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*!Kunihiko lizuka, 'Akihiro Yoshii, ’Koichi Samizo, 'Hideo Tsukagoshi, 'Tamotsu Ishizuka,
'Kunio Dobashi, *Tsugio Nakazawa & 'Masatomo Mori

'First Department of Internal Medicine, Gunma University Faculty of Medicine, School of Medicine, 3-39-15 Showa-machi,
Maebashi, Gunma, 371-8511, Japan; *Department of Pharmacology, Gunma University Faculty of Medicine, School of Medicine,
3-39-15 Showa-machi, Maebashi, Gunma, 371-8511, Japan and *Gunma University Faculty of Health Sciences, School of

Medicine, 3-39-15 Showa-machi, Maebashi, Gunma, 371-8511, Japan

1 G protein-mediated Ca®>" sensitization of airway smooth muscle contraction was investigated
with respect to the relative importance of Rho-associated coiled coil forming protein kinase (ROCK)
and protein kinase C (PKC). We examined the effects of Y-27632, a ROCK inhibitor, and GF
109203X, a PKC inhibitor, on guanosine 5-O-(3-thiotriphosphate) (GTPyS)-induced contraction in
a-toxin- or f-escin-permeabilized rabbit trachea.

2 Although pre-treatment with Y-27632 dose-dependently inhibited GTPyS (10 um)-induced Ca**
sensitization of a-toxin-permeabilized trachea, a Y-27632-insensitive component (approximately 16%
of the maximum contraction) was retained during the early phase of the GTPyS response in the
presence of Y-27632 (100 um).

3 GF 109203X (5 uM) abolished 1 uM 4p-phorbol 12, 13-dibutyrate (PDBu)-induced, but only
partially inhibited the GTPyS-induced Ca’" sensitization. A combination of Y-27632 (100 um) and
GF 109203X (5 um) totally abolished the GTPyS response.

4 GTPyS caused only a small contraction in the absence of Ca?*. Wortmannin (30 uM), a myosin
light chain kinase (MLCK) inhibitor, completely inhibited Ca®*-induced contraction. ATP-triggered
contraction of the strip which had been treated with calyculin A (1 uM), a phosphatase inhibitor, in
rigor solutions was markedly slowed by worthmannin (30 uM), but not by Y-27632 (100 uMm), in the
presence of GTPyS and Ca®*.

5 GTPyS, but not PDBu, contracted the p-escin-permeabilized trachea in the absence of Ca**, but
the presence of Ca’>"-independent MLCK.

6 We conclude that ROCK plays a primary role in G-protein-mediated Ca>" sensitization, which
requires MLCK activity, with minor contribution of PKC to the early phase of contraction, and
PDBu utilizes conventional PKC(s) in airway smooth muscle.
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Abbreviations:

EGTA, [ethylenebis (oxyethylenenitrilo)]-tetraacetic acid; GF 109203X, 2-[1-(3-dimethylaminopropyl)-1H-indol-

3-yl]-3-(1H-indol-3-yl)-maleimide; GTPyS, guanosine 5-O-(3-thiotriphosphate); IMLCK, Ca’"-independent
myosin light chain kinase; MCL,,, 20 kDa mysoin light chain; MLCK, myosin light chain kinase; PDBu, 4f-
phorbol 12, 13-dibutyrate; PKC, protein kinase C; ROCK, Rho-associated coiled coil forming protein kinase;
SM, smooth muscle; SMPP-1M, smooth muscle protein phosphatase 1 associated with myosin; ¢, the half-time
of contraction; Y-27632, (+)-(R)-trans-4-(1-Aminoethyl)-N-(4-pyridyl) cyclohexanecarboxamide dihydrochlor-

ide, monohydrate

Introduction

Intracellular Ca®* is the primary regulator of smooth muscle
(SM) contraction, and under physiological conditions,
phosphorylation of Ser'® of 20 kDa light chain of myosin
(MLC,y) by myosin light chain kinase (MLCK) is necessary
and sufficient for initiation of SM contraction (Itoh et al.,
1989; Somlyo & Himpens, 1989; Somlyo & Somlyo, 1994).
However, the force of SM contraction can change in response
to agonists at a given concentration of Ca*>*. An increase in
muscle tension and/or phosphorylation of MLC,, at a
constant Ca’" concentration is referred to as Ca®" sensitiza-
tion (Somlyo & Himpens, 1989; Somlyo & Somlyo, 1994). This
has been well recognized as the secondary mechanism of force
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maintenance of SM stimulated by contractile agonists. Other
investigators (Bremerich et al., 1997a,b; Gerthoffer, 1996) and
ourselves (lizuka et al., 1997) have demonstrated that receptor-
dependent, G protein-mediated Ca®" sensitization occurs in
airway SM. Several lines of evidence indicate that a small G
protein, RhoAp21 (Fujihara et al., 1997; Gong et al., 1996;
1997a,b; Hirata et al., 1992) and protein kinase C (PKC)
(Fujihara et al., 1997; Gailly et al., 1997; Jensen et al., 1996;
lizuka et al., 1997; Ikebe & Brozovich, 1996; Masuo et al.,
1994; Parsons et al., 1996; Rasmussen et al., 1987; Somlyo &
Somlyo, 1994) may contribute to agonist-induced Ca*>*
sensitization.

Recently, several proteins have been identified as RhoAp21
effectors, including Rho-associated coiled coil forming protein
kinases (ROCK I and its isoform ROCK II) (Narumiya et al.,
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1997). ROCKs play a key role in focal adhesion and stress fibre
formation in fibroblasts, and in Ca®" sensitization of SM
(Amano et al., 1996; 1997; Ishizaki et al., 1996; 1997; Kimura
et al., 1996; Kureishi et al., 1997, Leung et al., 1995; Matsui et
al., 1996; Nakagawa et al., 1996). Y-27632, (+)-(R)-trans-4-(1-
Aminoethyl)-N-(4-pyridyl) cyclohexanecarboxamide dihy-
drochloride, monohydrate, inhibited ROCK I and ROCK 11,
both in vitro and in vivo (Uehata et al., 1997). In airway SM we
observed a similar inhibitory action of Y-27632; thus,
subsequent addition of Y-27632 reversed carbachol- and
endothelin-1-induced Ca>" sensitization in o-toxin-permeabi-
lized rabbit tracheal and human bronchial SM (Yoshii et al.,
1999). These results indicate that activation of Rho/ROCK is a
major downstream pathway of receptor-dependent G protein-
mediated Ca’>" sensitization. However, in canine tracheal SM,
Rho/ROCK-mediated signalling and PKC-mediated signalling
may be distinct, because the effects of saturating concentra-
tions of GTPyS (guanosine 5-O-(3-thiotriphosphate)) and
PDBu (4f-phorbol 12, 13-dibutyrate) were additive (lizuka et
al., 1997). Thus, the relative importance of these protein
kinases remains to be elucidated in airway SM.

To clarify the relative roles of ROCK and PKC in G
protein-mediated Ca®" sensitization of airway SM, we
investigated the effects of pre-treatment with a ROCK
inhibitor, Y-27632, and a PKC inhibitor, 2-[1-(3-dimethylami-
nopropyl)-1H-indol-3-yl]-3-(1H-indol-3-yl)-maleimide (GF
109203X), on GTPyS- and/or PDBu-induced isometric
contractions at constant free Ca?" concentration in a-toxin-,
p-escin, or Triton X-100-permeabilized rabbit tracheal SM. We
wanted to determine: (1) whether pre-treatment with Y-27632
can block GTPyS-induced Ca®"* sensitization completely.
Because post-treatment with Y-27632 induced full relaxation
of GTPyS-induced Ca*>" sensitization (Fu et al., 1998; Uehata
et al., 1997). Appropriate pre-treatment with Y-27632 should
abolish the GTPyS response, if the Rho/ROCK-mediated
mechanism is necessary and sufficient for G protein-triggered
Ca?" sensitization; (2) if a Y-27632-insensitive component is
present, whether this component is inhibited by GF 109203X;
(3) whether ROCK directly phosphorylates MLC,, in situ
during GTPyS-induced Ca®* sensitization. Because ROCK 11
directly phosphorylated the same residue of MLC,, (Ser') in
vitro as did MLCK (Amano et al., 1996). This conflicts with
the idea that the main mechanism of Ca’" sensitization is
through inhibition of smooth muscle protein phosphatase 1
associated with myosin (SMPP-1M) activity (Somlyo &
Somlyo, 1994). We designed a protocol to separate the dual
ROCK-mediated pathways by treatment of the trachea with
calyculin A, a potent SMPP-1M inhibitor, in ATP-free (rigor)
solutions. After inhibition of SMPP-1M was accomplished by
calyculin A, we compared the half-time of ATP triggered-
contraction (¢, ) in tracheal strips treated with wortmannin, Y-
27632 or both in the presence of Ca’* and GTPyS.
Wortmannin inhibits MLCK but not ROCK 1I in Triton X-
100-permeabilized SM (Kureishi ez al., 1997). By contrast, Y-
27632 inhibits ROCK but not MLCK both in vitro (Uehata et
al., 1997) and in situ (Yoshii et al., 1999); and (5) finally,
whether GTPyS-induced contraction requires MLCK activity,
and whether a qualitative difference is seen between PDBu-
induced and GTPyS-induced Ca’>" sensitization. We intro-
duced Ca?*-independent MLCK (IMLCK) to -escin-permea-
bilized rabbit tracheal SM (lizuka et al., 1994). In this situation
the MLCK/SMPP-1M activity ratio would be expected to
increase Ca” " -independently, and we anticipated that the Ca**
dependency of the effects of GTPyS and PDBu would be
clarified. Preliminary results of this study has been presented at
the Annual Biophysical Society Meeting (lizuka et al., 1999).

Methods

Tissue preparation and isometric force measurement

The material preparation and force measurement have been
reported elsewhere (lizuka et al., 1994; 1997; 1998). In brief,
the trachea was removed from Japanese albino rabbits under
halothane anaesthesia in accordance with the recommenda-
tions of the Animal Care and Experimentation Committee,
Gunma University, Showa Campus. Small strips of tracheal
SM (width 400 pm; thickness 40—50 pum; length 3.0 mm) were
dissected, and set up in a bubble chamber system to measure
isometric force development (lizuka et al., 1998; Yoshii et al.,
1999). After permeabilization, all experiments were performed
at 24 °C in the presence of 2 uM ibuprofen.

Solutions and permeabilization with a-toxin, p-escin or
Triton X-100

The normal relaxing solution (G1) contained (in mMm):
potassium methanesulphonate 74.1, Mg>* 2, ATP (Mg**
salt), 4.5 [ethylenebis (oxyethylenenitrilo)] - tetraacetic acid
(EGTA), creatine phosphate 10, Pipes- KOH 30 (pH 7.1 at
24°C, ionic strength 0.2). The same solution containing 10 mM
rather than 1 mM EGTA and various amounts of calcium
methanesulphonate was used to achieve the desired concentra-
tion of free Ca**.

According to Zimmermann et al. (1995), we prepared an
EGTA (10 mMm)-buffered ATP-free, Ca*>*-free solution (G10
rigor) and an ATP-free, high Ca®>" solution (pCa 4.5; rigor).
These rigor solutions contained 50 um P!, P>-di (adenosine-5")
pentaphosphate, an inhibitor of myokinase activity. The
desired concentration of free Ca?* was obtained by mixing
the G10 rigor and pCa 4.5 rigor solutions.

The methods of permeabilization with a-toxin, f-escin, and
Triton X-100 have been described previously (lizuka et al.,
1998; Yoshii et al., 1999). The concentrations of o-toxin, f-
escin, and Triton X-100 were 16.4 ug ml~', 60 um, and 0.1%
(v v7'), and the incubation periods with a-toxin, -escin, and
Triton X-100 were 30, 15 and 10 min at 30°C, respectively.
Cold-preincubation at 4°C for 45 min was preceded in the f-
escin or Triton X-100 permeabilization to obtain homo-
geneously treated strips (lizuka et al., 1998; Yoshii et al.,
1999). We added a calcium ionophore A23187 (10 uM) to the
strips during o-toxin and f-escin permeabilization functionally
to remove the sarcoplasmic reticulum. We verified that the
treatment with A23187 was sufficient to clamp the Ca**
concentrations (lizuka et al., 1998). Unless noted otherwise,
calmodulin (CaM) at 0.1 and 1 uM was present in the
experiments with f-escin- and Triton X-100-permeabilized
strips, respectively (lizuka et al., 1994; 1997; 1998).

Purification and application of 61 kDa
Ca’ ™" -independent active MLCK

Smooth muscle MLCK was prepared from frozen chicken
gizzard according to Hayakawa et al. (1994). Constitutively
active 61 kDa IMLCK was obtained by tryptic cleavage of
MLCK according to Ikebe et al. (1987) with minor
modification. MLCK was proteolyzed at 25°C with N-tosyl-
L-phenylalanine chloromethyl ketone-treated trypsin, and
proteolytic fragments were purified using DEAE-Tyopearl
650S (Tosoh, Tokyo, Japan) followed by Superose 12
(Pharmacia, Uppsara, Sweden). Protein concentrations were
determined with Bradford (Bio-Rad) procedures, using bovine
serum albumin as a standard. Before use, the buffer was
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exchanged for relaxing solution containing 10 mM EGTA
(G10) to keep the concentration of Ca>* below pCa 8.0. After
adjustment of the protein concentration, 61 kDa Ca**-CaM-
independent active MLCK fragment (IMLCK) was added to
tracheal SM permeabilized with f-escin (lizuka et al., 1994).

Effects of Y-27632 and GF 109203X on GTPyS- or
PDBu-induced Ca’* sensitization in o-toxin-
permeabilized rabbit trachea

After obtaining a reproducible maximum response to pCa 5.0,
we treated the strips without or with Y-27632 (1-100 uM) or
GF 109203X (5 M) in G1 for 30 min. Control strips were
treated with the vehicle (water for Y-27632 and 0.5% dimethyl
sulphoxide (DMSO) for GF 109203X). The reagents were
present during Ca”" sensitization. When submaximal contrac-
tion induced by pCa 6.5 was stable, 10 uMm GTPyS or 1 um
PDBu was added to the strips. The concentrations of GTPyS
and PDBu used were supramaximal (lizuka et al., 1997; Y oshii
et al., 1999). A similar protocol was employed in the IMLCK
experiments using f-escin-permeabilized strips.

Estimation of MLCK and ROCK activities toward
MLC>y during Ca’” sensitization

First, we simply added 10 uM GTPyS to a-toxin-permeabilized
strips in the relaxing solution (Gl), followed by quickly
transferring the strips to the bubble chamber containing 10 uM
GTPyS and Ca>" (pCa 6.5). Next, we compared MLCK and
ROCK activities towards MLC,, during GTPyS-induced Ca**
sensitization. The putative regulatory mechanism of MLC,,
phosphorylation is shown in Figure 1. Once Ca?* plus
calyculin A-induced contraction reached a peak, Y-27632 had
no effect on force (Uehata ef al., 1997). Thus, Y-27632 cannot
affect SMPP-1M activity which has been completely inhibited
by calyculin A. Phosphatase inhibitor (e.g. microcystin-LR
and calyculin A)-induced contraction is dependent on the
activity of MLCK in the presence of Ca** (Lee et al., 1997).
Note that the rate of force rise, but not the final amplitude,

Y-27632

+===3 [nhibition

Relaxation —> Stimulation
Figure 1 Putative mechanism of phosphorylation of mysoin light
chain in smooth muscle. In ATP free (rigor) solutions Y-27632,
wortmannin, and calyculin A inhibit ROCK, MLCK, and SMPP-
IM, respectively, although ROCK, MLCK, and other kinase(s)
cannot phosphorylate the substrates even when Ca?" and GTPyS are
present because ATP is absent. Once SMPP-1M has been inhibited
by calyculin A, Rho/ROCK-mediated signalling cannot affect SMPP-
IM activity. ATP application triggers phosphorylation of MLCy,
resulting in contraction. The rate of force rise, but not the final
amplitude, reflects ROCK, MLCK and other kinase(s) activities
towards MLC,,. CaM, calmodulin; MLC,,, 20 kDa myosin light
chain; MLCK, myosin light chain kinase; ROCK, Rho-associated
coiled coil forming protein kinase; SMPP-1M, smooth muscle protein
phosphatase 1 associated with myosin.

reflects the kinase activity toward MLC,, (Lee et al., 1997;
Masuo et al., 1994). When SMPP-1M has been already
inactivated, ROCK, MLCK, and other kinases each can
phosphorylate MLC,, to the maximum level. If ROCK
directly phosphorylates MLC,, like MLCK in situ, therefore,
inhibition of ROCK by Y-27632 would affect the rate of
contraction induced by calyculin A. The a-toxin-permeabilized
strips were incubated in a Ca®"-free, ATP-free solution (G10
rigor) for 10 min to wash out resultant ATP from the strips,
then transferred to a pCa 6.5 rigor solution containing
calyculin A (1 uMm), and incubated for 60 min. GTPyS (10 um)
was present 7 min before and during contraction. Even in the
presence of Ca’*, GTPyS, and calyculin A, phosphorylation of
MLC,, by MLCK and/or by ROCK, and phosphorylation of
SMPP-1M by ROCK should not occur under the experimental
conditions, because ATP was absent. Contraction (phosphor-
ylation) was initiated by addition of ATP (4.5 mm, Mg>" salt).
On the other hand, wortmannin, Y-27632, and calyculin A
selectively inhibited MLCK, ROCK, and SMPP-1M in the
rigor solutions. We carried out the ATP-triggered experiments
in the presence of wortmannin (30 uM), Y-27632 (100 um), or
both, 60 min before and during contractions, and measured
ti». Appropriate amounts of vehicle (0.3% DMSO for
wortmannin and 1% water for Y-27632) were added to the
control strips.

Reagents

Staphylococcus aureus o-toxin was obtained from RBI (Natick,
MA, U.S.A)); CaM and P!, P°-di (adenosine-5') pentaphos-
phate were from Sigma (St. Louis, MO, U.S.A.). Y-27632 was
the gift from Yoshitomi Pharmaceutical Industries, Ltd.
(Osaka, Japan). Y-27632 was dissolved in distilled water as a
stock solution (10 mM), and stored at —20°C until use. GTPyS
was from Boehringer Mannheim (Indianapolis, IN, U.S.A.).
Calphostin C, calyculin A, GF 109203X, PDBu, staurospor-
ine, and thapsigargin were purchased from Calbiochem (La
Jolla, CA, U.S.A.). Wortmannin was obtained from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). All other
chemicals were of reagent grade.

Statistical analysis

Data were normalized to the pCa 5.0 response prior to reagent
treatment in each strip, and are shown as means +s.e.mean of
the indicated numbers of experiments. Data were compared by
the Mann-Whitney U-test, or Student’s r-test with the
Bonferroni correction for multiple comparisons. A P value
of <0.05 was considered to be statistically significant.

Results

Effect of Y-27632 on GTPyS-induced Ca’” sensitization
in a-toxin-permeabilized trachea

As shown in Figure 2, GTPyS (10 uMm) caused rapid
contractions from 1.80+0.8% before GTPyS application to
96.14+2.3% (n=35) at a constant free Ca>" level of pCa 6.5.
The GTPyS response was completely reversed by Y-27632
(100 pm) within 16.243.9 min (n=15) (post-treatment with Y-
27632). In pre-treatment experiments (Figure 3), GTPyS
(10 um) increased force from 4.5+1.5% before GTPyS
application to 99.9+7.1% (n=6) 7 min after the GTPyS
application. Pre-treatment with Y-27632 dose-dependently
inhibited this GTPyS-induced Ca®" sensitization; the peak
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amplitudes with Y-27632 at 1, 10, and 100 uM were
74.7+4.9% (at 5 min, P<0.05, n=4), 38.6+3.8% (at 4 min,
P<0.05, n=4), and 15.7+3.2% (at 6 min, P<0.05, n=7),
respectively. During the early phase of the GTPyS response, a
small but significant contraction was still observed, even in the
presence of the highest concentration of Y-27632 at 100 um
(Y-27632-insensitive component). Because GTPyS-induced
Ca*" sensitization was completely reversed by Y-27632 within
20 min (post-treatment), the preincubation period (30 min)
was sufficient. This was supported by the finding that the Y-
27632-insensitive component was still observed when the
preincubation time was prolonged to 60 min (data not shown).
To exclude another possibility that the Y-27632-insensitive
component was due to Ca®" release from sarcoplasmic
reticulum which escaped the A23187 treatment, we observed
GTPyS-induced Ca?* sensitization in the presence of
thapsigargin (30 uM) and Y-27632 (100 um). Under these
conditions again approximately 20% of the control contrac-
tion was still retained (data not shown). Thus, we verified that
the sarcoplasmic reticulum was functionally removed from the
preparation, and that the Ca®>" concentration was clamped
exactly at pCa 6.5.

Complete prevention of PDBu- but not GTPyS-induced
Ca’" sensitization by GF 109203X

As shown in Figure 4a, PDBu (1 uM) gradually increased
contractile force from the steady state level at pCa 6.5
(3.74+1.3%) to 74.5+8.9% (n=4), and the developed force
increased further on addition of GTPyS (10 uM) as previously
reported. Pre-treatment with GF 109203X (5 uM) completely
prevented the response to PDBu (2.04 +1.1%, n=26), but not
to GTPyS (Figure 4b). GF 109203X at less than 5 uM partially
inhibited, but did not entirely abolish the PDBu response (data
not shown). We also tested other PKC inhibitors, staurospor-
ine and calphostin C. Staurosporine at 10 nM inhibited both
PDBu and the submaximal Ca?"-induced contractions.
Calphostin C at 30 uM had no effect on the PDBu response,
even though calphostin C was photo-activated by light 20 min
before and during the PDBu response. To exclude the
possibility that GF 109203X inhibits MLCK, we tested the
effect of GF 109203X (5 um) on Ca?* (pCa 6.2)-induced

Y-27632 ——100 uM——|
GTPYS ——10 yM——

G1IT|—G1—|——pCa 6.56——-G1:
pCa 5.0

Figure 2 Effect of subsequent addition of Y-27632 on GTPyS-
induced Ca?" sensitization. When the GTPyS-induced Ca>"*
sensitization reached a peak, a high concentration of Y-27632 was
applied to the strip. The traces are representative of five experiments.

contraction in Triton X-100-permeabilized trachea. Figure 5
shows that GF 109203X did not change the force. In contrast,
wortmannin (30 uM) relaxed the trachea. Thus, GF 109203X
at 5 uM was the best method selectively to inhibit the PDBu
response under the experimental conditions.

c o Control
S A Y-27632 1 uM
G 1001 v Y-27632 10 uM
£o 80 * Y-27632 100 M
S
£8 o0
g£o
X'T 40-
E L3
S 20
32 "
0- %

10 15 20 25 30
time (min)

0 5

Figure 3 Time course of GTPyS-induced Ca®" sensitization in the
presence or absence of Y-27632. After stable pCa 5.0 response was
obtained, the a-toxin-permeabilized tracheal strips were pre-incubated
for 30 min without or with Y-27632 at indicated concentrations.
When the submaximal contraction at pCa 6.5 became stable, GTPyS
(10 um) was added to the strips, and the serial changes in tension
were observed for 30 min. Y-27632 was present during GTPyS-
induced Ca®" sensitization. Developed force was normalized to the
initial pCa 5.0 response. *P<0.05 vs control. (n=4-7).

a —DMSO-05%—— |
PDBu | 1 uM —
GTPySH—
pd 10 uM
=
10 min

G1+———pCa 6.5————+r+Gi—

pCa 5.0

b —GF 109203X 5 uM—|

PDBu | 1 uM |

GTPysH

10 Jl\s/l
=z
10 min
L

G4 pCa 6.5 ttGit-
pCa 5.0

Figure 4 Complete inhibition of PDBu- but not GTPyS-induced
Ca’" sensitization by GF 109203X. After stable pCa 5.0 response
was obtained, the a-toxin-permeabilized tracheal strips were pre-
incubated for 30 min with either GF 109203X (5 um, b) or 0.5%
dimethyl sulphoxide (DMSO, a). When the submaximal contraction
at pCa 6.5 became stable, PDBu (1 um) was added to the strips,
followed by application of GTPyS (10 um) as indicated. The traces
are representative of four experiments.
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Wortmannin |30 uM-
GF 109203X |—5 uM—|

CaM 5 uyM == —
G u —G1—}—pCa 6.2—|T|—G1
pCa 5.0 pCa 5.0

Figure 5 Lack of effect of GF 109203X on Ca’"-induced
contraction of Triton X-100-permeabilized trachea. The trachea was
contracted by a solution of pCa 5.0 containing calmodulin (CaM,
5 uM), and relaxed in a relaxing solution (Gl). When the pCa 6.2-
induced contraction became stable, GF 109203X followed by
wortmannin were added to the strip. The trace was representative
of four experiments. All solutions except for pCa 5.0 contained 1 um
CaM.

Vehicle

o]
4 GF 109203X 5uM
v Y-27632 100 uM
c 120- ¢ GF 109203X 5uM
5 + Y-27632 100puM
© 1004
©
Eo 80
5
g 8 60-
E2
X% 40
E 204 fF iR
o .
P o4 ——3

£

. i * *
0 5 10 15 20 25 30
time (min)

Figure 6 GTPyS-induced Ca’>" sensitization in the presence of Y-
27632, GF 109203X, or both. After stable pCa 5.0 response was
obtained, the o-toxin-permeabilized tracheal strips were preincubated
for 30 min without or with either GF 109203X, Y-27632, or both.
When the submaximal contraction at pCa 6.5 became stable, GTPyS
(10 um) was added to the strips, and the changes in tension were
observed for 30 min. The reagents were present during GTPyS-
induced Ca" sensitization, and control experiments were carried out
in the presence of vehicle 0.5% dimethyl sulphoxide (DMSO), water,
or both. Developed force was normalized to the initial pCa 5.0
response. ¥*P<0.05 vs control. (n=4-11).

The inhibitory effects of Y-27632, GF 109203X, and
their combination

To compare the relative contributions of ROCK and PKC to
G protein-mediated Ca®* sensitization, the permeabilized
strips were treated with Y-27632 (100 um), GF 109203X
(5 uMm), or Y-27632 plus GF 109203X prior to being stimulated
by 10 um GTPyS. As shown Figure 6, the peak amplitude of
the control strips was 113.7+8.9% at 8 min (n=10), and that
was reduced by Y-27632 (100 uM) to 17.6+2.5% at 7 min
(n=11). GF 109203X showed a lesser, but significant
inhibition; the peak contraction evoked by GTPyS was
84.7+7.2% at 6 min (n=4). On the other hand, Y-27632 with

a —DMS0-0.3 %
GTPYS 10 uM—|

Gitgt— ~G1—+5+—Gi1 G
pCa 5.0 pCa 6.5

F——Wortmannin 30 y(M———

GTPYSH10 uM—
prad
g
10 min
11 ] 1
G1 ~Gi :“ G1 :*!Gn—
pCa5.0 pCa5.0 pCa 6.5

Figure 7 Complete inhibition of high Ca®* alone and low Ca’"
plus GTPyS-induced contractions by wortmannin. After obtaining
the pCa 5.0 response, the strips were treated with wortmannin
(30 uMm) (b) or the vehicle (0.3% dimethyl sulphoxide, DMSO) (a) for
30 min in a relaxing solution (Gl), followed by exposure of high
Ca®* (pCa 5.0) and its washing. Then, GTPyS (10 uM) was added to
the strips in G1, and quick transferring the strips to the pCa 6.5
solution containing GTPyS. The traces are representative of six
experiments.

GF 109203X caused total suppression of the GTPyS-induced
Ca’* sensitization.

Comparison of MLCK and ROCK activities toward
MLC,, in situ

In o-toxin-permeabilized trachea wortmannin (30 uM) com-
pletely inhibited the pCa 5.0 response, and after the
wortmannin-treatment GTPyS did not induce any contraction
either in the presence or absence of Ca?* (Figure 7b). By
contrast, when wortmannin was absent, a reproducible pCa 5.0
response was observed. GTPyS caused a marginal contraction
in G1 (3.92+1.1%, n=6), and addition of Ca** (pCa 6.5)
evoked a large contraction (Figure 7a). To test the possibility
that phosphatidylinositol 3-kinase may contribute to GTPyS-
induced Ca®* sensitization, we treated the strip with a low
concentration of wortmannin (30 nM) for 30 min, and
observed GTPyS-induced contraction in the pCa 6.5 solution
containing wortmannin. There was no significant difference in
the GTPyS response between the wortmannin-treated strips
(90.6 +3.2%, n=4) and the control strips (97.2+2.5%, n=4).
As shown in Figure 8, ATP elicited rapid contractions of the
strips which had been treated with GTPyS and calyculin A in
the pCa 6.5 rigor solution. The final force developments were
not different among the four groups; 105.7+7.2%,
113.9+11.3%, 97.4+4.7%, 105.1+7.5% in the control, Y-
27632-, wortmannin-, and Y-27632 plus wortmannin-treated
strips, respectively (n=4-5). However, the contractile
response was much slower when wortmannin was present
(Figure 8b). Values of ¢, in the control, Y-27632-,
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Figure 8 The effects of wortmannin and Y-27632 on ATP-triggered
contraction of calyculin A-treated trachea. After the pCa 5.0
response was obtained, the a-toxin-permeabilized tracheal strips were
incubated in an ATP free Ca?" free solution (G10) for 10 min to
remove ATP from the strip, and then incubated in a pCa 6.5 rigor
solution containing calyculin A (1 uM) for 60 min. GTPyS (10 um)
was present as indicated. Contraction was initiated by addition of
ATP (a). Time matched experiments were carried out in the presence
of wortmannin (30 um), Y-27632 (100 um), or both 60 min before
and during contraction as indicated*. Data are summarized in (b)
(n=4-5).

wortmannin-, and Y-27632 plus wortmannin-treated strips
were 0.74+0.1, 1.00+0.2, 11.5+0.8, and 18.1+3.4 min
(n=4-5), respectively. Thus, wortmannin significantly slowed
the ATP-triggered contractions either in the presence or
absence of Y-27632 under the experimental conditions
(P<0.01, control vs wortmannin and wortmannin plus Y-
27632-treated groups).

Introduction of IMLCK to f-escin-permeabilized SM

As shown in Figure 9b, IMLCK (2 uM) contracted the f-escin-
permeabilized SM in the absence of Ca?*. Once the developed
force had stabilized, addition of PDBu (1 uM) failed to cause
further contraction. However, a GTPyS (10 uM) response was
clearly observed. The lack of response to CaM (5 um)
demonstrated that these events occurred in the absence of
Ca?". In control experiments (Figure 9a), PDBu and GTPyS
caused Ca®" sensitization of the strip contracted by pCa 6.0 in
an additive manner, and CaM contracted the strips further. A
summary of the data is shown in Figure 9c. Values of the

PDBu and the CaM responses were significantly different
between the pCa 6.0- and the IMLCK-treated groups. In a
separate set of experiments, we added Y-27632 (30 uM) to
strips at the peak of contraction induced by GTPyS (10 um) in
the presence of IMLCK. Y-27632 reversed the GTPyS
response to the prior IMLCK-contracted level, and calyculin
A (300 nM) contracted the strips further (Figure 9d).

Discussion

Ca®" sensitization of SM contraction is a well established
phenomenon, and inhibition of SMPP-1M that dephosphor-
ylates MLC,, has been proposed as the main mechanism of
Ca’" sensitization (Kitazawa et al., 1991a,b; Masuo et al.,
1994; Somlyo & Somlyo, 1994). Rho/ROCK- and PKC-
mediated pathways are most commonly implicated in the Ca>*
sensitization, but phospholipase A, (Gailly et al., 1997;
Parsons et al., 1996) and various tyrosine kinases (Steusloff
et al., 1995) have also been suggested to be involved. In the
present study we employed Y-27632 and GF 109203X to
clarify the roles of ROCK and PKC in G protein-mediated
Ca’" sensitization.

Comparison of pre- and post-treatment with Y-27632

Y-27632 is a high selective ROCK inhibitor at least in cell free
system (Uehata et al., 1997). Although post-addition of Y-
27632 completely reversed GTPyS-induced Ca®* sensitization
of a-toxin-permeabilized trachea (Figure 2), a Y-27632-
insensitive component was observed in pre-treatment experi-
ments (Figure 3). Similar results were reported by Fu and
colleagues (1988) in vascular SM using Y-27632 at 30 uM. We
employed a higher concentration of Y-27632 (100 um),
because we required more definitive inhibition of ROCK to
demonstrate the Y-27632-insensitive component. As a result,
we verified the presence of a Y-27632-insensitive component.
These findings suggest that a Rho/ROCK-independent
mechanism(s) is (are) involved in the initial phase of the
GTPyS response. We found that the insensitive component
disappeared in the presence of GF 109203X, while GF
109203X alone showed only a partial inhibition of the GTPyS
response (Figure 4). Peak amplitude of the Y-27632-insensitive
component appeared around 6-8 min after the GTPyS
application, and this component was no longer seen 20 min
after the GTPyS application. Spontaneous reduction of the
component is the reason why post-treatment with Y-27632
completely reversed the GTPyS response.

We considered the possibility that disappearance of the
Y-27632-insensitive component was due to inhibition of
MLCK by GF 109203X. Gailly et al. (1997) reported that
while GF 109203X (600 nM) caused complete inhibition of
the PDBu response without affecting the GTPyS response,
the submaximal Ca®"-induced contraction was slowed by
GF 109203X. The reason why a higher concentration of GF
109203X was required to obtain complete inhibition of the
PDBu response in this study was presumably due to the
permeabilization method, a-toxin. In f-escin-permeabilized
SM (Gailly et al., 1997), large molecules such as lactate
dehydrogenase could leak out, and soluble PKCs would also
be released from the strips (lizuka et al., 1994). If this is the
case, a low concentration of GF 109203X would be
sufficient for complete inhibition of the PDBu response. By
contrast, the majority of the PKC system would be intact in
the o-toxin-permeabilized trachea in this study. In the
presence of GF 109203X (5 uM), we observed not only pCa
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Figure 9 Requirement of MLCK activity but not Ca” itself for GTPyS-induced contraction in f-escin-permeabilized trachea. After stable pCa
5.0 plus 5 uM calmodulin (CaM) response was obtained, the f-escin-permeabilized strips were contracted either by Ca?” -independent MLCK
(IMLCK, 2 um) in G10 (buffered by 10 mm EGTA) (b) or by pCa 6.0 (a). PDBu (1 um), GTPyS (10 um), and CaM (5 um) were added
sequentially to each strip as indicated. Unless noted otherwise all solutions contained CaM (0.1 um). Data are summarized in (c). Submax.

contraction means either pCa 6.0- or IMLCK-induced force prior to addition of Ca®*

sensitizing agents. The responses to pCa 6.0, IMLCK,

PDBu, GTPyS, and CaM were normalized to the initial maximum contraction of each strip. **P<0.01, (Mann-Whitney U-test, n=4). In
separate set of experiments, Y-27632 was added to the peak of contraction induced by GTPyS in the presence of IMLCK, followed by
application of calyculin A. The traces are representative of four experiments (d).

6.5-induced contractions but also a large GTPyS-induced
Ca®" sensitization (Figure 4b), which required MLCK
activity to generate force in situ (Figure 9). Further,
wortmannin (30 uM), but not GF 109203X (5 uMm), relaxed
the Ca®" induced contraction of Triton X-100-permeabilized
trachea (Figure 5). Thus, it is likely that sufficient MLCK
activity for the GTPyS response was retained in the presence
of GF 109203X, and that inhibition of the Y-27632-
insensitive component was not due to any non-specific effect
of GF 109203X. Therefore, we conclude that Rho/ROCK
signalling is a major, but not the only, mechanism of
GTPyS-induced Ca®* sensitization, and that the GF
109203X-sensitive PKCs play a minor role during the initial
phase of GTPyS-induced Ca®" sensitization.

Ca’* requirement for PDBu-induced Ca’”" sensitization
of p-escin-permeabilized SM

IMLCK (2 uM) contracted the f-escin-permeabilized trachea
in the absence of Ca®" (Figure 9). PDBu failed to evoke an
additional contraction in the absence of Ca?*, indicating that
conventional PKCs (phorbol ester and Ca®" sensitive) are
involved in the PDBu response. This is supported by the results
from selective inhibition of conventional and atypical PKCs by
synthesized peptides, and from down-regulation of PKC by
prolonged incubation with phorbol ester (Gailly et al., 1997,

Jensen et al., 1996). In contrast, GTPyS caused contractions in
the presence of IMLCK as previously reported in rabbit portal
vein (lizuka et al., 1994) and in bovine trachea (Kubota et al.,
1992). Thus, the IMLCK experiments demonstrated qualita-
tive differences in Ca’?* requirement between GTPyS- and
PDBu-induced Ca®* sensitization.

Unimportance of direct phosphorylation of MLC,, by
ROCK

ROCK II (Rho kinase) directly phosphorylated Ser'® of
MLC,, and the effect of ROCK II was more potent than
that of MLCK in a cell-free system (Amano et al., 1996).
However, the relation between ROCK and MLCK seemed to
be different in situ.

First, GTPyS application to the strips in the absence of
Ca®" (Gl), caused only a marginal contraction (approxi-
mately 4%). As shown in Figure 1, if the kinase works in
situ, GTPyS should evoke an apparent contraction even in
the absence of Ca®'. Because the results in vitro revealed
that neither Rho/ROCK-induced inhibition of SMPP-1M
activity nor direct phosphorylation of MLC,, by ROCK is
dependent on Ca’" (Amano et al., 1996). If this dual
mechanism is present in situ, therefore, GTPyS should
increase MLC,, phosphorylation levels in the absence of
Ca®".
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Second, after MLCK was inhibited by wortmannin, GTPyS
no longer evoked any contraction either in the presence or
absence of Ca®", suggesting that MLCK activity is required
for GTPyS-induced contraction.

Third, we attempted to separate the dual ROCK-mediated
signalling using ATP-free rigor solutions and calyculin A. The
ATP-triggered contraction reached a peak within 1 min, and
the amplitude achieved a comparable level to that of the final
pCa 5.0 response, indicating that treatment with calyculin A at
1 uM for 60 min abolished SMPP-1M activity of the strips.
Under these experimental conditions, we compared ¢/, in the
presence of Y-27632, wortmannin, or both. As a result, the
effects of wortmannin and Y-27632 were quite different.
Inhibition of MLCK by wortmannin induced a prominent
increase in ¢ . In contrast, inhibition of ROCK(s) by Y-27632
only showed a tendency to cause an increase in f,,. The much
lesser effect of Y-27632 is in agreement with the results of a
marginal contraction induced by GTPyS in G1 (Figure 7a).
These findings indicate that MLCK plays a more important
role in GTPyS-induced Ca?" sensitization than does ROCK(s)
as a kinase toward MLC,,. We did not add GF 109203X to
this protocol. Because, it was reported that PDBu did not
affect kinase activity but did inhibit SMPP-1M activity in
rabbit femoral artery SM (Masuo et al., 1994). In addition, we
did not want to increase the concentration of DMSO more
than 1% (GF 109203X, wortmannin, and calyculin A used
DMSO as their vehicle). Interestingly, in the strips treated with
wortmannin and Y-27632 together, slow contractions were still
observed. Recently, a new Ca®'-independent MLC kinase
distinct from MLCK and ROCK has been reported (Weber et
al., 1999). The kinase is insensitive to wortmannin and to HA
1077, another ROCK inhibitor. Thus, our results suggest that
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the new kinase may be present in airway SM, although the
physiological importance of the kinase remains to be
determined.

Finally, in the presence of IMLCK, but in the absence of
Ca**, GTPyS caused contractions. The IMLCK experiments
clearly shows that GTPyS-induced Ca>" sensitization requires
MLCK activity, but not Ca®" itself. Hence, the results from
the above different approaches indicate that ROCK does not
effectively phosphorylate MLC,, in situ at least in rabbit
trachea, and that a combination of MLCK activation by
submaximal Ca®>" and SMPP-1M inhibition by ROCK is the
main mechanism of G-protein-mediated Ca’>* sensitization.
However, the extent of the direct phosphorylation of MLC,,
by ROCK may be variable and be dependent on the SM type,
because GTPyS contracted rabbit femoral artery in Ca®* -free
relaxing solution (Kitazawa & Somlyo, 1991).

Conclusion

We conclude that Rho/ROCK-mediated inhibition of SMPP-
1M, but not direct phosphorylation of MLC,, by ROCK, is
the major mechanism of GTPyS-induced Ca?" sensitization of
airway SM contraction, while PKCs also partially contribute
to initial phase of the GTPyS response.
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