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Abstract This study demonstrated that PDE1 (phosphodies-
terase 1) existing in the ciliary beat frequency (CBF)-regulat-
ing metabolon regulates CBF in procaterol-stimulated lung
airway ciliary cells of mouse. Procaterol (an β2-agonist) in-
creased the ciliary bend angle (CBA) and CBF via cAMP
accumulation in the ciliary cells of mice: interestingly, the
time course of CBF increase was slower than that of CBA
increase. However, IBMX (3-isobutyl-1-methylxanthine, an
inhibitor of PDE) increased CBA and CBF in an identical time
course. Lowering an intracellular Ca2+ concentration ([Ca2+]i)
caused by switching to an EGTA-containing Ca2+-free solu-
tion from normal one elevated the procaterol-induced increas-
ing rate of CBF. These observations suggest that Ca2+-depen-
dent PDE1 controls cAMP-stimulated CBF increase. Either
application of 8MmIBMX (8-methoxymethyl-IBMX, a selec-
tive PDE1 inhibitor), BAPTA-AM (an intracellular Ca2+ che-
lator), or calmidazolium (an inhibitior of calmodulin) alone
increased CBA and CBF in the lung airway ciliary cells and

increased cAMP contents in the isolated lung cells, and like
IBMX, each application of the compound made the time
courses of CBA and CBF increase stimulated by procaterol
identical. The immunoelectron microscopic examinations re-
vealed that PDE1A exists in the space between the nine dou-
blet tubules ring and plasma membrane in the lung airway
cilium, where the outer dynein arm (a molecular motor regu-
lating CBF) functions. In conclusion, PDE1A is a key factor
slowing the time course of the procaterol-induced increase in
CBF via degradation of cAMP in the CBF-regulating
metabolon of the mouse lung airway cilia.
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Introduction

Mucociliary transport, which is a host-defense mechanism of
the lung, consists of the mucous layer and the beating cilia
lining on the airway surface. The surface mucous layer entraps
inhaled small particles, such as cellular debris, dusts,
chemicals, bacteria, and viruses, and the beating cilia transport
the mucous layer with entrapped small particles to the oro-
pharynx [1, 21, 28]. Thus, the mucociliary transport is com-
pared to a belt conveyer system removing inhaled particles
from the airway [7], in which the beating cilia are the engine.
The activation of ciliary beating is assessed by two parame-
ters, i.e., the ciliary bend angle (CBA, an index of ciliary bend
amplitude) and ciliary beat frequency (CBF) [15].

The previous study demonstrated that procaterol, a β2-ag-
onist, increases both CBA and CBF mediated via cAMP ac-
cumulation in mouse lung airway ciliary cells [15]. However,
procaterol increased CBF slower than CBA in the time course
and was more effective to CBA than CBF [15]. These
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observations suggest that the CBF-regulating pathway is dis-
tinct from the CBA-regulating pathway in lung airway ciliary
cells.

A cilium is composed of the axoneme (nine doublet micro-
tubules (A- and B-tubules) in a ring surrounding a central pair
of microtubules) [1, 21, 28]. Axonemal beating is driven by
the two functionally distinct dyneins (molecular motors),
namely, the inner dynein arm (IDA) attached to the inner side
of the A tubules and the outer dynein arm (ODA) attached to
the outer side of the A tubules [1, 3, 4, 10, 21, 28]. The IDAs
change the waveform, including CBA, whereas the ODAs
change the frequency (CBF) [1, 3, 4, 6, 11, 28, 29]. One
possible explanation for the slower CBF increase during
procaterol stimulation is that cAMP accumulation in the
metabolon regulatingODAmay be slower than that regulating
IDA.

On the other hand, we examined the effects of an EGTA-
containing Ca2+-free solution (EGTA solution) on CBA and
CBF increase stimulated by procaterol in the lung airway cil-
iary cells. Incubation in an EGTA solution did not induce any
change in the basal CBF and CBA [15], while the rate of
procaterol-stimulated CBF increase is higher in the EGTA
solution than in the control solution. Moreover, IBMX (3-
isobutyl-1-methylxanthine, a nonspecific inhibitor of PDE),
unlike procaterol, increased both CBA and CBF in an identi-
cal time course. Based on these observations, the Ca2+-depen-
dent PDE1 appears to control CBF by regulating cAMP ac-
cumulation in the CBF-regulating metabolon. The aim of this
study is to confirm PDE1 regulation of CBF during procaterol
stimulation in the mouse lung airway ciliary cells.

Materials and methods

Solution and chemicals The control solution was composed
of 121 mM NaCl, 4.5 mM KCl, 25 mM NaHCO3, 1 mM
MgCl2, 1.5 mM CaCl2, 5 mM NaHEPES, 5 mM HEPES,
and 5 mM glucose. To prepare the nominally Ca2+-free solu-
tion, CaCl2 (1.5 mM) was removed from the control solution
and to prepare the EGTA-containing Ca2+-free solution
(EGTA solution), EGTA (1 mM) was added in the nominally
Ca2+-free solution. The pH of the solutions was adjusted to 7.4
by adding 1 M HCl or 1 M NaOH. All solutions were aerated
with a gas mixture (95% O2 and 5% CO2) at 37 °C. The
procaterol was a generous gift from Otsuka Pharmaceutical
Co., Ltd. (Tokyo, Japan), and the concentration used was
1 nM throughout the experiments . 3-Isobutyl-1-
methylxanthine (IBMX), 8-Br-cAMP (a nonhydrolyzable an-
alogue of cAMP), heparin, elastase, and bovine serum albu-
min (BSA) were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan), BAPTA-AM and fluo4-AM
were from Dojindo Laboratories (Kumamoto, Japan),
calmidazolium and PKI 14-22 amide (PKI-A) were from

Tocris (Bristol, UK), 8-methoxymethyl-IBMX (8MmIBMX,
a selective inhibitor of PDE1) was from Calbiochem
(Darmstadt, Germany), and DNase I and dimethyl sulfoxide
(DMSO) were from Sigma Chemical Co. (St Louis, MO,
USA). All reagents were dissolved in DMSO or water as
appropriate and prepared to their final concentrations imme-
diately before the experiments. The DMSO concentration did
not exceed 0.1%, and DMSO at this concentration has no
effect on cellular events, such as changes in cell volume,
[Ca2+]i and intracellular pH including CBA and CBF [12,
15, 19, 23, 25].

Cell preparations Female mice (C57BL/6J, 5 weeks of age)
were purchased from Shimizu experimental animals (Kyoto,
Japan) and fed standard pellet food and water ad libitum. The
lung epithelial cells, including airway ciliary cells, were iso-
lated from the lungs as previously described [12, 15, 23]. The
mice were first anesthetized and heparinized by an intraperi-
toneal injection of pentobarbital sodium (70 mg/kg) plus hep-
arin (1000 units/kg) for 15 min and then, sacrificed by a high-
dose pentobarbital sodium (100mg/kg, ip). After the sacrifice,
the lungs were cleared of blood by perfusion via the pulmo-
nary artery using a nominally Ca2+-free solution containing
heparin (20 units/ml), and the lungs together with the trachea
and heart were removed from the mouse en bloc. The proce-
dure for cell isolation from the lungs has already been de-
scribed in details elsewhere [12, 15, 23]. Briefly, a nominally
Ca2+-free solution was instilled into the lung cavity via the
tracheal cannula (0.5 ml) and then, immediately removed.
This procedure was repeated three times. The third 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 elas-
tase (0.2 mg/ml) and DNase I (0.02 mg/ml) was instilled into
the lung cavity via tracheal cannula and the lungs were incu-
bated for 40 min at 37 °C. After this treatment, the lungs were
minced by fine forceps in the control solution containing
DNase I (0.02 mg/ml) and BSA (5%), and to isolate cells from
undigested tissues, the minced tissue was filtered through a
nylon mesh (a sieve having 300 μm openings). The isolated
cells were washed three times with centrifugation (160×g for
5 min) and then re-suspended in the control solution at 4 °C.
The cells were used for experiments within 5 h after the iso-
lation. The procedures and protocols for the experiments were
approved by the Committee for Animal Research of Kyoto
Prefectural University of Medicine.

CBA and CBF measurements The cells were placed on a
coverslip precoated with Cell-Tak (Becton Dickinson
Labware, Bedford, MA, USA). The coverslips with cells were
set in a microperfusion chamber (20 μl) that was mounted on
an inverted light microscope (T-2000, NIKON, Tokyo, Japan)
connected to a high-speed camera (FASTCAM-1024PCI,
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Photron Ltd., Tokyo, Japan). The stage of the microscope was
heated to 37 °C, because the CBF is temperature-dependent
[7]. The chamber was perfused with the control solution aer-
ated with a gas mixture (95% O2 and 5% CO2 at 37 °C) at a
constant rate (300 μl/min). The ciliary cells were distin-
guished from other lung epithelial cells by their beating cilia.
The ciliary cells accounted for around 10–20% of isolated
lung cells. For the CBA and CBF measurements, video im-
ages were recorded for 2 s at 500 fps. Before the start of
experiments, the cells were perfused with the control solution
for 5 min and then with test solutions containing various
drugs. After the experiments, CBA and CBF were measured
using an image analysis program (DippMotion 2D, DITECT,
Tokyo, Japan) [15]. To measure CBF, we superimposed a line
on the video-image of the beating cilia, and the image analysis
program reported any change in the light intensity on the line
for 2 s. We measured CBF by counting the peaks on these
traces. To measure 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. The
angle between the two positions was measured using an image
analysis program (DippMotion 2D). The measured angle
(CBA) was used as an index of ciliary bend amplitude [15].
The CBA and CBF ratios (CBAt/CBA0 and CBFt/CBF0: nor-
malized values of CBA and CBF) were calculated to make
comparisons across the experiments. Five CBFs or CBAs
measured for 5 min during control perfusion (1- or 2-min
interval) were averaged and the averaged value was used as
CBF0 or CBA0. The subscripts B0^ and Bt^ indicate the time
from the start of experiments. Each experiment was carried
out using 6–10 coverslips with cells obtained from three to
five animals. For each coverslip, we selected a visual field
with 1–2 cells or a cell-block and measured their CBAs or
CBFs. The ratios of CBA and CBF were calculated by aver-
aging values obtained from three to six cells (Bn^ shows the
number of cells).

To avoid the operator bias, the blinded experiments were
carried out in the control experiments (Fig. 1), the EGTA
experiments (Fig. 1), and the 8MmIBMX experiments
(Fig. 3) [24]. Prior to procaterol stimulation, the cells were
perfused with a blinded solution, which is the control solution,
the EGTA solution, or the 8MmIBMX-containing control so-
lution, and then, they were stimulated with procaterol.

Measurement of cAMP contents The isolated lung cells
were incubated in test solutions for 15 min at 37 °C. The test
solution contains DMSO (vehicle control), calmidazolium
(25 μM), 8MmIBMX (40 μM), IBMX (100 μM), or
procaterol (1 nM) plus IBMX (100 μM) in the control solu-
tion. To decrease the [Ca2+]i, the nominally Ca2+-free solution
containing EGTA (1 mM) or BAPTA-AM (50 μM) was used.
For the procaterol stimulation, two stimulation periods, 3 and

15 min, were used. After the experiments, the cells were im-
mediately frozen by the liquid nitrogen and stored at −80 °C
until the cAMP measurements. The contents of protein and
cAMP in the cells were measured using a Pierce BCA Protein
Assay kit (Thermo Fisher Scientific K.K, Yokohama, Japan)
and a cAMP EIA kit (Cayman Chemical, Ann Arbor, MI,
USA), respectively. The cAMP contents were expressed as
micromoles/gram protein.

Measurement of the [Ca2+]i The intracellular Ca
2+ concen-

tration ([Ca2+]i) was measured using fluo 4 fluorescence. The
isolated ciliary cells were incubated with 2.5 μM fluo4-AM
(fluo4-acetoxymethyl ester) for 30 min at 37 °C. The fluo 4
fluorescence was measured using a confocal laser scanning
microscope (model LSM 510META, Carl Zeiss, Jena,
Germany). The fluo 4 was excited at 488 nm and the emission
was 510 nm. The fluo 4 fluorescence ratio (Ft/F0) was calcu-
lated. The subscripts 0 or t indicate the time from the start of
experiments, respectively.

Western blot analysis Western blottings detecting PDE1A,
PDE1B, and PDE1C were carried out using the isolated lung
cells. The procedures for protein extraction and western blot-
ting have already been described in the previous reports [19,
25]. The antibodies used were AP00651SU-S (Acris
Antibodies, Germany) and ab14599 (Abcam plc,
Cambridge, UK) against PDE1A, AP53233PU-N (Acris
Antibodies, Germany) against PDE1B, and AP07024PU-N
(Acris Antibodies, Germany) against PDE1C. The protein
band was visualized by an enhanced chemiluminescence re-
agent (WSE-712 EzWestLumi plus, ATTO CORPORATION,
Tokyo, Japan) and captured by a Lumino-image analyzer
(LAS 3000; Fuji Film, Tokyo, Japan).

Immunofluorescence and immunoelectron microscopic
examination For the electron microscopic examinations, the
lungs were cleared of blood by perfusion via the pulmonary
artery using a nominally Ca2+-free solution. Following the
perfusion, glutaraldehyde (1%) in 0.15 M phosphate-
buffered saline (PBS, pH 7.2) was infused into the lung cavity
via tracheal cannula, and the lungs were removed from the
trachea and further fixed with 1% glutaraldehyde in 0.15 M
PBS at 4 °C for 1 h. The fixed lungs were washed five times
with PBS and dehydrated in serially graded ethanol. The sam-
ples were then embedded in Lowicryl K4M resin (Electron
Microscopy Science, PA, USA). Polymerization was allowed
to occur in an ultraviolet irradiator (Dosaka EM, Kyoto,
Japan) at −30 °C for 2 days and then at room temperature
for 2 days. Ultrathin sections were prepared using a Porter
Blum ultramicrotome (Sorvall MT-5000, Du Pont, CT,
USA) and mounted on a 300-mesh nickel grid supported by
a carbon-coated collodion film. Some samples were doubly
fixed with 2% glutaraldehyde and 1% osmium tetroxide,
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embedded in epoxy resin, and processed according to the rou-
tine procedure for electron microscopy [18, 20]. Ultrathin

sections on the grid were treated with 5% normal goat serum
in PBS to inhibit nonspecific reactions. The sections were then

Fig. 1 Effects of 1 nM procaterol on CBA and CBF in airway ciliary
cells. a A typical case showing CBA- and CBF increase in response to
1 nM procaterol. Stimulation with procaterol initially increased CBA and
then CBF. CBA and CBF reached plateaus within 2.5 and 5 min from the
start of procaterol stimulation, respectively. The time course of CBF
increase was slower than that of CBA increase. CBA increased from
72° to 127° and CBF increased from 9.5 to 17.5 Hz. b Changes in the
ratios of CBA and CBF (normalized values of CBA and CBF to the
prestimulation values). Procaterol (1 nM) immediately increased CBA
and then CBF. The CBA reached a plateau within 2 min (1.72 ± 0.03,
n = 6), whereas the CBF reached a plateau within 5 min (1.75 ± 0.07,
n = 6). cEffects of EGTA containing Ca2+-free solutions (EGTA solution)
on CBA and CBF in airway ciliary cells. In unstimulated airway ciliary
cells, the switch to the EGTA solution did not induce any change in CBA
and CBF. d Effects of EGTA solution on procaterol-stimulated CBA and
CBF increase in airway ciliary cells. In the EGTA solution, procaterol
increased CBA and CBF. But the CBF increase was accelerated by the
EGTA solution. e Comparison of the ratios of CBA and CBF at 2.5 min

from the start of procaterol stimulation between control and EGTA
experiments. The ratios of CBA and CBF stimulated by procaterol in
the control solution were plotted from the b and those in the EGTA
solution were plotted from the d. f The relative increase ratios of CBA
and CBF in the first 6 min from the start of procaterol stimulation. The
rate of CBA increase stimulated by procaterol in the EGTA solution was
similar to that in the control solution, but the rate of CBF increase
stimulated by procaterol in the EGTA solution was higher than that in
the control solution. To compare the rate of CBA and CBF increase, the
procaterol-stimulated CBA and CBF increase was fitted to an exponential
curve (= a•[1-exp.(−t/τ)]). The fitted curves were shown in the solid lines
(EGTA solution experiments) and the dotted lines (control solution
experiments). The τ for CBA increase in the EGTA solution was not
different from that in the control solution, but the τ for CBF increase
was smaller in the EGTA solution than in the control solution. Thus,
the EGTA solution increased the rate of procaterol-stimulated CBF
increase. The asterisk signs indicate significantly different from the
values of CBA and CBF before procaterol stimulation (p < 0.05)
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incubated with diluted rabbit antibody (×5) against PDE1A
(AP00651SU-S, Acris Antibodies, Germany), PDE1B
(AP53233PU-N, Acris Antibodies, Germany), or PDE1C
(AP07024PU-N, Acris Antibodies, Germany) at 37 °C for
2 h and washed three times in PBS. The sections were allowed
to react with 5-nm colloidal gold-labeled anti-rabbit IgG goat
serum (EY Laboratories, CA, USA) at room temperature for
60 min and then washed three times. The immunostained sec-
tions were fixed with 1% glutaraldehyde in PBS and then
washed three times in distilled water. Finally, the sections
were stained with a mixture of 0.01% (w/v) ruthenium red
and 0.5% (w/v) osmium tetroxide in PBS for 10 min prior to
being stained with 4% (w/v) uranyl-acetate aqueous solution
and examined under electron microscopes (H-7650, Hitachi
Hi-tech, Tokyo, Japan) [18, 20].

The immunofluorescence images of the isolated ciliary cells
were also observed using a confocal laser microscope (model
LSM510META, Carl Zeiss, Jena, Germany). The isolated lung
cells attached on the coverslip were fixed in 4% paraformalde-
hyde for 30 min, dried, and then, they were permeabilized by
0.1% saponin (Nacalai tesque, Kyoto, Japan). For the immu-
nofluorescence staining, the samples were incubated with an
anti-PDE1A antibody (ab14599, Abcam plc, Cambridge, UK),
PDE1B (AP53233PU-N, Acris Antibodies, Germany), an anti-
PDE1C antibodies (AP07024PU-N, Acris Antibodies,
Germany), or an anti-acetylated tubulin antibody (T6793,
Sigma Chemical Co, MO, USA) for 12 h at 4 °C. After this
incubation, the samples were incubated with the secondary
antibodies for 2 h. The secondary antibody with Alexa Fluor
488 (1:500; Invitrogen, Carlsbad, CA, USA) or with Alexa
Fluor 546 (1:500; Invitrogen, Carlsbad, CA, USA) was used
for acetylated tubulin or for PDE1 subtypes (A, B, and C),
respectively. The samples on the coverslip were enclosed with
VECTASHIELD HardSet Mounting Medium with DAPI
(Vector, Burlingame, CA, USA). Since AP00651SU-S (the
anti-PDE1A antibody from Acris Antibodies, Germany) is
not available in Japan after the experiments of immunoelectron
microscopy, ab14599 (the anti-PDE1A antibody from Abcam
plc, Cambridge, UK) was used for the immune-fluorescence
chemistry experiments.

Statistical analysisData are expressed as themeans ± standard
error (SEM). Statistical significance between means was
assessed by analysis of variance (ANOVA) or Student’s t test,
as appropriate. Differences were considered significant at
p < 0.05. The statistical significances are shown in the figures.

Results

Effects of 1 nM procaterol on CBA and CBF Procaterol
increased CBA and CBF in the lung airway ciliary cells.
Figure 1a shows a typical case of CBA and CBF increase

stimulated by procaterol. In the unstimulated lung airway cil-
iary cells, CBA was 68°–72° and CBF was 9.5–10.5 Hz.
Stimulation with procaterol immediately increased CBA to
127° within 2.5 min and gradually increased CBF to 18 Hz
within 6 min. CBA and CBF 6 min after the procaterol addi-
tion were 128° and 18 Hz, respectively. Figure 1b shows in-
creases in the ratios of CBA and CBF during procaterol stim-
ulation, values of which are normalized to the basal condition.
The CBA ratio reached a plateau within 2 min from the start of
procaterol stimulation (CBA ratios at 2 and 5 min were
1.72 ± 0.03 (n = 6) and 1.74 ± 0.03, respectively), whereas
the CBF ratio reached a plateau approximately 5 min (CBF
ratios at 2 and 5 min were 1.30 ± 0.04 (n = 6) and 1.75 ± 0.07,
respectively). Thus, the time course of CBF increase was
slower than that of CBA increase.

The previous study demonstrated that procaterol increases
CBA and CBA mediated via cAMP accumulation and not via
[Ca2+]i [15]. We examined the effects of a low [Ca2+]i on the
procaterol-induced increases in CBA and CBF. To decrease
the [Ca2+]i, we used the EGTA solution. The switch to the
EGTA solution from the Ca2+-containing control solution
did not induce any change in CBA and CBF (Fig. 1c) under
the basal condition (without procaterol application). The fur-
ther addition of procaterol immediately increased CBA and
then CBF. However, the time course of CBF increase in the
EGTA solution (closed diamond in Fig. 1d) was faster than
that in the control solution (closed circles in Fig. 1b). In the
EGTA solution, the CBF increased by procaterol stimulation
reached a plateau within 3 min (the normalized CBFs at 2 and
3 min were 1.47 ± 0.05 (n = 4) and 1.67 ± 0.03 (n = 4),
respectively), whereas in the control solution, it did not reach
a plateau within 3 min but required 5 min for reaching a
plateau (Fig. 1b). Unlike CBF, the time course of CBA
reaching a plateau after procaterol stimulation was not affect-
ed by the switch to the EGTA solution: in both solutions, CBA
reached plateaus within 3 min after procaterol stimulation
(compare open circles in Fig. 1b with Fig. 1d). Figure 1e
shows the ratios of CBA and CBF 2.5 min after the procaterol
stimulation to the basal ones in the control- and the EGTA-
solution, indicating that the procaterol-stimulated increase in
CBF, but not CBA, was accelerated in its time course by
switching to the EGTA-solution. The procaterol-stimulated
increases in CBA and CBF were fitted to an exponential
curve, a•[1-exp.(−t/τ)] (a is a constant, t is the time from the
start of procaterol stimulation, and Bτ^ is the time constant),
and the value of τ was used to assess the rate of CBA or CBF
increase stimulated by procaterol. In Fig. 1f, the relative in-
creases (%) in CBA and CBF and the fitted curves obtained in
the EGTA solution were plotted, and also those in the control
solution. The relative values were calculated as (CBAt-
CBA0)/(CBA10min-CBA0) and (CBFt-CBF0)/(CBF10min-
CBF0) (the subscript t, 0, and 10 min show the time from
the start of procaterol stimulation). Upon stimulation with
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procaterol, the EGTA solution shifted the CBF curve to the
left, but not the CBA curve (Fig. 1f). The value of τ for CBF
increase stimulated by procaterol (2.06 ± 0.18 min, n = 4) in
the EGTA solution was smaller than that (3.61 ± 0.38 min,
n = 6) in the control solution (significantly different, p < 0.05),
although the values of τ for CBA increase were similar in both
solutions (1.00 ± 0.21 min in the EGTA solution and
0.87 ± 0.10 min in the control solution). Thus, the EGTA-
induced low [Ca2+]i accelerated the procaterol-stimulated in-
crease in CBF.

CBA and CBF increased by IBMX To accumulate cAMP
without β2-receptor activation in the ciliary cells, we used
IBMX (a nonspecific inhibitor of PDE). IBMX (100 μM),
unlike the case of procaterol, increased CBA and CBF in an
identical time course (Fig. 2a). CBA and CBF reached pla-
teaus within 3 min after the IBMX addition and the ratios of
CBA and CBF at 3 min were 1.69 ± 0.03 (n = 5) and
1.78 ± 0.08 (n = 5), respectively (Fig. 2a, b). Similar results
were obtained by 100 μM 8-Br-cAMP (data not shown). The
τs for IBMX-stimulated CBA and CBF increase obtained by
the curve fitting were 1.03 ± 0.11 and 1.28 ± 0.07 min (n = 5),
respectively (not significantly different). The concentration-
response studies of IBMX showed that the CBF curve was
almost similar to the CBA curve (the EC50 is 5.5 μM for CBA
and is 13.1 μM for CBF), unlike a case of procaterol (Fig. 2c)
[15]. These observations (Figs. 1 and 2) suggest that a Ca2+-
dependent PDE (PDE1) affects the CBF increase stimulated
by procaterol.

Effects of 8-methoxymethyl-IBMX (8MmIBMX, a selec-
tive PDE1 inhibitor) on CBA and CBF The effects of a
selective inhibitor of PDE1, 40 μM 8MmIBMX, were exam-
ined. The addition of 8MmIBMX (40 μM) alone increased
CBA and CBF (Fig. 3a). The normalized values of CBA and
CBF at 5 min after the 8MmIBMX addition were 1.11 ± 0.01
(n = 6) and 1.23 ± 0.04 (n = 6), respectively. The further
addition of procaterol increased CBA and CBF in an identical
time course. Figure 3b shows the relative increases in CBA
and CBF to compare the time courses between CBA and CBF
increase. The τs for the procaterol-stimulated CBA and CBF
increase obtained by the curve fitting were similar,
2.81 ± 0.30 min for CBA increase and 2.54 ± 0.20 min for
CBF increase (n = 6). The ratios of CBA and CBF 3 min after
the procaterol stimulation were shown in Fig. 3c. In the pres-
ence of 8MmIBMX, both CBA and CBF plateaued within
3 min after the procaterol stimulation. The prior treatment of
1 μM PKI-A for 10 min abolished increases in CBF or CBA
induced by 8MmIBMX, and it inhibited the increases in CBA
and CBF stimulated by procaterol by 50% (Fig. 3d). This
indicates that 8MmIBMX accumulates cAMP in the airway
ciliary cells. Thus, an inhibitor of PDE1 abolished the differ-
ences in the time courses between CBA and CBF increase

stimulated by procaterol, suggesting that PDE1 degrades
cAMP in the CBF-regulating metabolon.

Effects of BAPTA-AM and calmidazolium (a calmodulin
inhibitor) Since PDE1 is a Ca2+/calmodulin-dependent en-
zyme, we examined the effects of an [Ca2+]i lowered by

Fig. 2 Effects of IBMX on CBA and CBF. a IBMX (100 μM). The
addition of IBMX increased both CBA and CBF in an identical time
course. The asterisk signs indicate significantly different from the
values of CBA and CBF before IBMX stimulation (p < 0.05). b The
ratios of CBA and CBF at 3 min from the start of IBMX stimulation.
Both CBA and CBF reached plateaus within 3 min. c Concentration-
response study of IBMX. The IBMX concentration-response curve of
CBAwas similar to that of CBF. The asterisk signs indicate significantly
different from the values of CBA and CBF stimulated with 100 nM
IBMX (p < 0.05)
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BAPTA-AM on CBA and CBF. To decrease the [Ca2+]i to an
extremely low level, cells were treated with a nominally Ca2+-
free solution containing BAPTA-AM (50 μM) (BAPTA-AM
treatment). The BAPTA-AM treatment increased CBA and
CBF. The normalized values of CBA and CBF at 5 min after
the BAPTA-AM treatment were 1.11 ± 0.02 (n = 4) and
1.11 ± 0.01 (n = 4), respectively (Fig. 4a). The further
procaterol stimulation increased CBA and CBF in an identical
time course. The τs for the procaterol-stimulated CBA and
CBF increase obtained by the curve fitting were 3.30 ± 0.46
and 2.93 ± 0.64 min (n = 4, not significantly different). The
normalized values of CBA and CBF 3 min after the procaterol
stimulation were 1.31 ± 0.04 and 1.39 ± 0.11, respectively. We
also treated cells with a nominally Ca2+-free solution contain-
ing 5 and 25 μM BAPTA-AM. However, at concentrations
less than 25 μM, BAPTA-AM did not induce any changes in
CBA and CBF as shown in the previous report [17].

The exper iments were also car r ied out us ing
calmidazolium (25 μM, a calmodulin inhibi tor) .

Calmidazolium at 25 μM increased CBA and CBF
(Fig. 4b), similarly to the 50 μM BAPTA-AM (Fig. 4a). The
normalized CBA and CBF 5 min after the calmidazolium
addition were 1.12 ± 0.01 (n = 4) and 1.14 ± 0.02 (n = 4),
respectively. The further procaterol stimulation increased
CBA and CBF in an identical time course. The τs for the
procaterol-stimulated CBA and CBF increase obtained by
the curve fitting were 3.16 ± 0.23 and 3.00 ± 0.59 min
(n = 4, not significantly different). The normalized CBA and
CBF 3 min after the procaterol stimulation were 1.34 ± 0.05
and 1.37 ± 0.05, respectively. We also examined the effects of
5 μM calmidazolium on CBA and CBF. Calmidazolium at
5 μM induced no change in CBA and a slight decrease in
CBF (0.5–1 Hz). Similar observations using 1 μM
calmidazolium have been shown in a previous report [22].
The ratios of CBA and CBF 3 min after the procaterol stimu-
lation are shown in Fig. 4c. In the presence of BAPTA-AM or
calmidazolium, CBA and CBF stimulated by procaterol
plateaued within 5 min. Thus, BAPTA-AM or calmidazolium

Fig. 3 Effects of 8MmIBMX (40 μM, an inhibitor of PDE1) on CBA
and CBF. a 8MmIBMX alone increased CBF and CBA, and then, the
further procaterol stimulation increased CBA and CBF in an identical
time course. The single asterisk signs indicate significantly different
from the values of CBA and CBF before 8MmIBMX stimulation
(p < 0.05). The double asterisk signs indicate significantly different
from the values of CBA and CBF just before the start of procaterol
stimulation (p < 0.05). b The relative increase ratios of CBA and CBF
in the first 5 min from the start of procaterol stimulation. In the presence
of 8MmIBMX, procaterol stimulation increased CBA and CBF in an
identical time course. To compare the rates of procaterol-stimulated
CBA and CBF increase, the plots were fitted to the exponential curve,

as shown in Fig. 1f. The curve for the CBF increase was shown as the
solid line and that for the CBA increase was as the dotted line. c
Comparison of the ratios of CBA and CBF at 3 min from the start of
8MmIBMX stimulation. Both ratios reached plateaued within 3 min. d
Cells were treated with PKI-A for 10 min prior to the addition of
8MmIBMX. In the presence of PKI-A, 8MmIBMX did not increase
CBF and CBA. The further procaterol stimulation induced small
increases in CBF or CBA. The ratios of CBA and CBF 10 min after the
procaterol stimulation were 1.33 ± 0.04 (n = 3) and 1.28 ± 0.05 (n = 3),
respectively. The double asterisk signs indicate significantly different
from the values of CBA and CBF before procaterol stimulation (p < 0.05)
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mimicked the effects of 8MmIBMX on CBA and CBF in lung
airway ciliary cells.

cAMP contents in the isolated lung cells The cAMP con-
tents of the isolated lung cells were measured (Fig. 5). The
cells were treated with test solutions for 15 min. In the vehicle
control (DMSO) experiment, the cAMP content of the isolated
lung cells was 17.4 ± 0.6 μmoles/g-protein (n = 3). The cAMP
contents (μmoles/g-protein) were 23.0 ± 1.6 (n = 3) in the cells
treated with the EGTA solution, 26.1 ± 1.3 (n = 3) with the
nominally Ca2+ solution containing 50 μM BAPTA-AM,
27.2 ± 1.1 (n = 3) with 8MmIBMX, 26.3 ± 1.3 (n = 3) with
calmidazolium, 22.1 ± 2.0 (n = 3) with procaterol, 163.1 ± 4.5
(n = 3) with IBMX, and 198.2 ± 6.3 (n = 3) with procaterol
plus IBMX. The amount of cAMP increase stimulated by
procaterol for 15 min was similar to those stimulated by other
drugs except IBMX, while the extents of CBA and CBF in-
crease stimulated by procaterol were much greater than those
stimulated by other drugs. Moreover, IBMX increased cAMP
contents much greater than other drugs. Since some parts of
cAMP produced by procaterol stimulation may be broken
down by PDE, the cAMP contents at an earlier time, such as
3 min, after procaterol stimulation were measured. The cAMP
content of the cells treated with procaterol for 3 min was
27.6 ± 1.7 μmoles/g-protein (n = 3), which was larger than
that after the 15-min treatment of procaterol (p < 0.05).
Increases in the cAMP contents stimulated by procaterol are
transient.

Fig. 4 Effects of BAPTA-AM and calmidazolium on CBA and CBF. a
BAPTA-AM (50 μM). The switch to the nominally Ca2+-free solution
containing 50 μM BAPTA-AM increased both CBA and CBF. The
further procaterol stimulation increased CBA and CBF in an identical
time course. b Calmidazolium (25 μM, a calmodulin inhibitor). The
addition of calmidazolium increased both CBA and CBF. The further
procaterol stimulation increased CBA and CBF in an identical time
course. c Comparison of the ratios of CBA and CBF at 3 min from the
start of procaterol stimulation in cells treated with BAPTA-AM or with
calmidazolium. The ratios of CBA and CBF stimulated by procaterol in
cells treated with BAPTA-AMwere replotted from the a and those treated
with calmidazolium were replotted from the b. Both ratios reached
plateaued within 3 min. The single asterisk signs indicate significantly
different from the values of CBA and CBF before the calmidazolium
addition (p < 0.05). The double asterisk signs indicate significantly
different from the values of CBA and CBF before procaterol stimulation
(p < 0.05)

Fig. 5 The cAMP contents of isolated lung cells. The isolated lung cells
were incubated with the EGTA solution, 8MmIBMX, BAPTA-AM,
calmidazolium, procaterol, IBMX, and IBMX plus procaterol for
15 min. 8MmIBMX, BAPTA-AM, calmidazolium, and procaterol
increased cAMP contents of isolated lung cells to 130–150%. Upon
stimulating with procaterol, the cAMP contents for 3-min stimulation
were greater than those for 15-min stimulation. However, IBMX
increased cAMP contents 10 times greater than that of control, and in
the presence of IBMX, procaterol stimulation further increased cAMP
contents. The single asterisk signs indicate significantly different from
the control (p < 0.05). The double asterisk signs indicate significantly
different (p < 0.05)
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Measurement of [Ca2+]i in the isolated ciliary cells We
measured the [Ca2+]i using a Ca2+-sensitive fluorescence
dye, fluo 4. The switch to the EGTA solution from the control
solution immediately decreased the fluo 4 fluorescence ratio
(F/F0) (F/F0 5min after the switch = 0.57 ± 0.02, n = 3). Then,
we switched to the BAPTA-AM (50 μM)-containing nomi-
nally Ca2+-free solution (second switch). The second switch
further decreased F/F0 (F/F0 10 min after the second
switch = 0.41 ± 0.02) (Fig. 6). Thus, the addition of 50 μM
BAPTA-AM further decreased the [Ca2+]i from that decreased
by the EGTA solution.

Expression of PDE1 in the lung airway cilia The Western
blot analysis for PDE1 (PDE1A, PDE1B, and PDE1C) were
carried out using the isolated lung cells and brain. In the iso-
lated lung cells, the bands for PDE1A (65 kDa) and for
PDE1C (70 kDa) were detected, but not that for PDE1B
(60 kDa) (Fig. 7).

The PDE1 localization in the cilium was examined by the
immunoelectron microscopy. In the immunoelectron micro-
graphs, the immuno-gold particles labeled by PDE1A were
detected in the airway cilia (Fig. 8a, b), but not those labeled
by PDE1B (Fig. 8d), PDE1C (Fig. 8e), and Rabbit IgG
(Fig. 8f). A conventional electron micrograph using epoxy
resin section (Fig. 8c) clearly shows the axonemal structure
(9 + 2 structure). A cilium observed by the conventional elec-
tron micrograph was shown in Fig. 8(C2) and that by the
immunoelectron micrograph was shown in Fig. 8(C3), and
the cell membrane (marked by black arrows) and the

comparison of panels C2 with C3 enabled us to detect nine
doublet tubules (marked by white arrows) in a cilium of the
immunoelectron micrograph. The immuno-gold particles la-
beling PDE1A were preferentially found on the nine doublet
tubules ring and outside the ring in the cilia (Fig. 8a, b). A
small number of the immuno-gold particles were found inside
of the nine doublet tubules ring. We counted the number of
immuno-gold particles labeling PDE1A inside the ring, on the
ring, and outside the ring in the cilia (Fig. 8g), using 10
immunoelectron micrographs. The numbers of immuno-gold
particles labeling PDE1A inside the ring, on the ring, and
outside the ring in the cilia were 25, 132, and 82, respectively
(Fig. 8h). Most of immuno-gold particles labeling PDE1A
were detected on the ring and outside the ring in the cilium.
The immuno-gold particles labeling PDE1Awere also found
in the cell body, especially in the mitochondria. The immuno-
gold articles labeled by PDE1C were not found in the cilia
(Fig. 8e) but they were in the cell body, especially in the
mitochondria (data not shown). Thus, in the lung airway cil-
iary cells, PDE1A exists on the nine doublet tubules ring and
outside the ring in the cilia.

Similar results were obtained by the immunofluorescence
examinations for PDE1A, PDE1B, and PDE1C using isolated
lung airway ciliary cells (data not shown).

Fig. 7 Western blotting for PDE1A, PDE1B, and PDE1C of the isolated
lung cells. The bands for PDE1A and PDE1C were detected in the
isolated lung cells. But no band for PDE1B was noted

Fig. 6 Changes in the [Ca2+]i in the EGTA solution and in the BAPTA-
AMcontainingCa2+-free solution. [Ca2+]i weremonitored by using Ca2+-
sensitive fluorescence dye (fluo 4, Ex 488 nm, Em 510 nm) in lung
airway ciliary cells. Changes in the [Ca2+]i were expressed by the ratio
of fluo 4 fluorescence (Ft/F0). The subscript t and 0 show the time from
the start of experiments. The switch to the EGTA solution immediately
decreased F/F0 and then, the switch to the BAPTA-AM containing
Ca2+-free solution further decreased it. The single asterisk signs indicate
significantly different from the values F/F0 before switch to the EGTA
solution. (p < 0.05). The double asterisk signs indicate significantly
different from the values F/F0 before the switch to the BAPTA-AM
containing Ca2+-free solution (p < 0.05)

Pflugers Arch - Eur J Physiol (2017) 469:1215–1227 1223



Discussion

This study demonstrates that Ca2+/calmodulin-dependent
PDE1A exists in the CBF-regulatingmetabolon (the nine dou-
blet tubules and outside of the nine doublet tubules), not in the
CBA-regulating metabolon (inside of the nine doublet tu-
bules) of lung airway cilia. The PDE1A degrades cAMP ac-
cumulated in the CBF-regulating metabolon. The previous
study showed that procaterol increases CBA and CBF via
cAMP accumulation, but that the time course of CBF increase
was slower than that of CBA increase [15]. However, it
remained uncertain why the time course of CBF increase
was slower than that of the CBA increase. The results of this
study indicate that the time course of cAMP accumulation
stimulated by procaterol is slower in the CBF-regulating
metabolon than in the CBA-regulating metabolon, and that
the slower cAMP accumulation in the CBF-regulating
metabolon causes a slower increase in CBF than that in CBA.

PDE1A is a Ca2+/calmodulin-dependent enzyme [2, 8].
The present study demonstrated that an [Ca2+]i lowered by
the EGTA solution increased the rate of CBF increase stimu-
lated by procaterol compared with that maintained by the con-
trol solution, but not the rate of CBA increase. Moreover,
calmodulin inhibited by an extremely low [Ca2+]i (50 μM
BAPTA-AM in a Ca2+-free solution) or by 25 μM
calmidazolium increased CBF, similarly to 8MmIBMX (a se-
lective PDE1 inhibitor). These results suggest that the Ca2+/
calmodulin-dependent PDE1A regulates CBF of the lung air-
way cilia. However, a previous study showed that a low con-
centration of calmidazolium, such as 1 μM, decreased CBF by
1 Hz from the baseline CBF [22]. In this study, calmidazolium
at concentrations less than 5 μM also decreased CBF by 0.5–
1 Hz (data not shown) from the baseline CBF (10–12 Hz).
Moreover, a low concentration of BAPTA-AM, such as
10 μM, has shown to have no effect on the baseline CBF
[17]. In this study, BAPTA-AM at concentrations less than

Fig. 8 Localization of PDE1A in
the cilia detected by an
immunoelectron microscopy. a
PDE1A. Low magnification. b
PDE1A. High magnification.
Immuno-gold particles were
detected on the nine doublet
tubules ring and the outside of
axoneme in the cilium. c
Conventional electron
micrograph of bronchiolar cilia. A
cilium observed by the
conventional electron microscopy
(C2) and a cilium observed by the
immunoelectron microscopy
(C3). The black arrows show the
cell membranes and the white
arrows show the nine doublet
tubules ring. d PDE1B and e
PDE1C. Few immuno-gold
particles for PDE1B (d) and
PDE1C (e) were detected in the
cilia. f Non-immunized rabbit
IgG. No immuno-gold particles
were detected in the cilia. g and h:
Localization of gold particles in
the cilia. The immuno-gold
particles located inside the ring,
on the ring and outside the ring in
the cilia were shown in g The
immuno-gold particles were
counted using 10 immunoelectron
micrographs. Most of gold
particles were detected on the ring
and outside of the axoneme in the
cilium. Scale bar, 200 nm
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25 μM also did not change the baseline CBF. These observa-
tions indicate that a high concentration of calmidazolium,
such as 25 μM, or an extremely low [Ca2+]i is required for
the complete inhibition of calmodulin, which inhibits PDE1 in
the lung airway ciliary cells.

On the other hand, in the presence of BAPTA-AM (50 μM)
or calmidazolium (25 μM), procaterol increases CBA and
CBF, but the extents of CBA and CBF increase are smaller
than those in the absence of BAPTA-AM or calmidazolium.
One possible explanation is that an extremely low [Ca2+]i or
inhibition of calmodulin may decrease the cAMP production,
because the bronchial epithelia express the isoforms of Ca2+-
dependent adenylyl cyclase (type III and type VIII) [14]. A
decrease in cAMP production appears to decrease the extents
of the procaterol-stimulated CBA and CBF increase.

A high concentration of calmidazolium (10 μM) has re-
ported to be toxic in ovine tracheal ciliary cells [22]. In this
study, calmidazolium at 50 μM gradually decreased CBA and
CBF to 20–30% and it stopped the ciliary beating in some
ciliary cells (approximately 30% cells) (data not shown).
However, 25 μM calmidazoium or 50 μM BAPTA-AM in-
creased the baseline CBA and CBF and procaterol still in-
creased CBA and CBF. These observations suggest that the
toxic effects of calmidazolium and BAPTA-AM would be
negligibly small in our experimental condition, although we
could not neglect their toxic effects.

In the present study, the PDE1A exists in the cilia and the
cell body of lung airway ciliary cells, but PDE1C exists only
in the cell body of the ciliary cells, but not in the cilia. Similar
findings have shown in the sperm [16, 27]. The roles of
PDE1A and PDE1C in the sperm still remain uncertain, al-
though PDE1A and PDE1C are thought to control the ciliary
beating and the flagella beating involving an interplay

between cAMP and Ca2+ signal [16, 27]. In the lung airway
cilia, PDE1A appears to play a role for maintaining an ade-
quate CBF by degrading cAMP excessively accumulated. The
adequate CBF may be beneficial for energy supply and con-
sumption of the lung airway ciliary cells. Further studies are
required to understand the role of PDE1A and PDE1C for the
airway ciliary beating.

An inhibition of PDE1 by 8MmIBMX, BAPTA-AM, or
calmidazolium increased not only CBF but also CBA. The
CBA increase evoked by an inhibition of PDE1 is induced by
cAMP accumulation, because it is inhibited by PKI-A (an in-
hibitor of PKA). 8MmIBMX, BAPTA-AM, or calmidazolium
stimulates cAMP accumulation in the cell body by inhibiting two
subtypes of PDE1 (PDE1A and PDE1C) and modulates it in the
CBF-regulating metabolon by inhibiting PDE1A leading to the
CBF increase, although the cAMP accumulation stimulated by
the inhibition of PDE1A and PDE1C also increases CBA.

In the presence of IBMX, procaterol accumulates much
larger amount of cAMP (ΔcAMP = 35 μmoles/g-proten for
15 min), compared with that in the absence of IBMX
(ΔcAMP = 4.7 μmoles/g-proten for 15 min). Moreover,
IBMX alone accumulated a large amount of cAMP. These
indicate that a large amount of cAMP is produced in the lung
airway ciliary cells and is degraded by PDE. At present, we do
not know the molecular mechanism for the regulation of
cAMP production in unstimulated lung airway ciliary cells.
However, it is certain that the turnover of cAMP is rapid in
unstimulated lung airway ciliary cells. The addition of PKI-
amide alone decreased CBA and CBF by approximately 10%
(data not shown) even under the unstimulated condition. This
suggests that the maintenance of an adequate cAMP concen-
tration in the cilia is essential for keeping adequate CBA and
CBF.

Fig. 9 Regulation of CBF and
CBA in the lung airway ciliary
cell during procaterol stimulation
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Previous studies have shown to exist PDE 3, 4, 5, and 7 in
the human airway epithelial cells, in addition to PDE1 [9, 26],
and their inhibitors elevate the cAMP contents [9] and to in-
crease CBF in the airway ciliary cells [26, 30]. In their reports,
the inhibition of PDE4 accumulates a large amount of cAMP
compared with the inhibition of other PDE subtypes [9]. Our
preliminary study indicated that rolipram (10 μM, an inhibitor
of PDE4) increased CBA and CBF by 30% and the time
course of CBF increase was slower than that of CBA increase.
The values of τ were 2.15 ± 0.21 min (n = 5) for the CBA
increase and 4.00 ± 0.63min (n = 5) for the CBF increase. The
results indicate that PDE4 also degrades cAMP in the lung
airway ciliary cells, in addition to PDE1. PDE4 plays an im-
portant role in the maintenance of an adequate cAMP level in
lung airway ciliary cells, although at present, we have no data
on other PDE subtypes (PDE3, 5, 7).

Moreover, the cAMP contents produced by procaterol were
much less, compared with those expected from the CBA and
CBF increase. However, the IBMX experiments indicate that
a large amount of cAMPwas produced by the procaterol stim-
ulation. A high cAMP concentration, such as 100 μM, is
required to increase CBA and CBF as shown in the experi-
ments of 8BrcAMP. A possible explanation is that the cAMP
concentration in the cilia is higher than that of the cell body.
This study demonstrated that PDE1C exists in the cell body,
but not in the cilia. Some subtypes of PDE, such as PDE4 [9,
26], may also exist only in the cell body, not in the cilia, of
lung airway ciliary cells, although we do not know the sub-
cellular localization of PDE4 at present.Moreover, an increase
in the cAMP concentration stimulated by procaterol is tran-
sient in these cells when we measure the average of the cAMP
contents in the overall areas of intracellular spaces but not the
cAMP content in the special area such as the ciliary area. This
may also induce large increases in CBA and CBF in the lung
airway ciliary cells during procaterol stimulation even if we
observed only a small increase in the average of cAMP con-
centration in overall intracellular spaces. Namely, procaterol
might induce large elevation of cAMP concentration on the
ciliary area even if the procaterol-induced average increase in
the cAMP concentration in the overall intracellular space
would be small, and this large elevation of cAMP concentra-
tion in the ciliary area would increase CBA and CBF. To
confirm this point, further experiments are required.

Airway ciliary beating is affected by sex hormones [13],
similarly to the ciliary cells of the Fallopian tube [19]. A pro-
gesterone treatment for 6 or 12 h reversibly decreases airway
CBF by 30 or by 40%, respectively, while an estrogen treat-
ment little affects it [13]. We removed the lungs from the mice
12 h after reaching the peak value in the progesterone level
(the lungs were removed from the mice at ~10 A.M.) even on
the day of ovulation (the mouse ovarian cycle is 4 days) [5].
We noted little difference in basal CBF and CBA and in the
procaterol responses in CBA and CBF among mice used for

the experiments. The effects of sex hormones on the lung
airway ciliary beating appear to be negligibly small in this
study.

The conclusion of this study is summarized in Fig. 9.
PDE1A exists outside the axoneme (on the nine doublet tu-
bules ring and outside the ring) in the cilium. Procaterol accu-
mulates cAMP in the lung airway ciliary cells. Accumulated
cAMPs in the cell body are transported from the basal portion
to the tip of cilia, and then, they activate the IDAs leading to
an immediate increase in CBAvia a PKA-dependent pathway.
However, PDE1A exists in the CBF-regulating metabolon
where ODAs function, and it degrades cAMP, leading to a
slower cAMP accumulation in the ODA-regulating
metabolon compared with in the IDA-regulating metabolon.
Therefore, a slower cAMP accumulation in the ODA-
regulating metabolon results in a slower CBF increase in the
time course, compared with a CBA increase.
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