of cells.

Measurements of [Cl−]i and pHi

Changes in [Cl−]i were monitored by the fluorescence of a
chloride-sensitive dye, MQAE (N-ethoxycarbonylmethyl-6-
methoxyquinolinium bromide) [12–16, 27, 31]. The
cHNECs in culture were incubated with an EGTA-
containing Ca2+-free solution for 10 min to isolate cHNECs
from the filter. The isolated cHNECs were incubated with
10 mM MQAE for 45 min at 37 °C. MQAE was excited at
780 nm using a two-photon excitation laser system (MaiTai,
Spectra-Physics, Santa Clara, CA, USA), and the emission
was 510 nm. The ratio of fluorescence intensity (F0/Ft) was
used as an index of [Cl−]i [13–16, 27, 31]. The subscript 0 or t
shows the time before or after the start of experiments,
respectively.

To measure intracellular pH (pHi) of cHNECs, we used
carboxy-SNARF-1 (a pH-sensitive fluorescent dye) [12, 15,
16]. Cells isolated from the filter were incubated with
carboxySNARF1-AM (10 μM, Spiro[7H-benzo[c]xanthene-
7,1′(3H)-isobenzofuran]-ar′-carboxylic acid, 3-(acetyloxy)-
10-(dimethylamino)-3′-oxo-, (acetyloxy)methyl ester) for
45 min at 37 °C and the cells were set in the chamber mounted
on the heated stage (37 °C) of an inverted confocal laser mi-
croscope (model LSM510 META, Carl Zeiss, Jena,
Germany). The excitation was 515 nm and the emissions were
645 nm and 592 nm. The fluorescence ratio (F645/F592) was
calculated. The calibration was performed using the cells per-
fused with the calibration solutions to obtain the calibration
line. The pHi of ciliary cell was calculated from the calibration
line. The calibration solution contained 110 mM KCl, 25 mM
KHCO3, 11 mM glucose, 1 mMMgCl2, 1 mMCaCl2, 10 mM
HEPES, and 10 μM nigericin and was aerated with 95% O2

and 5% CO2. The pH of calibration solution was adjusted to
6.8, 7.2, 7.4, 7.6, or 7.8 by adding 1MCsOH at 37 °C [12, 15,
16, 35].
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Statistical analysis

Statistical significance was assessed by the analysis of vari-
ance (ANOVA) or Student’s t test, as appropriate. Differences
were considered significant at p < 0.05.

Results

The cells were first perfused with the CO2/HCO3
−-containing

control solution for 5 min and then, with the CO2/HCO3
−-free

control solution. The previous study demonstrated that the
HCO3

−-containing Cl−-free NO3
− solution activates Na+–

HCO3
− cotransport (NBC) leading to increase CBD and

CBF by elevating pHi in airway ciliary cells [15]. On the other
hand, under the CO2/HCO3

−-free condition, NBC and AE
(Cl−/HCO3

− exchange) do not function, because of no

HCO3
−. Therefore, in this study, all the experiments were

carried out under the CO2/HCO3
−-free condition.

Effects of Cl−-free solution on CBD, CBA, CBF,
and [Ca2+]i

Figure 2a shows the video images of a cHNEC in primary
culture, and the beating cilia were observed from the apical
side in the CO2/HCO3

−-free control solution. Panels a1 and a2
show the end and the start of an effective stroke, respectively.
Figure 2c shows the time course of changes in light intensity
along a line BA–B^ on a beating cilium (Fig. 2a); the distance
from Bline S^ to Bline E^ shows CBD (B←→^ in Fig. 2c). In
this case, the value of CBDwas 70 pixels. Figure 2b shows the
video images of the same cHNEC 15 min after switch to the
Cl−-free NO3

− solution, keeping CO2/HCO3
−-free condition.

Panels b1 and b2 show the end and the start of an effective

Fig. 1 Beating cycle of airway cilium seen from the side and the top. a, b
Side view of the a effective stroke and b recovery stroke. The cilium of
the left side shows the start of effective stroke and that of the right side
shows the end of effective stroke. The angle between the start and the end
of effective stroke was measured as CBA (b). c, d Apical view of the a
effective stroke and b recovery stroke. e The time course of light intensity

change along the line BA–B^ (a–d). To assess the amplitude of ciliary
beating, especially in the apical view, we measured the distance between
the start and the end of effective stroke in the image showing the light
intensity change along the line BA–B^, as ciliary beat distance (CBD).
The CBD is an index of the amplitude of ciliary beating. The number of
peaks for 1 s shows CBF
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stroke, respectively. Figure 2d shows the time course of
changes in the light intensity along a line BC–D^ on the same
cilium (Fig. 2b). The value of CBD (B←→^ in Fig. 2d) was
103 pixels. The reported images (Fig. 2c, d) also show CBF.
The number of peaks marked by white arrows shows CBF. In
this case, CBF in the control solution was 14 Hz (Fig. 2c) and
was also 14 Hz in the Cl−-free NO3

− solution (Fig. 2d). Thus,
application of the Cl−-free NO3

− solution increased CBD, but
not CBF, in cHNECs.

We also measured CBA using a side view of cHNECs just
before (Fig. 3a) and 15min after application of the Cl−-free NO3

−

solution (Fig. 3b). Thewhite lines indicate the start (Fig. 3a1) and
the end positions of an effective stroke (Fig. 3a2) in a ciliary
beating cycle. The white line in Fig. 3a1 was superimposed on
Fig. 3a2, and the angle between two lines shows CBA [20].
Similarly, Fig. 3b1, b2 show the CBA in the cHNEC 15 min
after application of the Cl−-free NO3

− solution, demonstrating
that the Cl−-free NO3

− solution increases CBA.
Application of the Cl−-free NO3

− solution decreases [Cl−]i
in airway ciliary cells [13–16]. We monitored changes in
[Cl−]i of cHNECs using MQAE fluorescence intensity.
Figure 3c, d showMQAE-fluorescence images of cHNEC just

before and 15 min after application of the Cl−-free NO3
− so-

lution. Application of the Cl−-free NO3
− solution increased the

intensity of MQAE fluorescence, indicating that the Cl−-free
NO3

− solution decreased [Cl−]i in cHNECs as expected. Thus,
a decrease in [Cl−]i correlates with CBD or CBA, but not CBF,
in cHNECs.

Effects of an [Cl−]i decrease on CBD and CBF

Figure 4a, which is a typical case, shows changes in CBD and
CBF induced by application of the Cl−-free NO3

− solution in
cHNECs. The values of CBD and CBF in the CO2/HCO3

−-
containing control solution were 68–74 pixels and 9 Hz, re-
spectively. Switch to the CO2/HCO3

−-free control solution
increased CBD to 78–80 pixels and decreased CBF only
slightly, and the value of CBF 5 min after the switch was
8.5 Hz. Then, switch to the Cl−-free NO3

−solution immediate-
ly increased CBD, but did not change CBF. The values of
CBD and CBF 15 min after the switch were 100 pixels and
8.5 Hz, respectively. Changes in the CBD ratio and CBF ratio
(CBD and CBF normalized to the control values) are shown in
Fig. 4b. Switch to the CO2/HCO3

−-free control solution

Fig. 2 Video images of ciliated human nasal epithelial cells (cHNECs)
(apical view). The cHNECs were set in the perfusion chamber mounted
on an inverted microscope equipped with a high-speed camera. Cells
were observed using an objective lens (×60). a, b The cHNECs were
perfused with the CO2/HCO3

−-free control solution for 10 min (a) and
then, with the Cl−-free NO3

− solution for further 15 min (b). Panels show
the start (a1, b1) and the end (a2, b2) of effective stroke in a ciliary
beating cycle, respectively. When we set a line on the beating cilium on
the video images (white lines BA–B^ and BC–D^ in panels a2 and b2,
respectively), the analysis program reported the changes in light intensity

along these lines (c, d). c Changes in the light intensity along the line BA–
B^ (a2) in an unstimulated cHNEC. The reported image shows CBF and
CBD. Two white lines (c) show both the start (BS^) and end (BE^) of the
effective stroke. We measured the distance (pixels) between two lines
(←→) as CBD. The arrows (←) show the CBF. d Changes in the light
intensity along the line BC–D^ in the cHNEC perfused with the Cl−-free
NO3

− solution for 15 min. The reported image clearly shows that the Cl−-
free NO3

− solution increased CBD, but not CBF. The arrows (←) show
the CBF
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increased CBD slightly but not CBF. The values of CBD and
CBF ratios 5 min after the switch were 1.07 ± 0.03 (n = 10)
and 0.97 ± 0.02 (n = 12), respectively (Fig. 4b). Then, switch
to the Cl−-free NO3

− solution immediately increased CBD
ratio, but not CBF ratio. The values of CBD ratio and CBF
ratio 6 min after the switch were 1.45 ± 0.03 (n = 10) and 0.97
± 0.04 (n = 12), respectively (Fig. 4b). Changes in [Cl−]i were
monitored by the MQAE fluorescence ratio (F0/F) (Fig. 4c).
Switch from the CO2/HCO3

−-containing control solution to
the CO2/HCO3

−-free control solution decreased F0/F, and
the value of F0/F 10 min after switch was 0.92 ± 0.01 (n =

9). Then, switch to the Cl−-free NO3
− solution further de-

creased F0/F. The value ofF0/F 10min after the second switch
was 0.77 ± 0.01 (n = 9).

We also measured CBA using the side view of cilia
(Fig. 4d). Switch from the CO2/HCO3

−-containing control
solution to the CO2/HCO3

−-free control solution induced a
small increase in CBA, the value of CBA ratio 5 min after
the switch was 1.09 ± 0.01 (n = 3) without any increase in
CBF (CBF 5 min after the switch = 1.02 ± 0.05, n = 3).
Then, switch to the Cl−-free NO3

− solution increased CBA
without any CBF increase, and the value of CBA ratio and
CBF ratio 5 min after the switch were 1.37 ± 0.02 (n = 3) and
0.99 ± 0.03 (n = 3). Thus, application of the Cl−-free NO3

−

solution increased CBA similarly to CBD in the cHNEC cell
sheet, indicating that CBD is an index of ciliary beating
amplitude.

The effects of extracellular Cl− concentration ([Cl−]o) on
CBD and CBF were examined. Figure 5 shows changes in
CBD and CBF of cHNECs, upon changing [Cl−]o from
154 mM to 100 mM, 50 mM, and 0 mM by substituting
NO3

− for Cl−. Decreasing [Cl−]o, CBD increased, but CBF
did not (Fig. 5a). The values of CBD ratio (n = 5) were 1.07
± 0.01 at 154 mM [Cl−]o, 1.18 ± 0.01 at 100 mM [Cl−]o, 1.23
± 0.01 at 50 mM [Cl−]o, and 1.36 ± 0.01 at 0 mM [Cl−]o.
Figure 5b shows changes in the MQAE fluorescence ratio
(F0/F) at various [Cl

−]os. Switch to the CO2/HCO3
−-free con-

trol solution alone decreased F0/F (Fig. 5b). The CO2/HCO3
−-

free solution appears to decrease NaCl entry via inhibition of
NBC and AE, leading to an [Cl−]i decrease [15]. The MQAE
fluorescence ratio (F0/F) 5 min after the switch (n = 5) was
1.07 ± 0.01. Then, further reduction of [Cl−]o decreased F0/F.
The values of F0/Fwere 1.18 ± 0.01 at 100 mM [Cl−]o, 1.23 ±
0.01 at 50 mM [Cl−]o, and 1.36 ± 0.01 at 0 mM [Cl−]o.
Decreasing [Cl−]o, the value of F0/F decreased.

To decrease [Cl−]i, we used an inhibitor of Na+/K+/2Cl−

cotransport (20 μM bumetanide). In the CO2/HCO3
−-free so-

lution, the values of CBD ratio and CBF ratio just before
addition of bumetanide were 1.08 ± 0.01 (n = 5) and 1.00 ±
0.02 (n = 5), respectively. Addition of bumetanide (20 μM)
increased CBD, but not CBF, similar to the Cl−-free NO3

−

solution (Fig. 6a). The values of CBD ratio and CBF ratio
5 min after addition of bumetanide were 1.33 ± 0.03 (n = 5)
and 0.97 ± 0.03 (n = 5). Changes in [Cl−]i induced by bumet-
anide were monitored by the MQAE fluorescence ratio (F0/F)
(Fig. 6b). Switch to the CO2/HCO3

−-free solution decreased
F0/F, and the value of F0/F just before addition of bumetanide
was 0.96 ± 0.03 (n = 4). Then, addition of bumetanide de-
creased F0/F. The value of F0/F 5 min after bumetanide addi-
tion was 0.85 ± 0.02 (n = 4). Thus, addition of bumetanide
also increased CBD and decreased F0/F, although the extents
of CBD increase and F0/F decrease induced by bumetanide
were 70% of those induced by application of the Cl−-free
NO3

− solution. This suggests that Cl− entered cHNECs via

Fig. 3 Video images of cHNECs (side view) and MQAE fluorescence
image. a Video images of cHNECs during perfusion with the CO2/
HCO3

−-free solution. White lines (a1 and a2) indicate the start and end
of an effective stroke in the ciliary beating cycle, respectively. The white
line (a1) is superimposed (a2). The angle between two lines shows the
CBA. bVideo images of cHNECs 15min after the application of the Cl−-
free NO3

− solution. White lines (b1 and b2) show the start and end of an
effective stroke in the ciliary beating cycle. The white line (b1) is also
superimposed (b2). The angle between two lines shows the CBA. The
application of the Cl−-free NO3

− solution increased CBA. c The MQAE
fluorescence image of a cHNEC during control perfusion in the CO2/
HCO3

−-free solution. d The MQAE fluorescence image of a cHNEC
15 min after the application of the Cl−-free NO3

− solution. The Cl−-free
NO3

− solution potentiated the intensity of MQAE fluorescence,
indicating a decrease in [Cl−]i
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the Na+/K+/2Cl− cotransport under the CO2/HCO3
−-free

condition.
Previous studies suggested that a decrease in [Cl−]i in-

creased CBF in airway ciliary cells of rat [30]. Moreover,
in the previous studies, an activation of Cl− secretion,
which decreases [Cl−]i, increased CBF [3, 15, 16]. Thus,
results of the previous studies appear to be inconsistent
with that of the present experiments. However, our recent
study revealed that a [Cl−]i decrease increases CBF at
25 °C [16]. The previous studies were carried out at room
temperature or under not well-controlled temperature con-
ditions. We examined the effects of Cl−-free NO3

− solu-
tion on CBD and CBF of cHNECs under the CO2/HCO3

−-
free condition at 25 °C. Application of the Cl−-free NO3

−

solution increased both CBD and CBF under the CO2/

HCO3
−-free condition at 25 °C (Fig. 6c). The values of

CBD and CBF ratios just before application of the Cl−-
free NO3

− solution were 1.06 ± 0.01 (n = 5) and 1.01 ±
0.01 (n = 5), and those 5 min after the application were
1.30 ± 0.02 (n = 5) and 1.14 ± 0.02 (n = 5). Thus, the ef-
fects of a low [Cl−]i on CBF depend on the temperature in
cHNECs,

Effects of NPPB on CBD and CBF

To increase [Cl−]i, cHNECs were treated with NPPB (20 μM,
a Cl− channels blocker). NPPB inhibits the Cl− release from
cells to increase [Cl−]i [13–16]. The switch to the CO2/
HCO3

−-free control solution immediately increased CBD
(CBD ratio 10 min after the switch = 1.10 ± 0.03, n = 6), but

Fig. 4 The effects of Cl−-free NO3
− solution on CBF and CBD in

cHNECs. a A typical case. The CBD and CBF in the CO2/HCO3
−-

containing control solution were 68–74 pixels and 9 Hz, respectively.
The switch to the CO2/HCO3

−-free control solution increased CBD by
5–8 pixels and decreased CBF by 0.5 Hz. The second switch to a Cl−-free
NO3

− solution immediately increased CBD, which reached a plateau
within 2 min, but did not change CBF. The values of CBD and CBF
15 min after the second switch were 100 pixels and 8.5 Hz. b Changes
in the CBD ratio and the CBF ratio (normalized CBD and CBF). Switch
to the CO2/HCO3

−-free control solution induced a small increase in CBD
and a slight decrease in CBF. The values of CBD ratio and CBF ratio
5 min after the switch were 1.07 ± 0.03 (n = 10) and 0.97 ± 0.02 (n = 12),

respectively. Then, switch to the Cl−-free NO3
− solution immediately

increased CBD but not CBF. The values of CBD ratio and the CBF ratio
6 min after the switch were 1.45 ± 0.03 (n = 10) and 0.97 ± 0.04 (n = 12),
respectively. cChanges inMQAE fluorescence ratio (F0/F). Switch to the
CO2/HCO3

−-free control solution decreased F0/F (the value of F0/F
10 min after the switch was 0.92 ± 0.01, n = 9). Then, switch to the
NO3 solution further decreased F0/F. The value of F0/F 10 min after the
second switch was 0.76 ± 0.01 (n = 9). d Changes in CBA ratio and CBF
ratio (normalized CBA and CBF) induced by the Cl−-free NO3

− solution
in cHNECs. Switch to the CO2/HCO3

−-free control solution induced a
small increase in CBA, and then, switch to the Cl−-free NO3

− solution
further increased CBA but not CBF
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not CBF (CBF ratio 10 min after the switch = 0.97 ± 0.01, n =
6, not significant) (Fig. 7a). Then, addition of NPPB immedi-
ately decreased CBD and gradually CBF. The values of CBD
ratio and CBF ratio 15 min after NPPB addition were 0.73 ±
0.02 (n = 6) and 0.81 ± 0.02 (n = 6) (Fig. 7a). Changes in
[Cl−]i were monitored by the MQAE fluorescence ratio (F0/
F) (Fig. 7b). Switch to the CO2/HCO3

−-free solution de-
creased F0/F and the value of F0/F just before addition of
NPPB was 0.93 ± 0.02 (n = 7). Addition of NPPB increased
F0/F and the value of F0/F 5 min after the addition was 1.18 ±
0.03 (n = 7). Thus, an increase in [Cl−]i correlates with de-
creases in both CBD and CBF in cHNECs.

Fig. 5 Effects of various extracellular Cl− concentrations ([Cl−]os) on
CBD and CBF in cHNECs. The cHNECs were first perfused with the
CO2/HCO3

−-containing control solution for 5 min and then with the CO2/
HCO3

−-free control solution. Experiments were carried out under the
CO2/HCO3

−-free condition. a Changes in CBD and CBF at various
[Cl−]os (154 mM, 100 mM, 50 mM, and 0 mM). Decrements of [Cl−]o,
increased CBD, but not CBF. bMQAE fluorescence ratio (F0/F) changed
by various [Cl−]os. The experimental protocol was the same (a). Switch to
the CO2/HCO3

−-free control solution decreased F0/F. As decrement of
[Cl−]o, MQAE fluorescence ratio (F0/F) decreased

Fig. 6 Changes in CBD, CBF, and MQAE fluorescence ratio (F0/F)
induced by bumetanide. a Changes in CBD and CBF. Switch to the
CO2/HCO3

−-free solution increased CBD, but not CBF. Addition of
bumetanide (20 μM) increased CBD but not CBF. b Changes in F0/F
(MQAE fluorescence ratio). Switch to the CO2/HCO3

−-free solution de-
creasedF0/F. Addition of bumetanide (20μM) decreased F0/F. cChanges
in CBD and CBF induced by the Cl−-free NO3

− solution at 25 °C. Switch
to the CO2/HCO3

−-free solution increased CBD, but not CBF.
Application of the Cl−-free NO3

− solution increased both CBD and
CBF at 25 °C
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The effects of a CFTR inhibitor, CFTR(inh)-172
(1 μM), on CBF, CBD, and [Cl−]i were examined. Under
the CO2/HCO3

−-free condition, the addition of CFTR(inh)-
172 (1 μM) decreased CBD and CBF (Fig. 7c). The values
of CBD ratio and CBF ratio before the addition of
CFTR(inh)-172 were 1.00 ± 0.01 (n = 7) and 0.99 ± 0.00
(n = 5) and those 5 min after the addition were 0.80 ±
0.03 (n = 7) and 0.88 ± 0.01 (n = 5), respectively. Changes
in [Cl−]i were monitored using MQAE fluorescence
(Fig. 7d). Under the CO2/HCO3

−-free solution, the addi-
tion of CFTR(inh)-172 increased F0/F, similarly NPPB.
The value of F0/F just before the addition was 0.96 ± 0.02
(n = 7), and that 10 min after the addition was 1.12 ± 0.03
(n = 7).

Effects of CO2/HCO3
−-free solution on CBD, CBF,

and pHi

Previous studies exhibited that switch to the CO2/HCO3
−-free

control solution increases pHi in lung and airway epithelial
cells [32, 35]. Moreover, an elevation of pHi increases CBA
and CBF in airway ciliary cells [15, 32]. However, in
cHNECs, switch to the CO2/HCO3

−-free control solution in-
duced a small CBD increase and a small transient CBF in-
crease (Fig. 8a). The value of CBD ratio 5 min after the switch
was 1.09 ± 0.01 (n = 32), and the value of CBF ratio 1 min
after the switch was 1.02 ± 0.01 (n = 63), and those 5 min and
10 min after the switch were 1.01 ± 0.01 (n = 63) and 0.99 ±
0.01 (n = 32). The extents of CBD and CBF increase evoked

Fig. 7 Effects of NPPB on CBD, CBF, and MQAE fluorescence ratio
(F0/F) in cHNECs. The cHNECs were first perfused with CO2/HCO3

−-
containing control solution and then with CO2/HCO3

−-free control
solution. a Changes in CBD ratio and CBF ratio induced by 20 μM
NPPB in cHNECs. The addition of 20 μM NPPB evoked an
immediately decrease followed by a gradual decrease in CBD. b
Changes in MQAE fluorescence ratio (F0/F) induced by NPPB. The
switch to the CO2/HCO3

−-free control solution decreased F0/F. Then,
the addition of 20 μM NPPB increased the F0/F, which reached a
plateau within 5 min. c Effects of a CFTR inhibitor, CFTR(inh)-172

(1 μM), on CBF and CBD. Under the CO2/HCO3
−-free condition, the

addition of CFTR(inh)-172 (1 μM) decreased CBD and CBF. The values
of CBD ratio and CBF ratio before the addition of CFTR(inh)-172 were
1.00 ± 0.01 (n = 7) and 0.99 ± 0.00 (n = 5) and those 5 min after the ad-
dition were 0.80 ± 0.03 (n = 7) and 0.88 ± 0.01 (n = 5), respectively. d
Changes in [Cl−]i. Under the CO2/HCO3

−-free solution, the addition of
CFTR(inh)-172 increased F0/F. The value of F0/F just before the addition
was 0.96 ± 0.02 (n = 7) and that 10 min after the addition was 1.12 ± 0.03
(n = 7)
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by application of the CO2/HCO3
−-free control solution was

much less in cHNECs than in human tracheobronchial ciliary
cells and mouse airway ciliary cells [32, 35]. Changes in pHi

were measured in cHNECs upon switching to the CO2/
HCO3

−-free control solution (Fig. 8b). In the CO2/HCO3
−-

containing control solution, the pHi of cHNECs was 7.46–
7.47. Switch to the CO2/HCO3

−-free control solution tran-
siently increased pHi. The values of pHi 2 min and 10 min
after the switch were 7.57 ± 0.05 and 7.43 ± 0.07 (n = 6), re-
spectively. However, the extent of transient pHi increase
(ΔpHi = 0.09) was much less in cHNECs than in human tra-
cheobronchial ciliary cells (ΔpHi = 0.51) [32].

To examine the small elevation of pHi by application of the
CO2/HCO3

−-free control solution, we used an inhibitor of
carbonic anhydrase (CA), acetazolamide (100 μM, A-amide)

to inhibit H+ production from CO2. Addition of A-amide did
not change CBD and CBF in the presence of CO2/HCO3

−.
Then, switch to the CO2/HCO3

−-free solution also did not
change CBD and CBF. Further application of the Cl−-free
NO3

− solution, keeping the CO2/HCO3
−-free condition, in-

creased CBD, but not CBF (Fig. 8c). Thus, A-amide did not
inhibit CBD increase induced by Cl−-free NO3

− solution, al-
though it inhibited CBD increase induced by the CO2/HCO3

−

solution. Changes in pHi were measured in the presence of A-
amide. Addition of A-amide did not change pHi in the CO2/
HCO3

−-containing control solution, and then, switch to the
CO2/HCO3

−-free solution also did not change pHi. Further
application of the Cl−-free NO3

− solution, keeping the CO2/
HCO3

−-free condition, slightly decreased pHi (Fig. 8d). This
observation suggests that H+ excretion via transporters, such

Fig. 8 Effects of acetazolamide (a carbonic anhydrase inhibitor) on
changes in CBD, CBF, and pHi induced by the CO2/HCO3

−-free
control solution. a Changes in CBD and CBF induced by the CO2/
HCO3

−-free solution. Switch to the CO2/HCO3
−-free control solution

induced a sustained increase in CBD and a small transient increase in
CBF. b Changes in pHi. In the CO2/HCO3

−-containing control solution,
pHi of cHNECs was 7.46–7.47. Switch to the CO2/HCO3

−-free control
solution transiently increased pHi, and pHi returned to the control level
within 5 min. The transient peak value of pHi was 7.57 ± 0.05 (n = 6) and

pHi 10 min after the switch was 7.43 ± 0.07 (n = 6). c Changes in CBD
and CBF induced by the CO2/HCO3

−-free solution in the presence of
acetazolamide (100 μM). In the presence of acetazolamide, switch to
the CO2/HCO3

−-free control solution did not induce any change in
CBD and CBF. However, further switch to the Cl−-free NO3

− solution
increased CBD. d Changes in pHi induced by the CO2/HCO3

−-free
solution in the presence of acetazolamide (100 μM). Acetazolamide
abolished the pHi changes induced by the CO2/HCO3

−-free solution
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as Na+/H+ exchange, is negligibly small in cHNECs under this
experimental condition.

To examine the effects of pHi elevation on CBD and CBF
in cHNECs, the NH4

+ pulse (addition of 25 mM NH4Cl) was
applied under the CO2/HCO3

−-free condition (Fig. 9) [32, 35].
Switch to the CO2/HCO3

−-free solution induced a small CBD
increase and a slight and transient CBF increase. The values of
CBD 5 min after switch to the CO2/HCO3

−-free solution were
1.07 ± 0.01 (n = 5) and those of CBF 1 min and 5 min after
switch to the CO2/HCO3

−-free solution were 1.03 ± 0.02 and
0.97 ± 0.02 (n = 6). Then, application of the NH4

+ pulse in-
duced a rapid increase followed a small gradual decrease in

CBD and CBF (Fig. 9a). The values of CBD 1 min and 5 min
after application of the NH4

+ pulse were 1.26 ± 0.04 and 1.21
± 0.03 (n = 5) and those of CBF 2 min and 5 min after appli-
cation of the NH4

+ pulse were 1.08 ± 0.03 and 1.11 ± 0.03
(n = 6). Changes in pHi were measured upon applying the
NH4

+ pulse. Switch to the CO2/HCO3
− solution induced a

small transient pHi increase. The values of pHi 2 min and
5 min after the switch were 7.70 ± 0.04 and 7.53 ± 0.03 (n-
8). Further application of the NH4

+ pulse induced a transient
pHi increase, an immediate increase followed by a large rapid
decrease. The values of pHi 1 min and 5 min after application
of the NH4

+ pulse were 8.04 ± 0.03 and 7.62 ± 0.05 (n-8).

Fig. 9 Effects of acetazolamide (a carbonic anhydrase inhibitor) on
changes in CBD, CBF, and pHi induced by the NH4

+ pulse. a Changes
in CBD and CBF induced by the NH4

+ pulse. Switch to the CO2/HCO3
−-

free control solution induced a sustained increase in CBD and a small
transient increase in CBF. Application of the NH4

+ pulse immediately
increased and then slightly decreased CBD (not significant), and it also
increased CBF and then gradually decreased (not significant). Removal
of the NH4

+ pulse immediately decreased both CBD and CBF. bChanges
in pHi induced by the NH4

+ pulse. Switch to the CO2/HCO3
−-free control

solution increased a small transient increase in pHi. Application of the
NH4

+ pulse immediately increased and then rapidly decreased pHi.
Removal of the NH4

+ pulse immediately decreased and then gradually

returned pHi to the control value. cChanges in CBD and CBF induced by
the NH4

+ pulse in the presence of acetazolamide (100 μM). Addition of
acetazolamide (100 μM) did not change CBD and CBF, and then, switch
to the CO2/HCO3

−-free control solution also did not change them.
Application of the NH4

+ pulse immediately increased and sustained
CBD and CBF. Then, removal of the NH4

+ pulse decreased CBD and
CBF. d Changes in pHi induced by the NH4

+ pulse in the presence of
acetazolamide (100 μM). Addition of acetazolamide did not change pHi,
and then, switch to the CO2/HCO3

−-free control solution also did not
change it. Application of the NH4

+ pulse immediately increased and then
gradually, not rapidly, decreased pHi. Removal of the NH4

+ pulse imme-
diately decreased and then gradually returned pHi to the control value
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Removal of the NH4
+ pulse induced an immediate decrease

followed by a gradual recovery in pHi (Fig. 9b). The values of
pHi 1 min and 5 min after removal of the NH4

+ pulse were
7.07 ± 0.04 and 7.16 ± 0.03 (n-8).

Experiments were also carried out in the presence of A-
amide (100 μM). Addition of A-amide did not change CBD
and CBF, and then, switch to the CO2/HCO3

−-free control
solution did not change CBD and CBF. The values of CBD
and CBF just before application of the NH4

+ pulse were 1.00
± 0.01 (n = 5) and 1.01 ± 0.02 (n-5). Application of the NH4

+

pulse increased and sustained both CBD and CBF (Fig. 9c).
The values of CBD and CBF 5 min after the NH4

+ pulse were
1.28 ± 0.02 (n = 5) and 1.12 ± 0.02 (n-5). Removal of the
NH4

+ pulse immediately decreased both CBD and CBF. The
values of CBD and CBF 6 min after removal of the NH4

+

pulse were 1.09 ± 0.02 (n = 5) and 0.91 ± 0.01 (n-5).
Changes in pHi were measured in the presence of A-amide
(Fig. 9d). Addition of A-amide and further application of the
CO2/HCO3

−-free control solution did not induce any change
in pHi. The value of pHi just before application of the NH4

+

pulse was 7.43 ± 0.02 (n = 7). Application of the NH4
+ pulse

induced an immediate increase followed by a small gradual
decrease in pHi. The values of pHi 1 min and 5 min after
application of the NH4

+ pulse were 7.89 ± 0.06 and 7.72 ±
0.05 (n = 7). Removal of the NH4

+ pulse induced an immedi-
ate decrease followed by a gradual recovery in pHi. The values
of pHi 1 min and 6 min after removal of the NH4

+ pulse were
6.96 ± 0.07 and 7.14 ± 0.06 (n = 7). Thus, A-amide inhibited
the large rapid decrease following to the immediate increase in
pHi induced by application of the NH4

+ pulse, suggesting that
the large rapid pHi decrease during application of the NH4

+

pulse (Fig. 9b) is caused by H+ production from CO2 via CA.
A large amount of CO2 appears to be produced in cHNECs,
probably via cellular metabolisms, because noCO2 is supplied
from extracellular fluid under the CO2/HCO3

−-free condition.

Effects of a low [Cl−]i on micro-bead movements
driven by beating cilia of cHNECs

Previous studies demonstrated that an increase in CBD en-
hances movements of the micro-bead in cHNECs and lung
airway ciliary cells [16, 20]. The distances, that the micro-
beads were moved by the surface fluid flow driven by the
beating cilia of cHNECs, were measured in the Cl−-containing
control solution and in the Cl−-free NO3

− solution under the
CO2/HCO3

−-free condition (Fig. 10). Switch from the control
solution to the Cl−-free NO3

− solution enhanced the micro-
beads movement. The distance of micro-bead moved driven
by the beating cilia for 100 ms in the Cl−-containing control
solution was 26.0 ± 1.9 μm (n = 11) and that in the Cl−-free
NO3

− solution was 36.9 μm± 3.4 (n = 10). Thus, application
of the Cl−-free NO3

− solution, which increases CBD, en-
hanced the movement of micro-beads in cHNECs.

Effects of a decrease in [Cl−]i on CBF and CBD
in cHNECs from chronic sinusitis and from allergic
rhinitis

We measured CBF of cHNECs obtained from patients hav-
ing chronic sinusitis and allergic rhinitis. Experiments were
carried out in the CO2/HCO3

−-containing control solution.
The mean CBF in cHNECs from chronic sinusitis was 9.52
± 0.09 Hz (n = 364 cells from 10 patients, Fig. 11a), and
that from allergic rhinitis was 9.60 ± 0.08 Hz (n = 398 cells
from 11 patients, Fig. 11b). There was no significant differ-
ence in the basal CBFs of cHNECs obtained from both
types of patients. We also examined the effect of the Cl−-
free NO3

− solution on CBF and CBD under the CO2/
HCO3

−-free condition. In cHNECs from patients contracting
chronic sinusitis, the switch to the CO2/HCO3

−-free control
solution increased CBD slightly, but not CBF. The CBD
ratio and CBF ratio 5 min after the switch were 1.04 ±
0.03 (n = 8) and 0.97 ± 0.02 (n = 5), respectively. Then,
switch to the Cl−-free NO3

− solution immediately increases
CBD, but not CBF. The CBD and CBF ratios 10 min after
the switch were 1.43 ± 0.03 (n = 8) and 1.04 ± 0.06 (n = 5),
respectively (Fig. 11c). In cHNECs from patients
contracting allergic rhinitis, the switch to the CO2/HCO3

−-
free control solution increased CBD slightly, but not CBF.
The CBD and CBF ratios 5 min after the switch were 1.15

Fig. 10 Enhancement of micro-beads movement driven by ciliary beat-
ing of cHNECs induced by the Cl−-free NO3

− solution. The distances,
that the micro-beads were moved by the surface fluid flow driven by the
beating cilia of cHNECs, were measured in the control (Cl−-containing)
solution and in the Cl−-free NO3

− solution under the CO2/HCO3
−-free

condition. The distance of micro-bead moved driven by the beating cilia
for 100 ms in the Cl−-containing control solution was 26.0 ± 1.9 μm (n =
11) and that in the Cl−-free NO3

− solution was 36.9 μm± 3.4 (n = 10).
The Cl−-free NO3

− solution, which increases CBD in cHNECs, enhanced
the movement of micro-beads
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± 0.02 (n = 3) and 0.91 ± 0.12 (n = 3), respectively. Then,
switch to the Cl−-free NO3

− solution immediately in-
creases CBD, but not CBF. The CBD and CBF ratios
10 min after the switch were 1.44 ± 0.04 (n = 3) and
1.04 ± 0.16 (n = 3), respectively (Fig. 11d). Increases in
CBD in response to application of the Cl−-free NO3

− so-
lution were similar in cHNECs obtained from both types
of patients. A decrease in [Cl−]i correlates with increases
in CBD of cHNECs in patients suffering from chronic
sinusitis or allergic rhinitis. We speculate that a decrease
in [Cl−]i may increase CBD of cHNECs in both types of
patients.

Discussion

We developed a new method to measure CBD, as an index of
the amplitude of ciliary beating, in cHNECs. A previous study
indicated that changes in the light intensity reported by an
image analysis program show the amplitude of ciliary beating
[15, 16, 39]. The present study clearly showed that CBD is
identical to CBA as the parameter for evaluating the amplitude
of ciliary beating.

CBF has been measured to assess the activity of ciliary
beating. However, little attention has been paid to the ampli-
tude of airway ciliary beating, such as CBA. Our previous

Fig. 11 Distribution of CBF in cHNECs in the CO2/HCO3
−-containing

control solution. The columns refer to the numbers of cells. CBF was
measured from cHNECs from the patients requiring surgery. a Chronic
sinusitis. The mean CBF was 9.52 ± 0.09 Hz (n = 364 cells from 10
patients). b Allergic rhinitis. The mean CBF was 9.60 ± 0.08 Hz (n =
398 cells from 11 patients). c Changes in the CBD ratio and the CBF
ratio in cHNECs from chronic sinusitis patients. The switch to the CO2/
HCO3

−-free control solution induced a small increase in CBD but not
CBF. The CBD ratio and CBF ratio 5 min after the switch were 1.04 ±
0.03 (n = 8) and 0.97 ± 0.02 (n = 5). The second switch to the Cl−-free
NO3

− solution immediately increase CBD but not CBF. The CBD and the

CBF ratios 10 min after the switch were 1.43 ± 0.03 (n = 8) and 1.04 ±
0.06 (n = 5), respectively. d Changes in the CBD ratio and the CBF ratio
in cHNECs from allergic rhinitis patients. The switch to the CO2/HCO3

−-
free control solution induced a small increase in CBD but not CBF. The
CBD and CBF ratios 5 min after the switch were 1.15 ± 0.02 (n = 3) and
0.91 ± 0.12 (n = 3). The second switch to the Cl−-free NO3

− solution
immediately increase CBD but not CBF. The CBD and the CBF ratios
10 min after the switch were 1.44 ± 0.04 (n = 3) and 1.04 ± 0.16 (n = 3),
respectively. *Significantly different (p < 0.05). In patients contracting
chronic sinusitis or allergic rhinitis, a decrease in [Cl−]i enhanced CBD
in cHNECs
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study demonstrated that an increase in CBA alone enhances
the micro-beads transport driven by beating cilia in the airway
surface [16, 20]. Moreover, the patients with inner dynein arm
defects, beating cilia of which show an abnormal waveform
but normal CBF, have symptoms of the primary ciliary dys-
kinesia, such as bronchiectasis, sinusitis, and situs inversus
[7]. The spermatozoa from mice or cilia of Tetrahymena lack-
ing inner dynein arms heavy chain 7 gene showed an irregular
wave form (a decreased amplitude) and a decreased swim
speed [2, 25, 38]. Thus, the amplitude of ciliary beating is a
crucial factor controlling the ciliary transport in the airway.

However, the measurement of CBA has some problems. It
requires the video-frame images of a beating cycle with high
spatial resolution and high time resolution (such as 500 fps) to
capture the fine movement of each cilium. This problem has
been resolved by the recent development of high-speed cam-
era. However, some researchers are cautious in the CBA mea-
surement, because CBAmeasurements may be affected by the
experimenter bias. However, the new method shown in this
study resolves these problems especially the experimenter bi-
as, because the image reported by the image analysis program
shows changes in CBD.

A decrease in [Cl−]i enhanced only CBD, not CBF, in
cHNECs at 37 °C; however, it enhanced both CBD and
CBF at 25 °C. Contrary, an increase in [Cl−]i decreased both
CBD and CBF at 37 °C. The ciliary beating is maintained by
molecular motors, dyneins [9]. Beating cilia have two func-
tionally distinct molecular motors, outer dynein arms (ODAs),
and inner dynein arms (IDAs); the ODA regulates frequency,
CBF, and the IDA regulates wave form including CBD and
CBA [4, 5]. The results of this study indicate that a decrease in
[Cl−]i enhances activities of both IDAs and ODAs, and an
increase in [Cl−]i inhibits both activities. These observations
suggest that intracellular Cl−s may bind signal molecules con-
trolling ODAs and IDAs to decrease CBF and CBD, and that
the Cl− concentration response curve of CBF may shift high
concentrations compared with that of CBD. A recent study
revealed that intracellular Cl− binds to the kinase domain of
with-no-lysin kinase (WNKs) regulating renal Na-Cl
cotransporter to inhibit its activity [6]. In cilia of cHNECs,
WNKs may also play crucial roles for activating ODA or
IDA in response to an [Cl−]i decrease. Moreover, an in vitro
study demonstrated that the range of [Cl−]i activating WNK4
is lower than that activating WNK1 or WNK3 [33]. The sub-
type of WNK-regulating ODA may be different from that
regulating IDA. The different subtypes may cause different
responses in CBD and CBF upon decreasing [Cl−]i in
cHNECs.

On the other hand, the modulation of ODAs regulating
CBF stimulated by an [Cl−]i decrease appears to depend on
the temperature. A low temperature, such as 25 °C, may de-
crease the Cl− binding affinity of signaling molecules control-
ling ODAs, such asWNKs [6, 33]. The affinity decreased by a

low temperature, such as 25 °C, may increase the activity of
ODA, leading to CBF increase.

There are reports showing that a decrease in [Cl−]i modu-
lates various cellular functions, such as Na+-permeable chan-
nels [34], Ca2+-regulated exocytosis [31] and airway ciliary
beatings [13, 15, 16, 30, 36]. A previous study showed that the
microtubules activity in brain cytoplasmic dynein (ATPase
activity) is enhanced by a low concentration of KCl, which
increases the dynein affinity to the microtubules [29].
Moreover, intracellular Cl− modulates G proteins [10], and
has an inhibitory effect onGTPase activity to stimulate tubulin
polymerization [26, 27]. The small G protein Arl13B, which is
considered a ciliary marker, localizes to the microtubule dou-
blets of ciliary axoneme [23]. Changes in [Cl−]i may affect
interactions between tubulin and dynein, leading to change
in CBD and CBF [11].

An elevation of pHi has been shown to increase CBF [13,
15, 16, 32]. A previous study demonstrated that a pHi eleva-
tion induced by the application of CO2/HCO3

−-free solution
(ΔpHi = 0.51) increased CBF from 5 to 7 Hz in human tracheal
ciliary cells. We also observed similar CBF increase in lung
airway ciliary cells of mice; application of the CO2/HCO3

−-
free solution (ΔpHi = 0.4) increased CBF by 35% [15, 32].
The present study demonstrated that pHi elevation induced
by application of the CO2/HCO3

−-free solution is transient
and its extent (ΔpHi = 0.14) is much less in cHNECs than in
the human tracheal ciliary cells. However, a large increase in
pHi induced by the NH4

+ pulse stimulated a large CBF in-
crease in cHNECs. Thus, upon applying the CO2/HCO3

−-free
solution, the small transient CBF increase is caused by a small
elevation of pHi in cHNECs.

We performed experiments using an inhibitor of carbonic
anhydrase (A-amide) to clarify the cause of a small pHi

increase evoked by switch to the CO2/HCO3
−-free solution

in cHNECs. A-amide, alone, did not change pHi in the CO2/
HCO3

−-containing solution, and it abolished the small
change in pHi induced by switch to the CO2/HCO3

−-free
solution, suggesting that H+ is produced from CO2 in
cHNECs. Moreover, in the CO2/HCO3

−-free solution, the
NH4

+ pulse stimulated a large rapid decrease following an
immediate increase in pHi. The large rapid decrease in pHi

was completely inhibited by acetazolamide, indicating that
CO2 is supplied from the intracellular compartment in
cHNECs. Because, the experiments were carried out in the
absence of CO2/HCO3

−. Thus, a large amount of H+ is pro-
duced by CO2 via metabolisms of cHNECs. Therefore,
switch to the CO2/HCO3

−-free solution evoked a leakage
of CO2 from cHNECs, leading to a decrease in H+ concen-
tration (a small pHi increase). A large amount of CO2 pro-
duced via metabolisms plays a crucial role in the mainte-
nance of pHi in cHNECs, which are exposed to an extreme-
ly low CO2 concentration (0.04%) in the physiological
condition.
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The cHNECs were obtained from patients suffering from
chronic sinusitis and allergic rhinitis. In cHNECs obtained
from both types of patients, application of the NO3

− solution
enhances CBD at 37 °C. These results suggest that a decrease
in [Cl−]i enhances CBD to increase the rate of mucociliary
clearance in nasal epithelia of both types of patients.
Therefore, substances to decrease [Cl−]i may be an effective
therapeutic tool for improving or preventing nasal symptoms
of both types of patients. Drugs stimulating airway Cl− secre-
tion, such as β2-agonists [30, 41], carbocistein [13, 15], hes-
peridin [2], and daidzein [16], which decrease [Cl−]i, enhance
CBD leading to increase the rate of mucociliary clearance in
nasal epithelia of both types of patients.
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