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β2-adrenergic regulation of ciliary beat frequency in rat
bronchiolar epithelium: potentiation by isosmotic
cell shrinkage
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Single bronchiolar ciliary cells were isolated from rat lungs. The β2-adrenergic regulation
of ciliary beat frequency (CBF) was studied using video-optical microscopy. Terbutaline (a
β2-adrenergic agonist) increased CBF in a dose-dependent manner, and it also decreased the
volume of the ciliary cells. These terbutaline actions were inhibited by a PKA inhibitor (H-89) and
mimicked by forskolin, IBMX and DBcAMP. Ion transport inhibitors were used to isosmotically
manipulate the volume of the terbutaline-stimulated bronchiolar ciliary cells. Amiloride (1 µM)
and bumetanide (20 µM) potentiated cell shrinkage and the CBF increase, and they shifted
the terbutaline dose–response curve to the lower-concentration side. Quinidine (500 µM), in
contrast, increased cell volume and suppressed the CBF increase. Moreover, a KCl solution
containing amiloride (1µM) and strophanthidin (100µM) increased cell volume and suppressed
the CBF increase, and then the subsequent removal of either amiloride or strophanthidin
decreased cell volume and further increased CBF. NPPB (10 µM) or glybenclamide (200 µM)
had no effect on the action of terbutaline. Thus, in terbutaline-stimulated ciliary cells, cell
shrinkage enhances the CBF increase; in contrast, cell swelling suppresses it. However, the results
of direct manupulation of cell volume by applying osmotic stresses (hyperosmotic shrinkage or
hyposmotic swelling) were the opposite of the findings of the isosmotic experiments: hyposmotic
cell swelling enhanced the CBF increase, while isosmotic swelling suppressed it. These results
suggest that isosmotic and non-isosmotic volume changes in terbutaline-stimulated bronchiolar
ciliary cells may trigger different signalling pathways. In conclusion, terbutaline increases CBF
and decreases the volume of rat bronchiolar ciliary cells via cAMP accumulation under isosmotic
conditions, and the isosmotic cell shrinkage enhances the CBF increase by increasing cAMP
sensitivity.
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The ciliary beating of the tracheobronchial tree is one of
the defence mechanisms of the respiratory tract and plays
a key role in removing intrinsic or extrinsic irritants from
the tracheobronchial tree (Wanner et al. 1996). Ciliary
beat frequency (CBF) has been previously reported to
be stimulated by many substances including β-adrenergic
agonists (Verdugo et al. 1980; Tamaoki et al. 1989; Devalia
et al. 1992, 1993; Wanner et al. 1996; Lieb et al. 2002).

The regulation of CBF has been studied extensively by
many investigators using ciliated ependymal cells (Nguyen
et al. 2001), ciliated nasal or tracheal epithelial cells
(Wanner et al. 1996; Wong et al. 1998; Lieb et al. 2002;
Mwimbi et al. 2002) and frog ciliated oesophageal cells

(Zagoory et al. 2002); however, most of the studies were
conducted using ciliated cells in primary culture (Wanner
et al. 1996). In the present study, single ciliary cells
were obtained from rat lungs, and the ciliary beatings of
bronchiolar ciliary cells were observed by video-enhanced
contrast (VEC) optical microscopy, which allowed the
measurement of CBF from video frame images (30 Hz)
and changes in cell morphology, such as cellular shape or
size (Nakahari et al. 1990, 2002; Fujiwara et al. 1999; Hosoi
et al. 2002). In the present study, we examined the effects of
terbutaline (a specifically selective β2-adrenergic agonist)
on the CBF of bronchiolar ciliary cells. In the course of the
experiments, we found that terbutaline not only increased
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CBF but also decreased the volume of bronchiolar ciliary
cells.

The isosmotic cell shrinkage coincides with the
activation of cellular functions, such as fluid secretion
in salivary acinar cells and sweat gland cells (Nakahari
et al. 1990; Suzuki et al. 1991; Takemura et al. 1991;
Foskett & Melvin, 1989), and fluid absorption in lung
cells (Nakahari & Marunaka, 1996, 1997; Hosoi et al.
2002). Moreover, isosmotic cell shrinkage modulates some
cellular functions such as exocytosis in antral mucous
cells (Fujiwara et al. 1999), non-selective cation channels
in fetal lung cells (Tohda et al. 1994; Marunaka et al.
1999), apoptosis (McCarthy & Cotter, 1997; Maeno et al.
2000), and Na+–H+ exchange (Robertson & Foskett, 1994;
Shrode et al. 1997). The cell shrinkage of bronchiolar ciliary
cells induced by terbutaline may also modulate CBF.

Our hypothesis is that cell volume modulates CBF in
bronchiolar ciliary cells under isosmotic conditions; that
is, cell shrinkage enhances terbutaline-stimulated CBF, and
in contrast, cell swelling suppresses it. In the present study,
we measured the CBF and volume of single bronchiolar
ciliary cells using VEC microscopy, and the effects of cell
volume on terbutaline-stimulated CBF were examined
by altering the volume of single bronchiolar ciliary cells
under isosmotic conditions. The goal of this study was to
confirm that isosmotic cell shrinkage enhances the CBF in
terbutaline-stimulated rat bronchiolar ciliary cells.

Methods

Solutions and chemicals

The control solution contained (mm): NaCl, 146; KCl,
4.5; MgCl2, 1; CaCl2, 1.5; NaHepes, 5; HHepes, 5; and
glucose, 5. To prepare a Ca2+-free solution, CaCl2 was
removed from the control solution, and to prepare an
EGTA solution, EGTA (1 mm) was added to the Ca2+-
free solution. The KCl solution contained (mm): KCl,
151.5; MgCl2, 1; CaCl2, 1.5; HHepes, 10; and glucose,
5. The pH values of all the solutions were adjusted to
7.4 by adding 1 m NaOH or 1 m KOH. In experiments
applying osmotic stresses, solution II was used. Solution
II contained (mm): NaCl, 121; KCl, 4.5; MgCl2, 1; CaCl2,
1.5; NaHepes, 5; HHepes, 5; glucose, 5 and saccharose, 50.
To prepare a hyposmotic solution, 50 mm saccharose was
removed from solution II, and to prepare a hyperosmotic
solution, 50 mm saccharose was added to solution II.
All the solutions were aerated with 100% O2 at 37◦C.
Terbutaline sulphate, quinidine, forskolin, 3-isobutyl-
1-methylxanthine (IBMX), dibutyryladenosine 3′,5′-
(cyclic)monophosphate (DBcAMP), heparin, elastase and
bovine serum albumin (BSA) were obtained from

Wako Pure Chemical Industries Ltd (Osaka, Japan),
and amiloride, bumetanide, glybenclamide, 5-nitro-
2-(3-phenylpropylamino) benzoic acid (NPPB) and
strophanthidin were obtained from Sigma Chemical Co.
(St Louis, MO, USA). Amiloride, bumetanide, forskolin
and IBMX were dissolved in dimethyl sulfoxide (DMSO)
as stock solutions. All the reagents were prepared to their
final concentrations immediately before the experiments.
The final concentration of DMSO in the medium never
exceeded 0.1%, which had no effect on cell volume.

Cell preparations

Ciliary cells were obtained from the lungs of male rats
(Slc:Wistar/ST 150–200 g from SLC Inc., Hamamatsu,
Japan) according to previous reports (Dobbs et al. 1980;
Hosoi et al. 2002). Briefly, the rats were anaesthetized
by intraperitoneal injection of pentobarbital sodium
(60–70 mg kg−1), and then heparinized (1000 units kg−1).
The lungs were cleared of blood by perfusion, lavaged, and
lungs with trachea and heart were removed from the rats en
bloc. The EGTA solution was instilled into the lung cavity
via the tracheal canula (7 ml) and then removed. This
procedure was repeated four times. The fifth instillation
was retained in the lung cavity for 15 min, and the lung
cavity was lavaged five times with the Ca2+-free solution.
Finally, the control solution containing elastase (0.15 mg
ml−1) and DNase I (0.03 mg ml−1) was instilled into the
lung cavity and the airway epithelium was digested for
30 min at 37◦C. Following this incubation, the mediastinal
structures (trachea and heart) were removed. The lobes of
both lungs were placed in the control solution containing
DNase I (0.08 mg ml−1) and 3% BSA, and then minced
using fine forceps. The minced tissues were gently agitated
for 5 min at 4◦C and filtered through a nylon mesh with
a pore size of 150 µm2. Cells were washed three times
with centrifugation (160 g for 5 min), resuspended in
the control solution (4◦C), and then used in experiments
within 3 h of preparation.

The experiments were approved by the Animal Research
Committee of Osaka Medical College and the animals were
cared for according to the guidelines of this committee.

CBF and cell volume measurement

Ciliary cells were placed on a coverslip precoated with
Cell-Tak (Becton Dickinson Labware, Bedford, MA,
USA). The coverslip with cells was set in a perfusion
chamber (Takemura et al. 1991) mounted on the stage
of a differential interference contrast (DIC) microscope
connected to a video-enhanced contrast (VEC) system
(ARGUS-10, Hamamatsu Photonics, Hamamatsu, Japan).
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We selected one single bronchiolar ciliary cell on the
coverslip and its image was recorded continuously using a
video recorder. Each experiment was performed using four
to eight coverslips. The volume of the perfusion chamber
was approximately 20 µl, and the rate of perfusion was
200 µl min−1. Experiments were carried out at 37◦C. The
focus of the microscope was frequently adjusted to observe
the cells at their maximal diameter.

The video frame images recorded using a video recorder
were stored in a computer via a video A/D converter.
CBF was measured from 60–90 video frame images
(30 frames s−1) as shown in Fig. 2B, and expressed in Hz.
Before the experiments, CBF was measured every 30 s for
2 min and the averaged value for CBF for 2 min was used
for unstimulated CBF (CBF0). CBF ratio was calculated
(CBFt /CBF0). The subscript t indicates the time after the
start of the experiment.

To estimate cell volume, cell area was measured by
tracing the outline of the cell on the video image at 20 s to
1 min intervals. The outline of a cell was traced three times
and the mean value was used for calculation. Cells were
first perfused with the control solution for 2 min, and the
mean value from five images measured every 30 s in the
first 2 min was used as the control value (A0). The variation
in the traced areas of the five images in the first 2 min was
less than 1.5%. The relative volume of a ciliary cell was
expressed as V/V 0 = (A/A0)1.5, where V is the volume, A
is the area, and subscript 0 indicates the control value. The
volume changes of a ciliary cell were estimated based on the
assumption that the volume changed to the same extent
in all three dimensions. This method has been described
in detail previously (Foskett & Melvin, 1989; Suzuki et al.
1991). The number of cells used for one experiment is
shown as n and the V /V 0 values calculated are presented
as means ± s.e.m.

The statistical significance of differences between the
mean values was assessed using ANOVA. Differences were
considered significant at P < 0.05.

Histological examination

The lungs were fixed in a 150 mm phosphate-buffered
solution containing 10% formalin for 1 day, and then
dehydrated and embedded in paraffin according to a
standard protocol. The sections were then stained with
haematoxylin–eosin (HE).

Results

Micrographs and video images of ciliary cells

Figure 1 shows the light micrographs of a rat lung section
stained with HE. Ciliary cells line the luminal surface of the

terminal bronchiole (Fig. 1A). A high-magnification view
of the terminal bronchiole shows cilia lining the apical
membrane of bronchiolar epithelial cells (Fig. 1B).

Figure 2 shows video images of a single bronchiolar
ciliary cell obtained by elastase treatment. The beating
cilia were observed on one side of the single bronchiolar
ciliary cell, that is, the apical surface (Fig. 2A). From a
morphological viewpoint, single bronchiolar cells after
elastase treatment are likely to maintain cellular polarity
(Figs 1 and 2). Figure 2B shows 12 consecutive images taken
at 30–40 ms intervals. Panels B1–6 and B7–11 show two

Figure 1. Histological examination of rat lung (HE staining)
A, low magnification. Terminal bronchiole and alveolar cavity. The
terminal bronchiolar surface is lined with ciliary cells, but not the
alveolar surface. B, high magnification. Ciliary cells with cilia on the
apical surface line the luminal surface of the terminal bronchiole.
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beating cycles and the CBF was 5.4 Hz in this case. Thus, we
could measure CBF in single ciliary cells. In unstimulated
bronchiolar ciliary cells, the CBFs were 3–10 Hz. We used
ciliary cells with CBFs of 5–8 Hz.

Figure 2. Video DIC images of a single
ciliary cell
A, the differential interference contrast (DIC)
image shows beating cilia located on the
apical surface of the cell. Each cilium
movement was detected in the video image.
Scale bar, 4 µm. B, frame images taken every
30–40 ms. Panels B1–B12 show two beating
cycles (panels 1–6 and panels 7–11). The
ciliary beat frequency of this cell is
approximately 5.4 Hz. Scale bar, 2 µm.

Terbutaline stimulation and CBF

Terbutaline (10 µm) increased CBF and decreased the
volume of the bronchiolar ciliary cells. Figure 3A shows
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a typical response of CBF and cell volume to 10 µm
terbutaline. In this case, CBF and the relative cell volume
(V/V 0) before stimulation were 6 Hz and 1.0, and
3 min after stimulation were 9.5 Hz and 0.8, respectively.
Figure 3B shows the CBF ratio and V/V 0 during 10 µm
terbutaline stimulation obtained from seven experiments.
The CBF ratio and V/V 0 before stimulation were 1.01 ±
0.00 and 1.00 ± 0.01 and 3 min after stimulation were
1.50 ± 0.04 and 0.89 ± 0.01, respectively. The CBF ratios

Figure 3. Changes in CBF and cell volume during 10 µm
terbutaline stimulation
A, a typical response of ciliary beat frequency (CBF, left y-axis, ✉) and
relative cell volume (V/V0, right y-axis, (� (red)). Terbutaline stimulation
(period of stimulation shown by horizontal bar) increased CBF and
decreased cell volume immediately. B, CBF ratios (CBF/CBF0 ( ✉)) and
V/V0 values (� (red)) during terbutaline stimulation in seven
experiments. C, the CBF ratios and V/V0 values in the first minute of
terbutaline stimulation. Cell shrinkage preceded the CBF increase.
∗Paired values significantly different from those at time 0 (P < 0.05).

and V/V 0 values in the first minute of 10 µm terbutaline
stimulation are shown in Fig. 3C. Cell shrinkage started
within 10 s of terbutaline stimulation, while the CBF
increase started 20 s after terbutaline stimulation. Thus,
cell shrinkage preceded the CBF increase (Fig. 3C).

A video frame image of a single brochiolar ciliary cell
before terbutaline stimulation is shown in Fig. 4A, in which
the outline of the cell is traced. Figure 4B shows the video
frame image 2 min after terbutaline (10 µm) stimulation,
and the line shows the outline of the cell before terbutaline
stimulation as obtained in Fig. 4A. Terbutaline-induced
cell shrinkage is shown in Fig. 4B. V/V 0 in Fig. 4B was
0.84.

Figure 5A shows the effects of 10 µm H-89 (an inhibitor
of PKA). The addition of H-89 did not change the CBF
ratio (0.98 ± 0.03, n = 4, 5 min after addition), although it
decreased V/V 0 slightly (0.98 ± 0.00, 5 min after addition).
The subsequent stimulation with 10 µm terbutaline did
not induce any increase in CBF ratio (0.95 ± 0.03, 5 min
after stimulation) and V/V 0 (0.97 ± 0.02, 5 min after
stimulation). Thus, the effects of terbutaline were inhibited
by H-89 (10 µm). Moreover, forskolin (10 µm) increased
CBF and decreased V/V 0 (Fig. 5B). The CBF ratio and
V/V 0 5 min after the addition of forskolin were 1.54 ±
0.06 and 0.81 ± 0.01 (n = 3), respectively.

The effects of terbutaline and cAMP on CBF ratio
(5 min after addition of the agonists) are summarized in
Fig. 6. The increase in CBF during terbutaline stimulation
was not affected by the Ca2+-free solution, while it was
inhibited by H-89 (10 µm). Forskolin (10 µm), DBcAMP
(0.5 mm) and IBMX (1 mm) increased CBF to the same
extent as terbutaline (10 µm). These observations indicate
that terbutaline increases the CBF mediated by cAMP
accumulation in rat bronchiolar ciliary cells.

Ion transport inhibitors and CBF

The effects of quinidine, a K+ channel inhibitor,
were examined in both unstimulated and terbutaline-
stimulated ciliary cells (Fig. 7A and B). Quinidine (500µm)
increased V/V 0 (1.06 ± 0.01, n = 5, 5 min after addition)
and decreased the CBF ratio (0.86 ± 0.04, 5 min after
addition) in unstimulated cells (Fig. 7A). Stimulation with
10 µm terbutaline increased the CBF ratio (1.59 ± 0.02,
n = 4, 5 min after stimulation) and decreased V/V 0 (0.83 ±
0.01, 5 min after stimulation), and the subsequent addition
of 500 µm quinidine increased V/V 0 immediately (1.01 ±
0.03, 1 min after addition) and decreased the CBF ratio
gradually (1.30 ± 0.01, 5 min after addition) (Fig. 7B).

The effects of amiloride (1µm), a Na+ channel inhibitor,
and bumetanide (20 µm), an inhibitor of Na+–K+–2Cl−
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cotransport, on CBF ratio and V/V 0 were also examined
(Fig. 7C and D). In unstimulated cells, the addition of
amiloride and bumetanide did not induce any change in
CBF ratio (1.00 ± 0.00, n = 3, 5 min after addition),
although they gradually decreased V/V 0 (0.92 ± 0.01,
5 min after addition) (Fig. 7C). Stimulation with
terbutaline (0.5 µm) increased the CBF ratio (1.35 ± 0.02,
n = 5, 5 min after stimulation) and decreased V/V 0 (0.85 ±
0.01, 5 min after stimulation), and the subsequent addition
of both amiloride (1 µm) and bumetanide (20 µm)
induced a further increase in CBF ratio (1.50 ± 0.04, 5 min
after addition) and a further decrease in V/V 0 (0.78 ± 0.02,
5 min after addition) (Fig. 7D). These observations suggest
that cell shrinkage enhances terbutaline-stimulated CBF,
and in contrast, cell swelling decreases it.

The effects of Cl− channel inhibitors were examined
using NPPB (10 µm) and glybenclamide (200 µm). Cells
were treated with NPPB (10 µm, an inhibitor of Cl−

channels) for 5 min prior to terbutaline stimulation
(Fig. 8A). NPPB (10 µm) did not induce any change in CBF
ratio or V/V 0 in unstimulated cells. Terbutaline (0.5 µm)
increased the CBF ratio (1.29 ± 0.01, n = 3, 5 min after
stimulation) and decreased V/V 0 (0.90 ± 0.01, 5 min after
stimulation). Cells were also treated with glybenclamide
(200 µm) (Fig. 8B). Glybenclamide (200 µm) did not
induce any change in V/V 0; however, it decreased the CBF
ratio gradually (0.85 ± 0.03, n = 3, 5 min after addition).
Terbutaline (0.5 µm) increased the CBF ratio (1.12 ± 0.03,
5 min after addition) and decreased V/V 0 (0.91 ± 0.02,
5 min after addition). Thus, NPPB and glybenclamide did
not inhibit terbutaline actions, although the cell shrinkage
and CBF increase induced by 0.5 µm terbutaline were
slightly smaller than those in the absence of Cl− channels
blockers (Figs 7D and 8).

Isosmotic cell shrinkage and CBF

The effects of dose of terbutaline on CBF were examined
in the absence and presence of amiloride (1 µm) and

Figure 4. Video DIC images of a single
ciliary cell
A, unstimulated ciliary cell. The outline of the
cell was traced. B, ciliary cell 2 min after
terbutaline (10 µM) stimulation. The outline
of the unstimulated cell (A) was
superimposed on the cell in B, and the
terbutaline-induced cell shrinkage is clearly
shown (V/V0 = 0.84). Scale bar, 5 µm.

Figure 5. Effects of H-89 (a PKA inhibitor) and forskolin
CBF ratios ( ✉) are plotted on the left y-axis and V/V0 values (� (red))
are on the right y-axis. A, H-89 did not induce any changes in CBF,
although it decreased V/V0 slightly in unstimulated cells. The
subsequent stimulation with terbutaline did not induce any changes in
CBF or V/V0. B, 10 µM forskolin (FK) decreased CBF and V/V0 to an
extent comparable with 10 µM terbutaline. ∗Paired values significantly
different from those at time 0 (P < 0.05).

bumetanide (20 µm). Stimulation with 1 nm terbutaline
did not induce any increase in CBF ratio (0.99±0.01, n =5,
5 min after stimulation), while it decreased V/V 0 slightly
(0.96 ± 0.02, 5 min after stimulation). The subsequent
addition of amiloride and bumetanide induced no increase
in CBF ratio (1.00 ± 0.03, 5 min after addition), whereas
it decreased V/V 0 (0.90 ± 0.02, 5 min after addition)
(Fig. 9A). Stimulation with 100 nm and 1 µm terbutaline
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Figure 6. Effects of cAMP accumulation on CBF
Sustained CBFs (5 min after the start of stimulation) during various
stimulations were plotted. ∗Significantly different from control value
(P < 0.05). †Paired values significantly different (P < 0.05).

(Fig. 9B and C) increased CBF and decreased cell volume,
and the subsequent addition of amiloride and bumetanide
further increased CBF and further decreased cell volume
gradually. The CBF ratio and V/V 0 5 min after 1 µm
terbutaline stimulation were 1.40 ± 0.00 and 0.84 ±
0.01 (n = 5) and 5 min after the addition of amiloride
and bumetanide were 1.53 ± 0.04 and 0.76 ± 0.02,
respectively. Stimulation with 10 µm terbutaline (Fig. 9D)
also increased the CBF ratio (1.50 ± 0.02, n = 7, 5 min

Figure 7. Changes in CBF and cell volume
induced by inhibition of K+ channels
(quinidine) or Na+ entry pathways
(amiloride and bumetanide)
CBF ratios ( ✉) are plotted on the left y-axis
and V/V0 values (� (red)) are on the right
y-axis. A, quinidine (500 µM) decreased CBF
ratio and increased V/V0 in unstimulated
bronchiolar ciliary cells. B, in 10 µM

terbutaline-stimulated cells, the subsequent
addition of quinidine (500 µM) increased
V/V0 immediately and decreased CBF
gradually. C, amiloride (Amil) and 20 µM

bumetanide (Bum) decreased V/V0 gradually,
but did not change CBF in unstimulated cells.
D, in 0.5 µM terbutaline-stimulated cells, the
subsequent addition of both 1 µM amiloride
and 20 µM bumetanide enhanced cell
shrinkage and CBF increase. ∗,∗∗Paired values
significantly different (P < 0.05).

after stimulation) and decreased V/V 0 (0.78 ± 0.01, 5 min
after stimulation). However, the subsequent addition of
amiloride and bumetanide did not increase the CBF ratio
(1.50 ± 0.02, 5 min after addition), although it decreased
V/V 0 slightly (0.76 ± 0.01, 5 min after addition).

The V/V 0 values and CBF ratios before and after the
addition of amiloride (1 µm) and bumetanide (20 µm)
were plotted against terbutaline concentration (Fig. 9E
and F). The cell shrinkage and CBF increase depended on
terbutaline concentration; V/V 0 decreased and CBF ratio
increased with increasing terbutaline concentration. The
subsequent addition of amiloride and bumetanide shifted
the terbutaline dose–response curve of V/V 0 downwards
(Fig. 9E). Moreover, it shifted the terbutaline dose–
response curve of the CBF ratio to the lower-concentration
side (Fig. 9F), and the half-maximum concentrations
(EC50 values) of terbutaline before and after the addition
of amiloride and bumetanide were approximately 0.15 µm
and 0.04 µm, respectively.

Isosmotic cell swelling and CBF

Bronchiolar ciliary cells were first perfused with the control
solution and then the perfusion solution was switched
to the KCl solution, which contained 0.5 µm terbutaline
(Fig. 10A). Stimulation with terbutaline (0.5 µm)
increased the CBF ratio (1.29 ± 0.02, n = 4, 3 min after
stimulation) and decreased V/V 0 (0.90 ± 0.02, 3 min after
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stimulation). Thus, terbutaline (0.5µm) increased the CBF
ratio and decreased V/V 0 during perfusion with the KCl
solution as well as the control solution (Fig. 7D). This
terbutaline-induced cell shrinkage appears to be caused
by Na+ extrusion via Na+ channels and the Na+ pump in
the bronchiolar ciliary cells perfused with the KCl solution.

In Fig. 10B, the perfusion solution was switched to
the KCl solution, which contained 1 µm amiloride, 100
µm strophanthidin and 0.5 µm terbutaline, to block Na+

channels and inhibit the Na+ pump. Stimulation with 0.5
µm terbutaline increased V/V 0 to a plateau within 3 min
(1.13 ± 0.02, n = 4), and it also increased the CBF ratio to a
plateau within 3 min (1.17±0.02); the subsequent removal
of amiloride decreased V/V 0 (1.02 ± 0.00, 3 min after the
removal) and increased CBF gradually (1.25 ± 0.03, 3 min
after removal) (Fig. 10B). In Fig. 10C, strophanthidin was
removed instead of amiloride. The subsequent removal
of strophanthidin also decreased V/V 0 and increased the
CBF ratio gradually (Fig. 10C). The CBF ratio and V/V 0

3 min after the terbutaline stimulation were 1.19 ± 0.01
and 1.17 ± 0.01 (n = 3), and those 3 min after the removal

Figure 8. Effects of Cl− channel blockers
CBF ratios ( ✉) are plotted on the left y-axis and V/V0 values (� (red))
are on the right y-axis. A, NPPB (10 µM) did not induce any changes in
CBF or volume of the unstimulated cells. Terbutaline (0.5 µM)
increased CBF and decreased cell volume. B, glybenclamide (200 µM)
did not induce any changes in cell volume but decreased CBF slightly.
Terbutaline (0.5 µM) increased CBF and decreased cell volume. ∗Paired
values significantly different (P < 0.05).

of strophanthidin were 1.36 ± 0.02 and 0.99 ± 0.01,
respectively.

The relationship between the CBF ratio and V/V 0 under
isosmotic conditions is summarized in Fig. 11, in which
the CBF ratio during 0.5 µm terbutaline stimulation was
plotted against V/V 0. As V/V 0 decreased, the CBF ratio
increased as shown in Fig. 10; cell shrinkage increased the
terbutaline-stimulated CBF, and in contrast, cell swelling
suppressed it.

Osmotic stress and CBF

The effects of osmotic shrinkage or swelling on CBF
were examined. A hyposmotic or a hyperosmotic
stress was applied by removing 50 mm (suchrose)
saccharose from solution II or by adding 50 mm
saccharose to solution II, keeping the other ionic
compositions constant. Switching from the control
solution to solution II induced no change in CBF or
V/V 0 (Fig. 12A). Cells were perfused with solution II
prior to 0.5 µm terbutaline stimulation. Terbutaline
(0.5 µm) increased CBF and decreased V/V 0. The
application of hyposmotic stress (–50 mosmol l−1)
increased V/V 0 to a new plateau within 2 min
(from 0.90 to 1.16), and it increased CBF. The CBF
ratios before and 5 min after hyposmotic stress were
1.36 ± 0.04 (n = 3) and 1.50 ± 0.06. Upon
removing the hyposmotic stress, V/V 0 and the CBF
ratio returned to their previous levels (Fig. 12B). The
application of hyperosmotic stress (+50 mosmol l−1)
induced further cell shrinkage. V/V 0 values before and
5 min after the hyperosmotic stress were 0.90 ± 0.00
and 0.83 ± 0.00 (n = 3). However, hyperosmotic stress
decreased CBF. The CBF ratios before and 5 min after
hyperosmotic stress were 1.34 ± 0.04 (n = 3) and
1.22 ± 0.06. Upon removing the hyperosmotic stress,
V/V 0 increased rapidly and then decreased gradually.
The CBF ratio increased to its previous level gradually
(Fig. 12C). Upon returning to isosmotic conditions
(relative hyposmotic stress), the bronchiolar ciliary cells
exhibited a regulatory volume decrease.

The application of osmotic stresses (±50 mosmol
l−1) in terbutaline-stimulated bronchiolar ciliary cells
demonstrated that hyperosmotic stress (cell shrinkage)
suppresses the CBF increase and hyposmotic stress
(cell swelling) enhances it. Thus, the results of direct
manipulation of cell volume by changing the osmolarity
were the opposite of the findings of the isosmotic
experiments: hyposmotic cell swelling enhanced the
terbutaline-stimulated CBF increase, while isosmotic
cell swelling suppressed it (hyperosmotic cell shrinkage
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suppressed the terbutaline-stimulated CBF increase, while
isosmotic shrinkage enhanced it).

Discussion

The regulations of CBF in airway epithelia have been
studied extensively by many investigators (Wanner et al.
1996; Wong et al. 1998; Lieb et al. 2002; Mwimbi et al.
2002). However, most of the studies have been carried out
using tracheal or nasal mucosal ciliary cells in primary
culture (Wanner et al. 1996). In the present study, single-
bronchiolar ciliary cells were obtained from rat lungs
by elastase treatment, and CBF and cell volume were
measured from video images using VEC microscopy. This

Figure 9. Dose effects of terbutaline on
CBF and V/V0

CBF ratios ( ✉) are plotted on the left y-axis
and V/V0 values (� (red)) are on the right
y-axis. Cells were first stimulated with
terbutaline, and then 1 µM amiloride (Amil)
and 20 µM bumetanide (Bum) were added.
Concentrations of terbutaline used were 1 nM

(A), 100 nM (B), 1 µM (C), and 10 µM (D).
Terbutaline increased CBF and decreased V/V0

in a dose-dependent manner. The subsequent
addition of amiloride and bumetanide
increased cell shrinkage and CBF during
stimulation with concentrations of terbutaline
from 1 nM to 1 µM. However, amiloride and
bumetanide did not increase V/V0 or CBF
during stimulation with 10 µM terbutaline. E
and F, V/V0 and CBF values were plotted
against terbutaline concentration 5 min after
terbutaline stimulation (Control) and also 5
min after the subsequent addition of 1 µM

amiloride and 20 µM bumetanide (Amil &
Bum). Terbutaline induced cell shrinkage and
CBF increase in a dose-dependent manner.
The subsequent addition of bumetanide and
amiloride lowered the dose–response curve of
cell shrinkage (E) and the dose–response
curve of CBF increase was shifted to the left
(F). In F, the half-maximum concentrations
were 0.15 µM in the control experiments and
0.04 µM in the presence of amiloride and
bumetanide. ∗Significantly different from
control values (P < 0.05).

is the first report measuring CBF and cell volume using
freshly isolated single bronchiolar ciliary cells.

Isolated epithelial cells may loose their polarity, which
may change their function. The light micrographs of the
lung sections show that cilia only exist on the apical
membrane (Fig. 1). The video images of single ciliary
cells (Figs 2 and 4) also show that cilia are only present
on one side of the isolated bronchiolar ciliary cells,
probably the apical side. Reuss (2001) reported that
apical ion channel proteins and an apical glycoprotein
remain in the apical membrane of isolated polarized
gallbladder epithelial cells, while they are distributed
across the entire surface of non-polarized cells, and
the freeze-fracture studies demonstrated that apical

C© The Physiological Society 2003



tjp˙047 TJP-xml.cls December 17, 1904 16:15

412 C. Shiima-Kinoshita and others J Physiol 554.2 pp 403–416

structures, that is, the microvilli and folds, still existed only
in the plasma membrane of the small apical domain in the
isolated polarized gallbladder cells (Reuss, 2001). Thus,
from a morphological viewpoint, the apical structures,
that is, the beating cilia, remain in the apical membrane of
bronchiolar ciliary cells after elastase treatment, suggesting
that the single bronchiolar ciliary cells maintain their
polarity. Moreover, when we measured the bronchiolar

Figure 10. Effects of cell swelling on CBF
CBF ratios ( ✉) are plotted on the left y-axis and V/V0 values (� (red))
are on the right y-axis. A, infusion of KCl solution containing 0.5 µM

terbutaline increased CBF and decreased cell volume. B, infusion of
KCl solution containing 1 µM amiloride, 100 µM strophanthidin and
0.5 µM terbutaline. Stimulation with 0.5 µM terbutaline increased
V/V0 and CBF to a plateau within 2.5 min. The subsequent removal of
amiloride decreased V/V0 gradually and increased CBF gradually. C, in
these experiments, strophanthidine, instead of amiloride (B), was
removed subsequently. Results obtained were similar to those shown
in A. ∗,∗∗Paired values significantly different (P < 0.05).

CBF of lung slices (without elastase treatment) using the
same experimental setup (data not shown), terbutaline
increased the CBF of bronchiolar ciliary cells in the lung
slices to a rate similar to that of the single bronchiolar
ciliary cells. The freshly isolated bronchiolar ciliary cells
remained dependence of CBF on terbutaline. These
observations suggest that cellular functions, particularly
with regard to the polarity of the cells and the CBF response
to terbutaline, are maintained in the freshly isolated single
ciliary cells used in the present experiments.

The CBF of unstimulated bronchiolar ciliary cells was
in the 3–10 Hz range, and the maximum CBF during
terbutaline stimulation was approximately 12 Hz. The CBF
of the single bronchiolar ciliary cells was similar to that
reported in tracheal ciliary cells in primary culture. Since
the National TV Standards Committee (NTSC) video
frame rate is 30 Hz, we are able to measure CBF using
standard video equipment, and also to observe the shape
of single bronchiolar ciliary cells on the video monitor.

In the present study, terbutaline increased the CBF of
single bronchiolar ciliary cells, which was mimicked by
forskolin, IBMX and DBcAMP, and inhibited by a PKA
inhibitor (H-89). However, the terbutaline-stimulated
CBF increase was not affected by the Ca2+-free solution or
KCl solution, which decreases Ca2+ entry. These suggest

Figure 11. Relationship between CBF ratio and V/V0 during
stimulation with 0.5 µm terbutaline
The numbers by the symbols indicate that the experiments 1 and 2
were NaCl experiments (Fig. 7D) and 3, 4, 5 and 6 were KCl
experiments (Fig. 10). 1, terbutaline (0.5 µM) alone. 2, subsequent
addition of 1 µM amiloride and 20 µM bumetanide. 3, terbutaline (0.5
µM) alone (KCl experiments in the absence of 1 µM amiloride and 100
µM strophanthidin) (Fig. 10A). 4, KCl experiments in the presence of 1
µM amiloride and 100 µM strophanthidin (Fig. 10B and C). 5, the
subsequent removal of 1 µM amiloride (Fig. 10B). 6, the subsequent
removal of 100 µM strophanthidin (Fig. 10C). The
terbutaline-stimulated CBF ratio increases with decreasing
V/V0 (r = 0.91).
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that terbutaline increases the CBF mediated via cAMP
accumulation in bronchiolar ciliary cells.

On the other hand, terbutaline decreased cell
volume, as did forskolin. However, terbutaline increased
cell volume in the presence of quinidine (a K+

channel blocker). This suggests that terbutaline activates
K+ channels mediated via cAMP accumulation in

Figure 12. Osmotic stress
CBF ratios ( ✉) are plotted on the left y-axis and V/V0 values (� (red))
are on the right y-axis. A, the perfusion solution was switched from
the control solution to solution II, which did not induce any change in
CBF or V/V0. B, the application of hyposmotic stress (–50 mosmol l−1)
increased V/V0 rapidly and enhanced the CBF increase. On returning
to isosmotic conditions, CBF and V/V0 recovered to their previous
levels. C, the application of hyperosmotic stress (+50 mosmol l−1)
enhanced cell shrinkage and inhibited the CBF increase. On returning
to isosmotic conditions, CBF returned to its previous level, and V/V0

increased rapidly and then decreased to its previous level. ∗,∗∗Paired
values significantly different (P < 0.05).

bronchiolar ciliary cells. A similar isosmotic cell shrinkage
induced by K+ channel activation during terbutaline
stimulation was reported in fetal lung cells (Nakahari
& Marunaka, 1996, 1997) and rat alveolar type II cells
(Hosoi et al. 2002).

We also examined the effects of Cl− channel inhibitors
(NPPB and glybenclamide) on CBF and cell volume. In
unstimulated ciliary cells, NPPB had no effects on CBF
or cell volume. Glybenclamide also had no effects on
cell volume but it decreased CBF slightly. Glybenclamide
may have some adverse effects on CBF. However, NPPB
or glybenclamide slightly suppressed the cell shrinkage
induced by terbutaline, although it did not inhibit the
CBF increase induced by terbutaline. Thus, terbutaline
activated Cl− channels in bronchiolar ciliary cells, which
were partially inhibited by NPPB or glybenclamide
partially. Since the complete inhibition of Cl− channels is
unlikely to induce cell shrinkage, most of the Cl− channels
of the bronchiolar ciliary cells seem to be insensitive to
NPPB or glybenclamide. Based on these observations,
terbutaline stimulates KCl release via the activation of K+

channels and Cl− channels, which decreases the volume of
bronchiolar ciliary cells.

Moreover, amiloride (Na+ channel inhibitor) as well
as bumetanide (Na+–K+–2Cl− cotransport inhibitor)
decreased cell volume, suggesting that bronchiolar ciliary
cells have Na+ channels and Na+–K+–2Cl− cotransport
as Na+ entry pathways. Na+–H+ exchange is also a
well-known Na+ entry pathway. However, the present
experiments were performed using a HCO−

3 -free solution,
in which the activity of the Na+–H+ exchanger is
negligible. Moreover, methylisobutyl amiloride (10 µm, an
inhibitor of the Na+–H+ exchanger) does not induce any
change in cell volume. A low amiloride concentration, such
as 1 µm, is known to inhibit only Na+ channels selectively,
although a high concentration of amiloride, such as
100 µm, inhibits Na+–H+ exchange. These observations
suggest that Na+ enters cells via the amiloride-blockable
Na+-permeable channels and bumetanide-sensitive Na+–
K+–2Cl− cotransport under the present experimental
conditions.

When Na+ entry is suppressed by inhibitors of Na+ entry
pathways and the K+ released maintained, the amount
of K+ released becomes larger than that of Na+ entering,
which decreases cell volume. Amiloride (1 µm) has been
reported to decrease the volume of lung cells (Nakahari &
Marunaka, 1996, 1997; Hosoi et al. 2002). A similar cell
shrinkage occurred in bronchiolar ciliary cells upon the
addition of both amiloride and bumetanide.

In terbutaline-stimulated bronchiolar ciliary cells, the
KCl solution alone decreased cell volume, and the KCl
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solution containing either amiloride or strophanthidin
still decreased cell volume, although the KCl solution
containing both amiloride and strophanthidin increased
cell volume. These results suggest that bronchiolar ciliary
cells may maintain a high intracellular Na+ concentration
during perfusion with the control solution and high
activities of Na+ extrusion mechanisms during perfusion
with the KCl solution, that is, high activities of Na+

channels and the Na+ pump. These Na+ extrusion
mechanisms may decrease the volume of the bronchiolar
ciliary cells perfused with the KCl solution, and their
inhibition (amiloride and strophanthidin) appears to
increase cell volume because K+ enters the cell via K+

channels activated by terbutaline and no Na+ is extruded.
At present, however, we have a limited knowledge of
intracellular Na+ concentration, amiloride-blockable Na+

channels and the Na+ pump in bronchiolar ciliary cells.
Further studies are required.

On the other hand, bumetanide and amiloride, which
enhance terbutaline-induced cell shrinkage, when added
during 0.5µm terbutaline stimulation potentiated the CBF
increase in bronchiolar ciliary cells. In contrast, quinidine
added during terbutaline stimulation, which induced
cell swelling, decreased CBF. During perfusion with the
KCl solution containing amiloride and strophanthidin,
0.5 µm terbutaline increased the volume and CBF
of the bronchiolar ciliary cells. However, the CBF
increase induced by 0.5 µm terbutaline was small
compared with that induced during perfusion with
the KCl solution alone, in which terbutaline decreased
the volume of bronchiolar ciliary cells. Moreover,
the subsequent removal of either strophanthidin or
amiloride, which decreased cell volume, induced a
further increase in CBF. Thus, cell swelling inhibits
the CBF increase in terbutaline-stimulated bronchiolar
ciliary cells, and in contrast, cell shrinkage enhances
it.

Moreover, the terbutaline dose–response study
demonstrated that amiloride and bumetanide shift the
dose–response curve of CBF to the lower-concentration
side. However, amiloride and bumetanide did not induce
any further increase in CBF during stimulation with
10 µm or 100 µm terbutaline. A high concentration of
terbutaline leads to a maximum accumulation of cAMP,
which induces the maximum activation of CBF, and cell
shrinkage induces no potentiation of the CBF increase.
Thus, cell shrinkage increases the cAMP sensitivity of
the CBF increase, although it does not increase CBF
directly. Moreover, CBF and cell volume showed a
linear relationship in bronchiolar ciliary cells stimulated
with 0.5 µm terbutaline, although the experimental

conditions were different. Thus, the present experiments
demonstrated that cell volume modulates the CBF
increase during terbutaline stimulation.

Changes in cell volume have already been reported
to modulate some cellular functions: amiloride-blockable
non-selective cation channels in fetal lung cells (Tohda
et al. 1994; Marunaka et al. 1999), exocytosis in antral
mucous cells (Fujiwara et al. 1999), and apoptosis;
(McCarthy & Cotter, 1997; Maeno et al. 2000), Na+–H+

exchange in rat astrocytes (Shrode et al. 1997) and salivary
acinar cells (Robertson & Foskett, 1994).

We also applied hyper- (+50 mosmol l−1) and
hyposmotic (–50 mosmol l−1) stresses by adding or
removing 50 mm saccharose during 0.5 µm terbutaline
stimulation. The application of a hyperosmotic stress
induced cell shrinkage, but it decreased terbutaline-
stimulated CBF. The application of a hyposmotic stress
induced cell swelling, and it potentiated the terbutaline-
stimulated CBF increase. Thus, the effects of osmotic cell
volume changes on terbutaline-stimulated CBF were the
opposite of those of isosmotic cell volume changes; that is,
hyposmotic cell swelling enhanced the CBF increase, while
isosmotic swelling suppressed it. The signalling pathways
triggered by isosmotic volume changes may be different
from those triggered by non-isosmotic volume changes in
terbutaline-stimulated bronchilar ciliary cells. A similar
observation has been reported in antral mucous cells;
Ca2+-regulated exocytosis was enhanced by isosmotic cell
shrinkage, but it was also enhanced by hyposmotic cell
swelling (Fujiwara et al. 1999). The cellular events induced
by cell volume changes under isosmotic conditions may
not be the same as those induced during osmotic stress,
such as a change in intracellular ionic concentration.

Isosmotic cell shrinkage has already been reported to
decrease intracellular Cl− concentration, [Cl−]i, in salivary
acinar cells (Foskett, 1990) and fetal lung cells (Tohda
et al. 1994; Marunaka, 1997). The decrease in intracellular
Cl− concentration was reported to modulate non-selective
cation channels in fetal lung cells (Tohda et al. 1994;
Marunaka et al. 1999), Na+ channels in salivary duct
cells (Dinudom et al. 1993), G-proteins (Higashijima
et al. 1987; Treharne et al. 1994), and Na+–K+–2Cl−

cotransport in airway cells (Haas & McBrayer, 1994).
With respect to [Cl−]i during osmotic stress, hyposmotic
stress decreases [Cl−]i, and in contrast, hyperosmotic stress
increases [Cl−]i. The present study demonstrated that the
CBF increase in terbutaline-stimulated bronchiolar ciliary
cells was potentiated by hyposmotic stress and suppressed
by hyperosmotic stress. These observations suggest that
the [Cl−]i decrease induced by isosmotic cell shrinkage
may enhance the CBF increase in terbutaline-stimulated
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bronchiolar ciliary cells. Although, at present, we do not
know the intracellular ionic concentrations in bronchiolar
ciliary cells, [Cl−]i may be a modulator of CBF during
terbutaline stimulation. However, we also have to consider
other factors activated by isosmotic cell shrinkage which
may modulate CBF. Further study is required to elucidate
the underlying mechanisms of cell shrinkage-induced CBF
potentiation.

In unstimulated ciliary cells, cell swelling induced by
quinidine decreased CBF, although cell shrinkage induced
by bumetanide and amiloride did not induce any increase
in CBF. Cell swelling may decrease CBFs in unstimulated
cells, although we cannot neglect the direct inhibitory
effects of quinidine on CBF. Thus, it remains uncertain
whether or not cell volume modulates CBF in unstimulated
bronchiolar ciliary cells.

Upon stimulation with terbutaline, cell shrinkage
preceded the CBF increase. This observation suggests that
cell shrinkage during terbutaline stimulation plays an
important role in the CBF increase; that is, cell shrinkage
may cause a rapid increase in CBF when ciliary cells are
stimulated with a small amount of cAMP, such as in the
first 30 s of the terbutaline stimulation.

In bronchiolar ciliary cells under isosmotic conditions,
terbutaline stimulates cAMP accumulation, which
increases CBF and decreases cell volume, and cell shrinkage
enhances the CBF increase by increasing cAMP sensitivity.
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