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Abstract

The beating cilia play a key role in lung mucociliary

transport. The ciliary beating frequency (CBF) and

ciliary bend amplitude (CBA) of isolated mouse

bronchiolar ciliary cells were measured using a light

microscope equipped with a high-speed camera (500

Hz). Procaterol (a 
2
-agonist) increased CBA and CBF

in a dose dependent manner via cAMP. The time

course of CBA increase is distinct from that of CBF

increase: procaterol at 10 nM first increased CBA and

then CBF. Moreover, 10 pM procaterol increased

CBA, not CBF, whereas 10 nM procaterol increased

both CBA and CBF. Concentration-response studies

of procaterol demonstrated that the CBA curve was

shifted to a lower concentration than the CBF curve,

which suggests that CBA regulation is different from

CBF regulation. Measurements of microbead

movements on the bronchiole of lung slices revealed

that 10 pM procaterol increased the rate of ciliary

transport by 37% and 10 nM procaterol increased it

by 70%. In conclusion, we have shown that increased

CBA is of particular importance for increasing the

bronchiolar ciliary transport rate, although CBF also

plays a role in increasing it.

Introduction

The mucociliary transport of the airways, which

consists of a surface mucous layer and beating cilia, is a

host defence mechanism of the lung. The surface mucous

layer traps foreign particles, chemicals, and cellular debris,

and the beating cilia transport the surface mucous layer

toward the pharynx. Thus, the beating cilia are the engine

that drives mucociliary transport [1-6]. The ciliary beat

frequency (CBF) is known to be a key factor in controlling

the mucociliary transport rate [2-8] and has been

measured as an index of ciliary activities in many studies

[2-6, 8-13]

Cilia are ubiquitous cellular nanomachines that

consist of a microtubule cytoskeleton called the

“axoneme”. Their beating is maintained by the sliding of

microtubule doublets driven by molecular motors, the inner

arm dyneins and outer arm dyneins, which are functionally

distinct. The inner arm dyneins change the waveform,
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whereas the outer arm dyneins affect the frequency [4,

6, 14-20]. In the beating axoneme, an increase in the

microtubule doublet sliding velocity has two effects: an

increase in bend amplitude (CBA) (Fig. 1) and an increase

in beat frequency (CBF) [8].

Patients with inner arm dynein defects, whose cilia

showed an abnormal waveform with a markedly reduced

CBA but a normal CBF, have the symptoms of primary

ciliary dyskinesia (PCD) [14, 15]. In transgenic mice that

lack the inner arm dynein heavy chain 7 gene (DyHC7),

spermatozoa flagella show an abnormal beating waveform

and a decreased lateral amplitude but have a normal CBF.

Chlamydomonas and Tetrahymena mutants lacking

DyHC7 also show an irregular ciliary waveform pattern,

decreased CBA, slower swim speed, but they still have a

normal CBF [19, 21, 22]. These observations suggest that

CBA is of particular importance for regulating the

mucociliary transport rate in airways. However, no CBA

measurements have been carried out in the airway,

because it is difficult to observe the fine high-frequency

movements of the beating cilia in the airways.

The recent development of video-optical equipment

has enabled us to observe the fine movement of individual

cilia [2, 23-26]. In this study, we measured CBA and CBF

in bronchiolar ciliary cells stimulated by the selective 
2
-

agonist, procaterol, using a light microscope equipped with

a high-speed camera. We found increases in the CBA

and CBF of bronchiolar ciliary cells during procaterol

stimulation. In this study, we examined the effects of

procaterol on CBA and the effects of CBA increase on

the bronchiolar ciliary transport rate.

Materials and Methods

Solution and Chemicals

The control solution contained 121 mM NaCl, 4.5 mM

KCl, 25 mM NaHCO
3
, 1 mM MgCl

2
, 1.5 mM CaCl

2
, 5 mM

NaHEPES, 5 mM HEPES and 5 mM glucose. The Ca2+-free

solution contained 121 mM NaCl, 4.5 mM KCl, 25 mM NaHCO
3
,

1 mM MgCl
2
, 1 mM EGTA, 5 mM NaHEPES, 5 mM HHEPES and

5 mM glucose. For the cell preparation, we used a nominally

Ca2+-free solution, which consisted of the control solution

without CaCl
2
. The solution pH was adjusted to 7.4 by adding

1 M HCl. All solutions were aerated with a gas mixture (95% O
2

and 5% CO
2
) at 37°C. The procaterol was a generous gift from

Otsuka Pharmaceutical Co., Ltd. (Tokyo, Japan). Forskolin (FK),

heparin, elastase, and bovine serum albumin (BSA) were from

Wako Pure Chemical Industries, Ltd. (Osaka, Japan), PKI amide

was from Enzo Life Sciences International Inc. (Plymouth

Meeting, PA, USA), and ICI-118,551 (an inhibitor of 
2
-receptor)

and DNase I were from Sigma Chemical Co. (St Louis, MO,

USA). All reagents were dissolved in dimethyl sulfoxide

(DMSO) and prepared to their final concentrations immediately

before the experiments. The DMSO concentration did not

exceed 0.1%, and DMSO at this concentration had no effect on

CBF [11-13, 23].

Cell preparations

Female mice (C57BL/6J, 5 weeks of age) were purchased

from SLC Inc. (Hamamatsu, Japan), and fed standard pellet

food and water ad libitum. Lung epithelial cells, including ciliary

cells, were isolated from the lungs as previously described [13,

27]. The mice were anaesthetized with intraperitoneal injections

of pentobarbital sodium (60-70 mg/kg) and then heparinized

(1000 units/kg). The lungs were cleared of blood by perfusion

via the pulmonary artery, and the lungs together with the trachea

and heart were removed from the mouse en bloc. A nominally

Ca2+-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 35 min at 37°C. Following this

incubation, the mediastinal structures (trachea and heart) and

extrapulmonary bronchus were removed. The lobes of both

lungs were placed in the control solution containing DNase I

(0.02 mg/ml) and BSA (3%) and then minced using fine forceps.

The minced tissue was gently agitated for 5 min on ice and

filtered through a nylon mesh with a pore size of 300 μm square.

The cells were washed three times with centrifugation (160 x g

for 5 min) and then resuspended in the control solution (4°C).

With the exception of the PKI amide experiments, cells were

used for experiments within 3 h after isolation.

The procedures and protocols for these experiments were

performed in accordance with guidelines of the Animal

Research Committee of Osaka Medical College and the guiding

principles for the care and use of animals in the field of

physiological sciences (Physiological Society of Japan).

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 microperfusion chamber (30 μl) mounted on an

inverted light microscope (T-2000, NIKON, Tokyo, Japan)

connected to a high-speed camera (FASTCAM-512PCI,

Photron Ltd., Tokyo, Japan). The stage of the microscope was

heated to 37ºC, as CBF is temperature-dependent [2]. The

chamber was perfused with the control solution (37ºC) at a

constant rate (300 μl/min) and aerated with a gas mixture (95%

O
2
 and 5% CO

2
). Ciliary cells were distinguished from other

lung epithelial cells, such as alveolar type-I and type-II cells,

by their beating cilia (Fig. 2). Ciliary cells accounted for

approximately 10-20% of isolated lung cells. For the CBA and

CBF measurements, video images were recorded for 2 s at 500

Hz. Before the experiments, the cells were perfused with the

control solution for 5 min and then stimulated with various

drugs. After the experiments, data analysis was carried out

Komatani-Tamiya/Daikoku/Takemura/Shimamoto/Nakano/Iwasaki/
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using an image analysis program (DippMotion 2D, Ditect,

Tokyo, Japan).

The CBF measurements are shown in Figs. 2A-C. When

we superimposed a line, a-b, on the beating cilia (Fig. 2A) in the

video-images, the image analysis program reported changes in

the light intensity on the line for 2s. Figures 2B&C show the

light intensity changes of the line a-b (Fig. 2A) for 1 s. We

could then measure CBF by counting the peaks of these traces.

For measurement of CBA, two frame images in a cycle of ciliary

beating were selected, one image showing a cilium in the end

position of the effective stroke and the other showing the cilium

in the start position of the effective stroke. A schematic diagram

of CBA change is shown in Fig. 1. White lines were

superimposed on the cilium in the final position (Figs. 2D-1

and 2E-1) and in the start position of the effective stroke (Figs.

2D-2 and 2E-2). In Figures 2D-2 and 2E-2, the end positions of

the effective stroke (Figs. 2D-1 and 2E-1) were also

superimposed. The angle between the two white lines (Fig. 2D-

2 or 2E-2) was measured using an image analysis program

(DippMotion 2D, Ditect, Tokyo, Japan).

The CBA and CBF ratios (CBA
t
/CBA

0
 and CBF

t
/CBF

0
)

were used to make comparisons between the experiments. Five

CBFs/CBAs measured for 5 min during control perfusion were

averaged and the averaged value was used as CBF
0
/CBA

0
.

The subscripts “t” or “0” indicate the time after and before the

start of experiments, respectively. Each experiment was carried

out using 6-10 cover slips with cells obtained from 3-5 animals.

For each coverslip, we selected a visual field with 1-2 cells or

cell-blocks as shown in Fig. 2 and measured their CBAs or

CBFs. The ratios of CBA and CBF calculated from 4-12 cells

were plotted and the cell number was expressed as “n”.

Intracellular Ca2+ concentration

Intracellular Ca2+ concentration was measured using fura

2-acetoxymethyl ester (fura 2-AM). Cells were incubated with

2.5 μM fura 2-AM for 25 min at 23°C and placed in the perfusion

chamber. The Fura 2 was excited at 340 and 380 nm and emission

at 510 nm was measured using a fluorescence image analysis

system (Aqua Cosmos, Hamamatsu Photonics, Hamamatsu,

Japan). The fura 2 fluorescence ratios (F340/F380) were

calculated. Changes in the intracellular Ca2+ concentration were

expressed as those in F340/F380. The experiments were carried

out using 10 coverslips obtained from 3 animals.

Observation of microbead transport in bronchioles

To assess the rate of ciliary transport in bronchioles,

we measured the movement of latex microbeads across the

bronchiolar surface in lung slices. Lungs were cut into thin

slices using two adherent razor blades (the thickness of a

slice was 300-400 μm). The slices were placed on a coverslip

precoated with Cell-Tak to allow the slices to adhere firmly.

The coverclip with slices was set in the perfusion chamber,

which was mounted on a light microscope (BX50WI, Olympus,

Tokyo, Japan) connected to a video-enhanced contrast system

(Argus 20, Hamamatsu Photonics, Hamamatsu, Japan).

The rate of perfusion was 300 μL/min, and the volume of the

chamber was 100 μl. The microscope stage was heated to 37°C.

The control solution (20 μl, 37°C) containing microbeads (1 μm

diameter, 0.2%; polystyrene latex, Nisshin EM Co., Ltd., Tokyo),

was added into the chamber. The latex microbeads driven

by the beating cilia on the bronchiolar surface were recorded

by a video-recorder (30 Hz, National Television System

Committie). When microbeads were added into the chamber,

CBA and CBF Increase in Bronchioles

Fig. 1. Schematic diagram of a beating cilium (side view). In the recovery stroke, the cilium starts from the end position of the

effective stroke and swings backward close to the cell surface. Then, it fully extends and goes directly through its effective

stroke, reaching its maximal velocity in a plane perpendicular to the cell surface [37]. In the effective stroke, the cilium tip makes

an arc. The sliding of microtubule doublets in the axoneme forms the bend. To assess the bend, we measured “CBA1” as shown

in the right diagram (unstimulated cilium). A stimulus that increases the microtubule doublet sliding velocity in the axoneme

increases the magnitude of bend, as shown in the left diagram. To assess the bend, we measured “CBA2”, as shown in the left

diagram (stimulated cilium).

Cell Physiol Biochem 2012;29:511-522
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most ran throughout the lung slices with the solution flow

in the chamber driven by the perfusion system. However, some

microbeads reached bronchiolar surfaces and were transported

according to the surface flow driven by ciliary beating (Fig. 9).

First, we selected one bronchiole in a lung slice (300-500 μm

diameter) and measured the microbead movements across a

certain point of the selected bronchiole. In the control

experiment, the distance that a microbead was transported

for 150 ms (5 frame interval) was measured; the mean distance

(d
0
) was calculated for 30-90 microbeads. The same

measurements and calculations were made for 30-120

microbeads following procaterol stimulation. We also

calculated the ratio of microbead movement (d
stim

/d
0
), where

the subscripts “stim” and “0” indicate during stimulation

and before stimulation, respectively. Each experiment was

carried out using 6-10 slices obtained from 3-5 animals.

We also measured the CBA and CBF of the

bronchiolar surface in the lung slice. Coverslips with lung

slices (the thickness of a slice was 300-400 μm) were placed

in a microperfusion chamber (30 μl) mounted on an inverted

light microscope (T-2000, NIKON, Tokyo, Japan) connected

to a high-speed camera (FASTCAM-512PCI, Photron Ltd.,

Tokyo, Japan). The microscope stage was heated to 37°C, as

CBF depends on temperature [2]. The chamber was perfused

with the control solution (37°C) at a constant rate (300 μl/min)

and aerated with a gas mixture (95% O
2
 and 5% CO

2
).

We measured CBA and CBF of the bronchiolar surface in the

lung slice.

Statistical Analysis

Data are expressed as the mean ± standard error (SEM).

Statistical significance between means was assessed by

analysis of variance (ANOVA). Differences were considered

significant at p < 0.05. The statistical analysis results are shown

in the figures.

Results

Video images of bronchiolar ciliary cells

The light microscope equipped with a high-speed

camera enabled us to observe fine ciliay movements of

bronchiolar ciliary cells. Fig. 2A shows six consecutive

images taken every 20 ms of bronchiolar ciliary cells

isolated from mouse lungs (upper view). During control

perfusion, CBF was 10.5 Hz (Fig. 2B). Procaterol

stimulation (10 nM) immediately increased the CBF: 5

min after the start of stimulation, the CBF was 23.5 Hz

(Fig. 2C).

Procaterol stimulation also increased CBA. Figure

2D and 2E show a ciliary cell (side view) before and

5 min after the addition of 10 nM procaterol (10 nM),

respectively. The CBAs before and at 3 min

after procaterol stimulation were 92° and 143°,

respectively.

Komatani-Tamiya/Daikoku/Takemura/Shimamoto/Nakano/Iwasaki/
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Fig. 2. Video images of ciliary cells isolated from the bronchioles

(upper view). A: Six consecutive video images taken every 20

ms. On the apical surface of bronchiolar ciliary cells, the video

images clearly show beating cilia. B: Before procaterol

stimulation. Changes in light intensity of line a-b marked in

panel A1 for 1 s are shown. Ciliary beat frequency (CBF) was

measured by counting the peaks. CBF was 11 Hz. C: At 5 min

after 10 nM procaterol stimulation, the CBF was increased to

23.5 Hz. D&E: Video-images of bronchiolar ciliary cells (side

view). A white line is superimposed on a cilium in the end

position of an effective stroke in panels D-1 and panel E-1; a

second white line is superimposed on a cilium in the end

position of a recovery stroke in panels D-2 and panel E-2. The

angle between two lines represents “CBA” (panels D-2 and E-

2). D: Before procaterol stimulation. The CBA was 92º. E: During

10 nM procaterol stimulation (3 min after the addition of

procaterol), the CBA was 143º. Procaterol (10 nM) significantly

increased CBA (panels D-2 and E-2).

Cell Physiol Biochem 2012;29:511-522
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Fig. 3. A: Distribution of ciliary beat frequency (CBF). The

columns refer to the number of cells. CBF was measured from

ciliary cells isolated from the mouse lungs. A normal distribution

curve is superimposed in the same panel. The mean CBF was

11.5 ± 0.2 Hz (n=300). B: Typical changes in CBA and CBF in

response to 10 nM procaterol in a bronchiolar ciliary cell.

Procaterol stimulation (10 nM) first increased CBA and then

increased CBF.

Figure 3A shows the CBF distribution in 300 ciliary

cells isolated from mice. The mean CBF without any

stimulation was 11.5 ± 0.2 Hz (n=300). The histogram of

the CBFs shows a close fit to the normal distribution curve,

which is superimposed on the histogram (Fig. 3A). Ciliary

cells with CBFs in the range of 9 to 15 Hz were used for

experiments.

Effects of procaterol

Figure 3B shows the typical responses in CBA and

CBF upon stimulating bronchiolar ciliary cells with 10 nM

procaterol. Without any procaterol stimulation, CBA and

Fig. 4. Effects of ICI-118,551 (a selective 
2
-receptor blocker)

on CBA and CBF augmented with 10 nM procaterol. The ratios

of CBA and CBF were plotted to normalize experiments. A:

Control experiments (n=6). DMSO (0.1%) was added to the

control solution. B: Stimulation with 10 nM procaterol.

*Significantly higher compared with CBA
0
 / CBF

0
 (p<0.05). C:

Stimulation with 10 nM procaterol in the presence of ICI-118,551

(10 μM). ICI-118,551 abolished increases in CBA and CBF

stimulated by 10 nM procaterol (n=6).

CBF were constant at baseline (in this case, 80° and 12

Hz). Stimulation with 10 nM procaterol immediately

increased CBA, which plateaued within 3 min. The CBAs

before and 3 min after stimulation were 79° and 162°,

Cell Physiol Biochem 2012;29:511-522
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the CBA ratio but not in the CBF ratio (Fig. 5A). The

ratios of CBA/CBF 4.5 min after procaterol stimulation

were 1.28 ± 0.06 (n=6)/1.05 ± 0.01 (n=8). For comparison,

the CBA/CBF before and 4.5 min after stimulation were

68°/12 Hz and 84°/12.5 Hz, respectively. Thus, 10 pM

procaterol significantly increased the CBA ratio (p<0.05),

but not the CBF ratio. Stimulation with 1 nM procaterol

increased the ratios of CBA/CBF from 1.40 ± 0.04 (n=6)/

1.10 ± 0.04 (n=12) at 0.5 min to 1.83 ± 0.08/1.51 ± 0.06

at 5.5 min (Fig. 5B). Stimulation with 10 nM procaterol

induced an increase in the CBA ratio followed by an

increase in the CBF ratio, as shown in Fig. 4B and 5C.

Thus, the ratios of CBA and CBF during stimulation with

1 or 10 nM procaterol increased significantly (p<0.05)

compared with CBA
0
 and CBF

0
 (Fig. 5B&C). Figure

5D shows the concentration-response curves of the CBA

and CBF ratios. Procaterol increased the ratios of CBA

and CBF in a concentration-dependent manner. However,

the slope of the CBF curve is steeper than that of the

CBA curve. The half-maximum concentrations (EC
50

)

were 20 pM for CBA and 1.3 nM for CBF. Thus, the

concentration-response curve of CBA is distinct from that

of CBF. These observations suggest that the regulation

Komatani-Tamiya/Daikoku/Takemura/Shimamoto/Nakano/Iwasaki/
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Fig. 5. Effects of procaterol concentration

on CBA and CBF in bronchiolarciliary cells.

A: Stimulation with 10 pM procaterol

increased CBA but not CBF (n=5).

*Significantly different (p<0.05) from CBA
0
.

B: Stimulation with 1 nM procaterol.

immediately increased CBA and gradually

increased CBF, which plateaued within 2.5

min and 3.5 min, respectively. *Significantly

different (p<0.05) from CBF
0
 or CBA

0
. C:

Stimulation with 10 nM procaterol also

immediately increased CBA and gradually

increased CBF, which plateaued within 2 min

and 3 min, respectively. *Significantly

different (p<0.05) from CBF
0
 or CBA

0
. D:

Concentration effects of procaterol on CBA

and CBF. The ratios of CBA and CBF 5 min

after stimulation were plotted against the 
2
-

agonist concentrations. In the procaterol

dose-response study, the curve of CBA ratio

was shifted to the left compared with that of

CBF ratio (the EC
50

s of CBA ratio and CBF

ratio were 10 pM and 1.1 nM, respectively).

Similar results were obtained in the

salbutamol concentration-response study

(EC
50

s of CBA ratio and CBF ratio were 7.3

nM and 70 nM, respectively). *Significantly

different compared with values obtained

using 0.1 pM procaterol or 0.1 nM salbutamol

(p<0.05).

respectively. Following the CBA increase, the CBF

increased from 12 Hz to 27.5 Hz within 4 min and then

gradually decreased to 23 Hz by 20 min (Fig. 3B).

To normalize experiments, the ratios of CBA and

CBF (CBA
t
/CBA

0
 and CBF

t
/CBF

0
) were plotted (Fig.

4). The addition of DMSO (0.1%) had no effect on either

CBA or CBF (n=6). Procaterol (10 nM) augmented CBA,

which was followed by an increase in CBF. The ratios of

CBA/CBF were 1.90 ± 0.17 (n=6)/1.59 ± 0.09 (n=6) at 2

min and 1.95 ± 0.14/2.15 ± 0.09 at 4 min after the

procaterol stimulation, respectively. The ratios of CBA/

CBF gradually decreased to 1.85 ± 0.17/1.89 ± 0.10 within

30 min (Fig. 4B). The addition of 10 μM ICI-118,551 (a

selective
2
-receptor blocker) did not induce any change

in the ratios of CBA and CBF (n=8), nor did further

stimulation with 10 nM procaterol (Fig. 4C). Changes in

CBA and CBF were measured by three blinded observers,

who detected similar changes in CBA and CBF.

Next, the concentration effects of procaterol on the

ratios of CBA and CBF were examined (Fig. 5).

Procaterol at a concentration of less than 0.1 pM did not

affect the CBA and CBF ratios (data not shown).

Stimulation with 10 pM procaterol caused an increase in

Cell Physiol Biochem 2012;29:511-522
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Fig. 6. Effects of FK concentration on CBA and CBF in

bronchiolar ciliary cells. A: Stimulation with 10 nM FK

significantly increased the CBA ratio, but it increased the CBF

ratio only slightly. B: Stimulation with 10 μM FK first increased

CBA and then augmented CBF. *Significantly different from

values at time 0 (p<0.05). C: Dose-dependent effects of FK on

CBA and CBF ratios 5 min after the start of FK stimulation. The

dose-response curve of CBA ratio shifted to the left from that

of CBF ratio. *Significantly different from values obtained using

1 nM FK (p<0.05).

Fig. 7. Effects of PKI amide (a PKA inhibitor) on the ratios of

CBA and CBF stimulated by 10 nM procaterol. Cells were

treated with 50 μM PKI amide for 3 h prior to stimulation with

procaterol (10 nM) or FK (10 μM). PKI amide abolished increases

in CBA and CBF stimulated by 10 nM procaterol (A) or 10 μM

FK (B).

pathway of the CBA is different from that of CBF

and show that procaterol is more effective to CBA than

CBF.

The effects of salbutamol (a selective 
2
-agonist)

on CBF and CBA were also examined. Salbutamol,

similarly to procaterol, increased the CBA and CBF ratios

in a concentration-dependent manner, and the

concentration-response curve of CBA is distinct from that

of CBF (Fig. 5D). The EC
50

s of salbutamol were 7.3 nM

for CBA and 70 nM for CBF. Experiments were also

carried out using terbutaline (another selective 
2
-agonist)

and the concentration-response curve of CBA was again

distinct from that of CBF. The EC
50

s of of terbutaline

were 66 nM for CBA and 370 nM for CBF (data not

shown). Thus, three selective 
2
-agonists increased both

CBA and CBF and are more effective to CBA than CBF

as shown in the distinct EC
50

s. However, the EC
50

s of

Cell Physiol Biochem 2012;29:511-522
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Fig. 9. Movements of a latex microbead on the bronchiolar

surface. Panels A-D (before stimulation) and panels E-H (during

1 nM procaterol stimulation) show four consecutive video frame

images taken every 300 ms (10 frame interval). The initial position

of the bead is marked by arrows (bold face) in panels A and E.

White arrows in panels B-D and F-H show the movement of a

latex microbead over 300 ms (10 frame interval).

Komatani-Tamiya/Daikoku/Takemura/Shimamoto/Nakano/Iwasaki/
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Fig. 8. Effects of Ca2+-free solution and Gd3+ on CBA and CBF

ratio increases stimulated by 10 nM procaterol. A: Effects of

Ca2+-free solution. When cells were perfused with a Ca2+-free

solution, no changes in basal CBA and CBF were noted.

Stimulation with 10 nM procaterol immediately increased CBA

(within 2 min) and then gradually increased CBF (within 5 min).

The procaterol-stimulated plateau ratios of CBA and CBF in

the absence of Ca2+ were 80% of those in the presence of Ca2+.

B: Effects of 1 μM Gd3+. The addition of 1 μM Gd3+ did not

decrease basal CBA and CBF. Stimulation with 10 nM procaterol

immediately increased the CBA (within 2 min) and gradually

increased the CBF (within 6 min). The final ratios of CBA and

CBF in the presence of 1 μM Gd3+ were 80% of those in the

absence of 1 μM Gd3+. C: Changes in [Ca2+]
i
. Stimulation with

10 nM procaterol did not induce any increase in the fura 2

fluorescence ratio (F340/F380). *Significantly different from

values obtained using 1 nM FK (p<0.05).

three
2
-agonists were different (procaterol < salbutamol

< terbutaline) because of their different chemical

structures.
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Fig. 10. Effects of procaterol concentration on latex microbead

movement in the bronchioles. The distance ratio of microbead

movement (d
stim

/d
0
) was calculated from the mean distance of

microbead movements (30-120 beads) for 150 - 300 ms before

and after stimulation. The results obtained from 4-8 experiments

for each procaterol concentration are plotted. Procaterol (10

pM) significantly increased the distance ratio of microbead

movement. *Significantly different from values obtained using

0.01 pM procaterol (p<0.05). The ratio for 10 nM procaterol is

significantly higher than that for 10 pM procaterol (p<0.05).

Fig. 11. Changes in CBA and CBF of the bronchiolar surface

in lung slices during procaterol stimulation. A: Stimulation with

10 pM procaterol increased CBA but not CBF (n=7). B:

Stimulation with 10 nM procaterol also immediately increased

CBA and gradually increased CBF. The CBA and CBF plateaued

within 2 min and 4 min, respectively. *Significantly different

(p<0.05) from CBF
0
 or CBA

0
.

CBA and CBF Increase in Bronchioles

Effects of cAMP accumulation

The effects of cAMP accumulation on the CBA and

CBF ratios were examined, because 
2
-agonists stimulate

cAMP accumulation. Stimulation with 1 nM forskolin (FK)

did not increase CBA or CBF (data not shown).

Stimulation with 10 nM FK induced increases in CBA

but not CBF. The ratios of CBA and CBF 5 min after

stimulation were 1.25 ± 0.07 (n=4) and 1.15 ± 0.05 (n=5),

respectively (Fig. 6A). Thus, 10 nM FK significantly

increased the CBA ratio (p<0.05), but not CBF ratio.

Stimulation with 10 μM FK induced a CBA increase

followed by a CBF increase (Fig. 6B). The ratios of CBA/

CBF were 1.39 ± 0.06 (n=4)/1.15 ± 0.09 (n=5) at 0.5 min

after stimulation and 1.81 ± 0.07/2.10 ± 0.17 at 5 min

after stimulation. For example, CBAs/CBFs in one

experiment were 67º/9.5Hz before and 115º/20Hz at 5

min after stimulation. The dose effects of FK on the ratios

of CBA and CBF are shown in Fig 6C: the dose-response

curve of CBA (EC
50

 = 23 nM) was distinct from that of

CBF (EC
50

 = 220 nM). Thus, FK was more effetive to

CBA than CBF, similar to procaterol.

We then tested the effects of PKI amide (a PKA

inhibitor) on increases in CBA and CBF stimulated by 10

nM procaterol. Cells were treated with PKI amide (50

μM) for 3 h at 23°C and then, set in the perfusion chamber.

Stimulation with 10 nM procaterol did not increase in CBA

or CBF in the presence of PKI amide. The ratios of CBA

and CBF 4 min after the addition of procaterol stimulation

were 1.08 ± 0.03 (n= 6) and 1.00 ± 0.02 (n=10),

respectively. Thus, pretreatment of PKI amide abolished

the procaterol-induced increases in the CBA and CBF

ratios (Fig. 7A). Treatment with PKI amide also

abolished increases in CBA and CBF stimulated by 10

μM FK (Fig. 7B). When we treated cells with PKI amide

for 2h, the increases in CBA and CBF in response to 10

nM procaterol were 50-80% of those that occurred in

the absence of PKI amide. The membranes of bronchiolar

ciliary cells appear to have a low permeability to PKI

amide.
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Effects of Ca2+

The effects of extracellular Ca2+ on procaterol

stimulation were also examined. Incubation in a Ca2+-

free solution containing 1 mM EGTA did not affect the

CBA and CBF ratios, which were 0.97 ± 0.02 (n= 9) and

1.02 ± 0.01 (n=7) 10 min after switching to a Ca2+-free

solution, respectively. Stimulation with 10 nM procaterol

immediately increased CBA and then gradually increased

CBF. The ratios of CBA/CBF were 1.71 ± 0.07 (n= 9)/

1.47 ± 0.08 (n=7) at 2 min after stimulation and 1.74 ±

0.06/ 1.69 ± 0.05 at 5 min (Fig. 8A). We examined the

effects of 1 μM Gd3+ (an inhibitor of store-operated Ca2+

channels), because the tracheal ciliary cells in primary

culture have been reported to have store-operated Ca2+

entry pathways (10). The addition of 1 μM Gd3+ did not

affect CBA or CBF. Stimulation with 10 nM procaterol

induced an immediate increase in CBA, and a gradual

increase in CBF. The ratios of CBA/CBF were 1.73 ±

0.07 (n= 4)/1.17 ± 0.08 (n=8) at 2 min after stimulation

and 1.74 ± 0.08/1.63 ± 0.07 at 5 min (Fig. 8B). Thus,

procaterol significantly increased the ratios of CBA and

CBF (p<0.05) in a Ca2+-free solution and in the presence

of 1 μM Gd3+. However, the final ratios of CBA and CBF

were small (80%) and the rates of CBA increase and

CBF increase were slow, compared with those in the

control solution. Thus, procaterol actions were not

mediated via an increase in intracelullar Ca2+

concentration, but intracellular Ca2+ may play a role during

procaterol stimulation, such as the rate of cAMP

accumulation and the maintenance of PKA actions.

A typical response in intracellular Ca2+ concentration

during procaterol stimulation is shown in Fig. 8C:

stimulation with 10 nM procaterol did not increase the

F340/F380 ratio in bronchiolar ciliary cells.

Latex microbead transport in the bronchiolar

surface

A video-microscope enabled us to observe the ciliary

beating on the bronchiolar surface of lung slices (Fig. 9).

Figure 9 shows two sets of four consecutive microscope

images of a bronchiole in a lung slice taken every 300 ms

(10 frames interval). The white arrows in panels B-D

and F-H show the movement of a latex microbead, which

is driven by beating cilia over a periof of 300 ms. Figures

9A-D show the movement of a latex microbead in a

bronchiole before stimulation. In Fig. 9A-D, a microbead

was transported approximately 100 μm for 1 s. Figures

9E-H show the movement of a latex microbead at 11 min

after 1 nM procaterol stimulation. In Fig. 9E-H, a micro-

bead was transported approximately 170 μm for 1 s.

Figure 10 shows the effects of procaterol

concentration on the distance ratio of latex microbead

movement (d
stim

/d
0
) in the bronchioles of lung slices. The

ratios were 1.10 ± 0.11 (n=6) at 1 pM, 1.37 ± 0.12 (n=8)

at 10 pM and 1.70 ± 0.09 (n=8) at 10 nM. The ratio at 10

pM is high compared with that of 1 pM (p<0.05) and the

ratio at 10 nM is significantly higher than that at 10 pM

(p<0.05).

Figure 11 shows the changes in the CBA and CBF

ratios of bronchiolar surface in the lung slices. Stimulation

with 10 pM procaterol increased CBA, but not CBF (Fig.

11A), whereas stimulation with 10 nM procaterol

increased both (Fig. 11B). Thus, the changes in CBA

and CBF in lung slices are similar to those in experiments

using isolated cells (Fig. 5).

These results indicate that an increase in CBA with

no increase in CBF enhanced microbead movement at

the bronchiolar surface and that increases in both CBA

and CBF further enhanced microbead movement.

Discussion

This study demonstrated that increased CBA is a

key factor in increasing the ciliary transport rate on the

bronchiolar surface. The sliding verocity of the microtuble

doublet genarates the bend of axoneme and its increase

elevates CBF, assuming a constant CBA in the beating

axoneme. Under the same assumption (constant CBA),

Ross and Corrsin (1974) proposed a theoretical model of

beating cilia in airways, in which an increase in CBF

enhances the rate of mucociliary transport [7]. Based on

these findings, CBF was established as a key parameter

for controlling the rate of ciliary transport and has been

measured in most studies [2, 4, 10-13]. However, an

increase in the microtubule doublets sliding velocity also

enhances the axoneme bending, indicating that the

increased sliding velocity increases CBA. In this study,

we found that procaterol stimulation increases CBA

mediated via cAMP accumulation in bronchiolar ciliary

cells, although it also increases CBF. This is the first report

showing a cAMP-mediated increase in CBA in

bronchiolar ciliary cells.

This study also demonstrated that, upon stimulating

cAMP accumulation, the time course of CBA increase is

distinct from that of CBF increase. The difference

between the two time courses suggests that the kinetics

of CBA regulation are different from that of CBF, and

the regulation pathway of CBA is different from that of

CBF. The concentration-response studies with procaterol

Cell Physiol Biochem 2012;29:511-522
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and FK indicate that the concentration of cAMP necessary

to increase CBA is lower than that for CBF.

On the other hand, studies in Chlamydomonas and

Tetrahymena mutants showed that the inner arm dyneins

and outer arm dyneins are functionally distinct: the outer

arm dyneins control CBF, and the inner arm dyneins

control the waveform including CBA [14-18]. One

possible explanation is that cAMP concentrations in

microdomains for regulating CBA and CBF activities

(inner arm dyneins and outer arm dyneins, respectively)

may be different, although it remains unknown why the

regulations in CBA and CBF activities are different.

Further studies are required to clarify the cAMP

compartmentalization in the cilium.

The other finding of this study is that an increase in

CBA is of particular importance in activating the ciliary

transport on the bronchiolar surface; an increase in CBA

enhances the rate of ciliary transport on the bronchiolar

surface. The patients with primary ciliary dyskinesia

(PCD), mice and Tetrahymena with  inner arm dynein

defects have revealed that CBA is of particular

importance for maintaining cilia functions. Patients with

inner arm dynein defects whose cilia show an abnormal

waveform with a stiff forward stroke, markedly reduced

CBA, but normal CBF have symptoms of PCD in the

lung, nose, sinus, ear, and situs inversus [14, 15]. In the

spermatozoa from mice lacking the inner arm dynein heavy

chain 7 (DyHC7) gene, the lateral amplitude of the flagella

beat is decreased by 50% compared with controls,

resulting in reduced swimming velocities of spermatozoa,

but their CBF was unaffected [28]. In Tetrahymena,

DyHC6- or 7-knockout mutants show an irregular ciliary

beat waveform, a normal CBF, and decreased swim

speeds [19-21]. Thus, the results of this study are

consistent with those previously reported in PCD patients,

mice and Tetrahymena with inner arm dynein defects:

that is, that an increase in CBA is the key factor controlling

the rate of ciliary transport.

In Chlamydomonas, PKA bound to an A-kinase

anchoring protein (AKAP) is a structural component of

axonemes, which include inner arm dyneins, central pair

apparatus, and the radial spokes. An AKAP homologue

has been found in axonemes of human and bovine airway

cilia [29, 30]. The outer arm dyneins are phosphorylated

by PKA in Tetrahymena cilia [31, 32]. Thus, PKA

controls a signalling pathway involving the central pair

apparatus, radial spokes, and inner arm dyneins and outer

arm dyneins in Chlamydomonas and Tetrahymena [33-

36]. Similar signalling pathways activated by cAMP may

regulate CBA and CBF in the bronchiolar ciliary cells.

We also showed that increasing the CBF enhances

the microbead transport rate. The rate of microbead

transport stimulated with 10 nM procaterol was higher

than that stimulated with 10 pM procaterol (Figs. 5, 10

and 11); stimulation with 10 nM procaterol increased CBA

and CBF, whereas 10 pM procaterol only increased CBA.

Thus, an increase in CBF facilitates the rate of ciliary

transport, as previously reported [7, 8].

In conclusion, this study demonstrates that 1) CBA

is of primary importance for increasing the ciliary transport

rate, and that 2) CBF plays a secondary role in enhancing

the ciliary transport rate, as previously reported [7, 8].
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