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Rho-kinase inhibitor inhibits both myosin phosphorylation-
dependent and -independent enhancement of myofilament Ca*"
sensitivity in the bovine middle cerebral artery
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1 The role of Rho kinase in Ca®* sensitization of the contractile apparatus in smooth muscle was
investigated in the bovine middle cerebral artery.

2 U46619, a thromboxane A, analog, induced a greater sustained contraction with a smaller [Ca**];
elevation than that seen with 118 mM K*. The level of myosin light chain (MLC) phosphorylation
obtained in the initial phase of the contraction was higher than that seen with 118 mm K *; thereafter,
it gradually declined to a comparable level in the late phase.

3 During the steady state of the U46619-induced contraction, Y27632 (10 uM), a Rho-kinase
inhibitor, partially inhibited [Ca®*];, although it substantially inhibited tension and MLC
phosphorylation. Wortmannin (10 uM), an MLC kinase inhibitor, had no significant effect on
[Ca®*];, but it completely inhibited MLC phosphorylation and partially inhibited tension. The
wortmannin-resistant tension development was thus not associated with MLC phosphorylation, and
this component was completely inhibited by Y27632.

4 In conclusion, U46619 enhanced Ca®™ sensitivity in a manner both dependent and independent of
MLC phosphorylation in the bovine middle cerebral artery. Both mechanisms of Ca®" sensitization

can be inhibited by the Rho-kinase inhibitor.
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Introduction

Cerebral vasospasm is one of the critical determinants in the
prognosis of subarachnoid hemorrhage (Proust ez al., 1995). It
is thus essential to elucidate the molecular mechanism of post-
hemorrhagic vasospasm to improve the outcome of subar-
achnoid hemorrhage. The expression of Rho kinase, a kinase
regulated by a small GTP-binding protein RhoA (Ishizaki
et al., 1996), was upregulated in the basilar artery in the rat
model of subarachnoid hemorrhage (Miyagi et al., 2000). Rho-
kinase inhibitor fasudil, which was originally developed as an
inhibitor of myosin light chain (MLC) kinase (MLCK), and
hydroxyfasudil, the active metabolite of fasudil, have been
successfully used to treat posthemorrhagic vasospasm (Tachi-
bana et al., 1999; Nagumo et al., 2000). Rho kinase is thus
suggested to play an important role in the pathogenesis of
posthemorrhagic vasospasm (Sato et al., 2000). However, the
mechanism for the therapeutic effect of Rho-kinase inhibition
remains to be determined.
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The contraction of the vascular smooth muscle is primarily
regulated by the intracellular Ca*>" signal (Somlyo & Somlyo,
1994). An elevation of cytosolic Ca*>* concentration ([Ca®*];)
activates a Ca’?*-calmodulin-dependent kinase MLCK, and
thereby increases MLC phosphorylation and induces contrac-
tion (Hartshorne, 1987). On the other hand, MLC phospha-
tase (MLCP) dephosphorylates MLC and causes relaxation
(Hartshorne et al., 1998). However, the extent of the tension
developed for a given increase in [Ca® " |; varies with the type of
contractile stimulation (Hirano et al., 1991; Somlyo & Somlyo,
1994). The alteration of the Ca*™ sensitivity of contractile
apparatus as well as Ca®" signal is thus suggested to play a
critical role in the regulation of smooth muscle contraction.
The molecular mechanism for regulating the myofilament
Ca’" sensitivity is still under investigation. Mechanisms which
are both dependent on and independent of change in MLC
phosphorylation have been proposed (Moreland et al., 1992;
Somlyo & Somlyo, 1994). Their relative contribution to the
smooth muscle contraction still remains to be determined. In
the MLC phosphorylation-dependent regulation of the Ca**
sensitivity, the Ca’>*-independent phosphorylation of MLC
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and inhibition of MLCP are suggested to play a key role
(Hartshorne et al., 1998). Rho kinase has been shown to
phosphorylate MLC in a Ca®"-independent manner (Amano
et al., 1996). It was also shown to phosphorylate the regulatory
subunit of MLCP and inhibit its activity (Kimura et al., 1996).
Furthermore, Rho kinase was shown to phosphorylate CPI-
17, an inhibitor protein of MLCP originally isolated as a
substrate for protein kinase C, which in turn inhibits the
activity of MLCP (Koyama et al., 2000). It is thus possible that
the inhibition of Rho kinase decreases the Ca®* sensitivity by
lowering MLC phosphorylation, and thus causing vasorelaxa-
tion. On the other hand, the precise mechanism for MLC
phosphorylation-independent regulation of myofilament Ca>*
sensitivity remains to be elucidated. The actin-binding proteins
such as calponin and caldesmon, or intermediate filaments,
have been proposed to play a critical role in the regulation of
the Ca®>* sensitivity (Rasmussen et al., 1987). Rho kinase has
recently been reported to cause Ca®* sensitization, with no
increase in MLC phosphorylation in the fibroblast fibers
reconstituted in collagen gel (Nobe et al., 2003).

In the present study, we first determined the mechanisms of
the contraction induced by a stable analog of thromboxane A,,
U46619, in the bovine middle cerebral artery. U46619 was
used as a representative contractile stimulation in the cerebral
artery, because thromboxane A, is a potent vasoconstrictor
agonist produced by platelets, and it was shown to be involved
in posthemorrhagic vasospasm (Sasaki et al., 1982). We
simultaneously monitored [Ca®>*], and tension by using
front-surface fura-2 fluorometry, and evaluated the Ca’*
sensitivity in intact smooth muscle. We also determined
MLC phosphorylation to assess the relative contribution of
MLC phosphorylation-dependent and -independent mechan-
isms in the regulation of the Ca*™ sensitivity during U46619-
induced contraction. We next elucidated the effect of a Rho-
kinase inhibitor, Y27632, on [Ca®'], tension and MLC
phosphorylation, and compared it to that of an MLCK
inhibitor, wortmannin.

Methods
Tissue preparation

Bovine middle cerebral arteries were obtained from a local
slaughterhouse and brought to the laboratory in ice-cold
normal physiological salt solution (normal PSS). Segments of
the middle cerebral artery 1-3 cm from the bifurcation of the
internal carotid artery were excised. Under a binocular
microscope, the arachnoid membrane was carefully dissected
away, and the arteries were cut into circular strips (1.0 wide,
4.0mm long). To remove the endothelium, the inner surfaces
of the arteries were rubbed with a cotton swab.

Fura-2 loading

Vascular strips were loaded with the Ca®* indicator dye fura-2
by incubating in Dulbecco’s modified Eagle’s medium contain-
ing 25 uM fura-2/AM (an acetoxymethyl ester form of fura-2)
and 5% fetal bovine serum for 4 h at 37°C under aeration with
95% 0,-5% CO,. The fura-2-loaded strips were washed with
normal PSS to remove the dye in the extracellular space, and
then were incubated further in normal PSS at 25°C for at least

1h before the initiation of measurements. Each strip was
mounted vertically in a quartz organ bath filled with normal
PSS.

Simultaneous measurement of cytosolic Ca’™
concentration and tension development with front-surface

fluorometry

The strips were mounted vertically in a quartz organ bath, and
connected to a force transducer (TB-612T, Nihon Kohden,
Tokyo, Japan). The resting load was adjusted to 200 mg to
obtain the maximal developed tension with 118 mM K™
depolarization. During the 1h equilibration period after the
fura-2 loading, the strips were stimulated with 118 mM K™
every 15min. Changes in [Ca®*]; were monitored using a front-
surface fluorometer CAM-OF-3 (Hirano et al., 1990; Kanaide,
1999). The fluorescence intensities at 500 nm obtained with
340 nm (F340) and 380 nm excitation (F380), and their ratio
(F340/F380), were monitored as an indication of [Ca*>*];,. The
tension and the fluorescence ratio were expressed as a
percentage, assigning the values in normal PSS (5.9mM K ™)
and 118 mM K *-PSS to be 0 and 100%, respectively.

Measurement of MLC phosphorylation

The extent of MLC phosphorylation was determined using the
urea—glycerol gel electrophoresis technique (Kamm & Stull,
1986; Persechini et al., 1986), followed by immunoblot
detection with a specific mouse monoclonal anti-MLC anti-
body (Zhou et al., 1999). The strips were pulled to 1.2-fold the
resting length and pinned onto a rubber block to keep the
resting load similar to that given in the force measurement. At
the indicated time after stimulation, arterial strips were
transferred into 90% acetone, 10% trichloroacetic acid and
10mM dithiothreitol (DTT) prechilled at —80°C to stop the
reaction. Tissues were then extensively washed and stored in
acetone containing 10 mM DTT at —80°C. After the tissue was
air-dried to remove acetone, the cellular protein was extracted
in the sample buffer (§ M urea, 20mM Tris (hydroxymethyl)
aminomethane, 23 mM glycine, 0.004% bromophenol blue and
10mM DTT) at room temperature for 2h. The supernatant
was subjected to electrophoresis on 10% polyacrylamide gel
containing 40% glycerol, followed by transfer onto polyviny-
lidene difluoride membrane (BioRad, Hercules, CA, U.S.A.) in
10mM Na,HPO, (pH 7.6). Since the amount of extracted
protein was not determined because of interference due to the
high concentration of urea in the extract, the same volume of
the extract was loaded onto the gel. The amount of protein
loaded could vary to some extent due to variation in the
extraction efficiency. The 20kDa MLC, both unphosphory-
lated and phosphorylated, was detected by the specific
antibody (200 x dilution) and a secondary antibody (1000 x
dilution). The immune complex was detected using the
enhanced chemiluminescence technique (ECL plus Kkit;
Amersham, Buckinghamshire, U.K.). X-OMAT AR Film
(Kodak, Rochester, NY, U.S.A.) was used to detect light
emission. After obtaining the image of the X-ray film with
a gel documentation system equipped with a CCD camera,
Printgraph AE-6911CX (Atto, Tokyo, Japan), the density
of unphosphorylated and phosphorylated MLCs was deter-
mined by Gel Plotting Macros of the NIH image ver. 1.61
(National Institute of Health, U.S.A.). The percentage of the
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phosphorylated form in total MLC (sum of unphosphorylated
and phosphorylated forms) was calculated to indicate the
extent of MLC phosphorylation.

a-Toxin permeabilization of the bovine middle cerebral
artery

For the study with permeabilized fibers, strips (approximately
200 um wide, 1.0 mm long) smaller than those used in the study
with intact preparation were prepared. The strips were
permeabilized by treatment with 5000 Uml~' staphylococcal
o-toxin in Ca?*-free cytosolic substitution solution (CSS) for
1h at 25°C, as previously described (Nishimura et al., 1988).
The arterial strips were then mounted onto two tungsten wires
bathed in wells filled with Ca®*-free CSS on a plate, by passing
the tungsten wires through the longitudinal slit made in the
center of the strip. One of the wires was fixed and the other
was connected to a force transducer (U Gauge; Minebea,
Nagano, Japan). The strip was then stretched to twice its
resting length, and was allowed to relax completely in Ca®*-
free CSS for 30 min. The extent of tension development was
expressed as a percentage, assigning values of the tension
obtained in Ca®*-free CSS (resting state) and 10 uM Ca’*-
containing CSS (maximum contraction) to be 0 and 100%,
respectively.

Drugs and solution

The composition of normal PSS was as follows (in mM): NaCl
123, KCl1 4.7, NaHCO; 15.5, KH,PO, 1.2, MgCl, 1.2, CaCl,
1.25 and D-glucose 11.5. High K* PSS was prepared by
replacing NaCl with equimolar KCI. PSS was bubbled with a
mixture of 95% O, and 5% CO,, with the resulting pH being
7.4. The composition of CSS was as follows (in mM): EGTA
10, K-methanesulfonate 100, MgCl, 3.38, Na,ATP 2.2,
creatine phosphate 10, Tris maleate 20 (pH 6.8) and the
indicated concentration of free Ca®". The Ca*" CSS contain-
ing the indicated concentration of free Ca>* was prepared by
adding an appropriate amount of CaCl,, using the EGTA-
Ca?"-binding constant of 10°moll (Saida & Nonomura,
1978). Ca**, ATP and creatine phosphate were omitted in
the rigor solution (Zhou et al., 1999). Fura-2/AM was
purchased from Dojindo Laboratories (Kumamoto, Japan);
wortmannin was from Kyowa Hakko (Tokyo, Japan); U46619
(9,11-dideoxy-9a,11a-methanoepoxy prostaglandin F2o) was
from Funakoshi (Tokyo, Japan); ATPyS (adenosine 5-O-(3-
thiotriphosphate)) was from Boehringer-Mannheim (Man-
nheim, Germany); Staphylococcus aureus o-toxin and a
monoclonal anti-MLC antibody (clone MY-21) were pur-
chased from Sigma (St Louis, MO, U.S.A.); Y27632 was from
Calbiochem (San Diego, CA, U.S.A.).

Data analysis

The data are expressed as the mean+s.e.m. Student’s z-test
was used to determine the statistical significance between the
two groups, and an analysis of variance was used to determine
the concentration-dependent effect of Y27632 and wortman-
nin. P-values of less than 0.05 were considered to have
statistical significance. All data were collected using a
computerized data-acquisition system (MacLab; Analog

Digital Instruments, Australia,

Computer, U.S.A.).

and Macintosh; Apple

Results

Time course of changes in [Ca’* ];, tension and MLC
phosphorylation induced by 118 mm K and U46619
contraction

High K* depolarization induced a sustained increase
in [Ca®"]; and tension in the bovine middle cerebral artery
(Figure 1a). Upon stimulation with 118 mmM K™, [Ca®>*]; and
tension increased and reached a sustained level within 3
and 10min, respectively. The levels of [Ca’"]; and tension
obtained with 118 mM K+ were 93.842.9 and 101.6+8.5%
at 15min, and were 91.3+5.6 and 101.9+18.5% at 45min
(Figure lc). There was no significant decrease in [Ca®*];
or tension during the sustained phase of the 118 mM K*-
induced contraction. Similarly, 118 mM K™* induced
a sustained increase in MLC phosphorylation (Figure 1b),
reaching a sustained level within Smin (Figure 1c). The levels
of MLC phosphorylation at 0 (resting), 15 and 45min
were 19.2+4.4, 488429 and 394+82% (n=4-06),
respectively. There was no significant decrease in MLC
phosphorylation level during the sustained phase of the
118 mM K *-induced contraction. As a result, the changes in
[Ca2*],, MLC phosphorylation and tension correlated well
with each other during the 118 mM K *-induced sustained
contraction.

On the other hand, U46619 induced a sustained elevation of
[Ca?*]; and tension (Figure 1a, c), while it induced a transient
and gradually declining increase in MLC phosphorylation
(Figure 1b,c). Upon stimulation with 30 nM U46619, [Ca>*];
and tension rapidly increased and reached a sustained level
within 3 and 15min, respectively (Figure la). The levels of
[Ca?*]; and tension obtained with 30nM U46619 were
41.6+8.0 and 138.4+9.5% at 15min, and 41.0+7.0 and
140.0+9.5% at 45min (Figure lc). There was no significant
decrease in [Ca’*]; and tension during the sustained phase of
the U46619-induced contraction. On the other hand, MLC
phosphorylation increased and reached its peak within 9 min,
and, thereafter, gradually declined (Figure 1b). The levels of
MLC phosphorylation at 0 (resting), 9 (peak) and 45 min were
22.4+1.0, 60.94+4.2 and 45.1+4.0% (n=5-6), respectively.
The level of MLC phosphorylation at 45 min was significantly
(P<0.05) lower than the peak level, but still significantly
(P<0.05) higher than the resting level.

As a consequence, 30nM U46619 induced a greater
sustained contraction with a lower sustained increase in
[Ca®*]; than that seen with 118 mM K* (Figure Ic). Further-
more, the peak elevation of MLC phosphorylation obtained
with 30nM U46619 was significantly greater than that
obtained with 118 mM K ¥, and the level of MLC phosphor-
ylation at 45min was comparable to that obtained
with 118 mMm K, although the level of [Ca*"]; seen during
the U46619-induced sustained contraction was significantly
lower than that obtained with 118 mM K™ (Figure Ic).
Importantly, the enhanced contraction seen in the late
sustained phase of the U46619-induced contraction
(30—40min) was thus not associated with the enhanced
elevation of MLC phosphorylation.
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Figure 1 Changes in [Ca®"];, tension and MLC phosphorylation induced by 118 mm K * and U46619 in the bovine middle cerebral
artery. (a) Representative traces showing changes in [Ca®*]; (% ratio) and % tension, and (b) a representative Western blot showing
the changes in MLC phosphorylation induced by 118 mM K™ and 30 nM U46619 in bovine middle cerebral arterial strips. The levels
of [Ca®*]; and tension at rest (5.9 mM K *) and those at steady state of the first contraction induced by 118 mM K * depolarization
were assigned to be 0 and 100%, respectively. In panel (b), arrowheads and double arrowheads indicate unphosphorylated and
phosphorylated MLC, respectively. (c) Summary of changes in [Ca®*]; (% ratio), tension and MLC phosphorylation induced by
118mM K+ and 30nM U46619. The data are the mean+s.em. (n=4-7). *P<0.05 compared to the values obtained during the
118 mM K *-induced contraction; *P<0.05; n.s., not significantly different.

Effect of Y27632 and wortmannin on the contraction
induced by ATPYyS in the a-toxin-permeabilized strips of
the bovine middle cerebral artery

To elucidate the mechanism of U46619-induced enhancement
of MLC phosphorylation and contraction in comparison to
the 118 mM K *-induced contraction, the effects of Y27632
and wortmannin on the U46619-induced contraction were
examined. Y27632 and wortmannin have been wildly used as
inhibitors of Rho kinase and MLCK, respectively (Nakanishi
et al., 1992; Uehata et al., 1997). We first evaluated their
specificity in the bovine middle cerebral artery, by examining
the effects on the contraction induced by 2mM ATPyS and
300nM Ca’* (pc, =6.5) in the o-toxin-permeabilized strips
(Figure 2), as we previously described (Nakamura et al., 2001).
After recording the reference contraction induced by 10 um
Ca’>", the strips were exposed to the rigor solution for 15min
(Figure 2a). The subsequent application of 2mM ATPyS in the
presence of 300nM Ca’" induced a progressive contraction
(Figure 2a). This contraction is considered to be due to Ca*"-

dependent thiophosphorylation of MLC, thus indicating that
the rate of this contraction mostly reflects the activity of
MLCK. The ATPyS-induced contraction was inhibited
strongly by 10uM wortmannin and completely by 50 um
wortmannin (Figure 2d). However, Y27632 had no significant
effect on this contraction even at 100 uM Y27632 (Figure 2d).

Effects of Y27632 and wortmannin on [Ca’™ ]; and
tension during U46619-induced sustained contraction in
the middle cerebral arterial strips

Both Y27632 and wortmannin induced a marked decrease in
tension when applied during the sustained phase of the
U46619-induced contraction (Figure 3a, b). The application
of 10 uM Y27632 induced a significant decrease in both [Ca®*];
and tension within 30 min (Figure 3a), while 10 uM wortman-
nin had little effect on [Ca®*]; but induced a partial decrease in
tension (Figure 3b). The concentration-dependent effects of
these inhibitors were thus evaluated at 30min after their
application (Figure 3d). The significant decrease in [Ca®*]; and
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Figure 2 Effect of Y27632 and wortmannin on the contractions
induced by ATPyS and Ca’" in the a-toxin-permeabilized strips of
the bovine middle cerebral artery. (a) Representative recordings
showing the contraction induced by 2mM ATPyS and 300nM
(Pca=16.5) Ca?" in the a-toxin-permeabilized strips, and the effects
of (b) 10 uM Y27632 and (c) 10 uM wortmannin. The strips were first
contracted by 10 uM (pc, = 5) Ca? ™, and this level was assigned to be
the 100% level. After complete relaxation in the relaxing solution,
the strips were once treated with a rigor buffer (R), and then, the
contraction was initiated by 2mM ATPyS and 300nM (pc,=6.5)
Ca’*-containing buffer, in the absence and presence of Y27632 or
wortmannin. Y27632 and wortmannin were applied 5min before
initiation of the contraction. (d) Summary of the effects of Y27632
(10, 100 uM) and wortmannin (10, 50 uM) on the time course of the
contraction induced by 2mM ATPyS and 300nM Ca’" in the
o-toxin-permeabilized strips. The levels of tension obtained in
the Ca®*-free solution and 10 uM Ca’*-containing solution were
assigned to be 0 and 100%, respectively. Data are the mean +s.e.m.
(n=4). *Significantly (P<0.05) different from the control value.

tension was obtained with 1 uM and higher concentrations of
Y27632. The levels of [Ca®*]; and tension obtained with 10 um
Y27632 were 18.5+4.6 and 19.5+4.4% (n=06), respectively.
The decreases in [Ca®>*]; and tension were associated with a
decrease in MLC phosphorylation. The significant decrease in
MLC phosphorylation was obtained at 3uM and higher
concentration (Figure 3¢, d). On the other hand, wortmannin

decreased tension at the concentration of 3 uM and higher
concentrations, while having no significant effect on the
[Ca**]; (Figure 3d). Moreover, the extent of inhibition in
tension obtained by wortmannin was significantly smaller than
that obtained by Y27632, when compared at the same
concentrations (Figure 3d). However, wortmannin decreased
MLC phosphorylation in a way similar (P>0.05) to that seen
with Y27632 (Figure 3c, d).

Effects of pretreatment with Y27632 and wortmannin on
the contraction induced by U46619 in the bovine middle
cerebral artery

When 10 uM Y27632 was applied during the resting state, the
resting levels of [Ca’*], and tension were significantly
decreased to —31.5+10.5 and —18.9+1.0% (n=>5), respec-
tively (Figure 4a,d). In the presence of 10 uM Y27632, 30 nM
U46619 induced elevation of [Ca®>*]; and tension significantly
smaller than those seen in control (Figure 1). [Ca®*]; increased
only slightly above the resting level (Figure 4a, d). The tension
development was also substantially inhibited and the sustained
level was slightly higher than the resting level (Figure 4a,d).
The treatment with 10 uM Y27632 slightly, but significantly,
decreased the resting level of MLC phosphorylation. However,
U46619 increased the MLC phosphorylation to a similar
extent to that obtained in the control within 6 min after the
initiation of contraction. Thereafter, the level of MLC
phosphorylation during the sustained phase of contraction
was significantly suppressed in the presence of Y27632. The
MLC phosphorylation was 28.4+3.8% (n=4) at 30 min after
the initiation of contraction.

On the other hand, wortmannin slightly, but significantly,
decreased the resting level of [Ca®™],, and this decrease was
much smaller than that observed with Y27632 (Figure 4d).
MLC phosphorylation also significantly decreased after the
application of wortmannin, and this decrease was greater than
that seen with Y27632 (Figure 4d). However, wortmannin had
little effect on the resting tension in contrast to the case with
Y27632 (Figure 4d). In the presence of 10 uM wortmannin,
U46619 induced a [Ca*]; elevation similar (P> 0.05) to that
observed in the control (Figure 4d). However, wortmannin
greatly inhibited the elevation of MLC phosphorylation in
both the initial and sustained phases of contraction (Figure
4c,d). The level of MLC phosphorylation obtained at 9, 15
and 30min after the application of U46619 did not signifi-
cantly differ from that obtained just before application.
Despite the strong suppression of MLC phosphorylation,
U46619 induced a significant amount of sustained contraction
(53.8+3.6% at 30 min) in the presence of 10 uM wortmannin
(Figure 4b). During this sustained contraction, the increment
of wortmannin to 20 uM induced no further decrease in [Ca®*];
and tension. However, 10uM Y27632 induced a further
decrease in both the [Ca®*]; and tension level (Figure 4b).

Effect of Y27632 on wortmannin-resistant component of
U466 19-induced sustained contraction in the middle
cerebral arterial strips

Finally, we quantitatively examined the effect of Y27632 on
the wortmannin-resistant component of the U46619-induced
contraction (Figure 5). When applied during the sustained
phase of U46619-induced contraction, 10 uM wortmannin had
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Figure 3 Changes in [Ca?

*];, tension and MLC phosphorylation induced by Y27632 and wortmannin during the U46619-induced

sustained contraction in the bovine middle cerebral artery. (a, b) Representative recordings showing the effect of 10 uM Y27632 (a)
and 10 uM wortmannin (b) on the U46619-induced sustained elevation of [Ca®*]; and tension. Y27632 and wortmannin were applied
15min after the application of 30 nM U46619. The levels of [Ca®*]; and tension at rest (5.9mM K*) and those at steady state of
contraction induced by 118 mM K * depolarization were assigned to be 0 and 100%, respectively. (c) Representative Western blots
showing the extent of MLC phosphorylation obtained 45 min after the initiation of contraction by 30 nM U46619, that is, 30 min
after the application of Y27632 and wortmannin. The arrowheads and double arrowheads indicate unphosphorylated and
phosphorylated MLC, respectively. (d) Concentration-dependent effect of Y27632 and wortmannin on the U46619-induced
elevations of [Ca*>"]; (% ratio), tension and MLC phosphorylation obtained 45min after the initiation of the contraction, that is,
30 min after the application of Y27632 and wortmannin. The data are the mean +s.e.m. (n =4-06). *Significantly (P <0.05) different

from the control value; *P <0.05.

no significant effect on the level of [Ca®>*];, but significantly
decreased tension (Figure 5). The tension reached a new
steady-state level, and remained at this level for more than
20min (data not shown). The addition of 10uM Y27632
decreased significantly, but partly, [Ca*>*]; while it decreased
tension to a level similar to the resting level (Figure 5b).

Discussion

Herein, we demonstrated that both MLC phosphorylation-
dependent and -independent mechanisms contributed to the
enhancement of myofilament Ca®* sensitivity during the
U46619-induced contraction in the bovine middle cerebral
artery. Importantly, their relative contribution varied with
time. The MLC phosphorylation-independent mechanism

plays a more important role in the late phase than in the
initial phase of the sustained contraction. This conclusion was
supported by the following observations: U46619 produced a
greater contraction with a lower increase in [Ca’*]; than high
K" depolarization. The level of MLC phosphorylation in the
initial phase of the sustained contraction was higher than that
seen with 118 mM K "-induced contraction, while that in the
late phase of the sustained contraction was similar to that
obtained with 118 mM K. However, it should be noted that
U46619 induced a greater MLC phosphorylation for a given
level of [Ca™]; in both initial and late phases of contraction
than that seen during 118 mM K *. Namely, the [Ca®>*]-MLC
phosphorylation relationship was enhanced throughout the
U46619-induced contraction.

The enhancement of MLC phosphorylation for a given
change in [Ca’*]; and its resultant potentiation of the
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Figure 4 Effects of pretreatment with Y27632 and wortmannin on the contraction induced by U46619 in the bovine middle
cerebral artery. (a, b) Representative recordings showing the effects of pretreatment with 10 uM Y27632 (a) and 10 uM wortmannin
(b) on the U46619-induced elevation of [Ca®*]; and tension. Y27632 and wortmannin were applied 10 min before the application of
U46619. (c) Representative Western blots showing the effects of pretreatment with Y27632 and wortmannin on MLC
phosphorylation at the indicated time after stimulation with 30 nM U46619. MLC phosphorylation seen just before adding Y27632
and wortmannin was shown as —10 (min). Arrowheads, unphosphorylated MLC; double arrowheads, phosphorylated MLC. (d)
Summary of the time course of changes in [Ca®*]; (% ratio), tension and MLC phosphorylation induced by 30 nM U46619 in the
absence (control) and the presence of 10 uM Y27632 and 10 uM wortmannin. The data are the mean +s.e.m. (n =4-6). Control data
were the same as in Figure lc. *Significantly (P <0.05) different from the control value.

myofilament Ca®* sensitivity could be achieved by either
activating Ca’*-independent phosphorylation or inhibiting
dephosphorylation of MLC (Somlyo & Somlyo, 1998). Many
kinases including Rho kinase have been reported to phosphor-
ylate MLC in a Ca®"-independent manner, while MLC kinase
is the only Ca®*-dependent kinase that phosphorylates MLC
(Amano et al., 1996; Van Eyk et al., 1998; Deng et al., 2001;
Niiro & Ikebe, 2001). On the other hand, the activity of myosin
phosphatase can be inhibited by the phosphorylation of
MYPTI1, by inhibitor proteins such as CPI-17 or by a
perturbation of the subunit structure (Hirano et al., 2003).
The phosphorylation of MYPT1 at the inhibitory site was
reported to be possibly catalyzed by various kinases including
Rho kinase (Ichikawa et al., 1996; Kimura et al., 1996;

MacDonald er al., 2001). In the present study, we thus
examined two kinase inhibitors, Y27632 and wortmannin, to
elucidate the mechanism of U46619-induced Ca®* sensitiza-
tion.

We first confirmed the specificity of wortmannin and
Y27632 by examining their effect on the ATPyS- and Ca®"-
induced contraction in the permeabilized strips (Figure 2). The
rate of contraction induced by Ca>* in the presence of ATPyS
is considered to reflect the MLCK activity (Nakamura et al.,
2001). Based on the observation that wortmannin but not
Y27632 inhibited this contraction, we concluded that Y27632
had no inhibitory effect on MLCK even at 100 uM in the
bovine middle cerebral artery, and that wortmannin is effective
in inhibiting MLCK. Wortmannin (10 uM) almost completely
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Figure 5 Changes in [Ca>"]; and tension induced by Y27632 after
the application of wortmannin during the U46619-induced sustained
contraction in the bovine middle cerebral artery. (a) Representative
recording showing the effect of additive applications of 10 uM
wortmannin and 10 uM Y27632 on [Ca®*]; and tension during the
U46619-induced sustained contraction. The response to 118 mm K™
was recorded prior to the experimental protocol. (b) Summary of the
effect of additive application of 10uM wortmannin and 10 uM
Y27632 on [Ca*]; and tension during U46619-induced sustained
contraction. The levels of [Ca®*]; and tension at rest (5.9mmM K )
and those obtained just prior to the application of wortmannin
during the U46619-induced contraction were assigned to be 0 and
100%, respectively. The data are the mean+s.e.m. (n=4).
*Significantly (P<0.05) different from the control value.

inhibited the MLC phosphorylation induced by U46619 with
no effect on [Ca®*], regardless of whether it was applied
during the U46619-induced sustained contraction (Figure 3) or
before the stimulation with U46619 (Figure 4). This observa-
tion suggested that MLCK plays a primary role in the MLC
phosphorylation induced by U46619. However, there is a
possibility that wortmannin may inhibit other kinases that are
involved in the sustained contraction induced by U46619. On
the other hand, pretreatment with Y27632 had no significant

effect on the MLC phosphorylation in the developing phase of
contraction (<3 min), while it significantly, but only partly,
inhibited the MLC phosphorylation in the sustained phase.
This observation suggested that the MLC phosphorylation is
primarily determined by MLCK activity in the developing
phase of the U46619-induced contraction, and that the
enhancement of MLC phosphorylation seen during the
sustained contraction was mediated by Y27632-sensitive
kinases other than MLCK. In line with this finding, when
applied during the sustained phase, Y27632 completely
inhibited MLC phosphorylation, and this phenomenon was
associated with a decrease in [Ca?*]. Rho kinase has been
reported to phosphorylate MYPT1 and inhibit the myosin
phosphatase activity (Kimura et al., 1996). It also reported to
phosphorylate CPI-17 at the site responsive for inhibiting
myosin phosphatase (Koyama et al., 2000). Moreover, Rho
kinase was shown to directly phosphorylate MLC indepen-
dently of Ca®>* (Amano ef al., 1996). It is conceivable that all
of these effects of Rho kinase lead to an enhancement of MLC
phosphorylation independent of MLCK. Therefore, we
suggest that Y27632 antagonized these effects of Rho kinase
and decreased MLC phosphorylation level during the
sustained phase of the U46619-induced contraction. However,
it is possible that the inhibition of MLC phosphorylation by
Y27632 was partially due to a decrease in [Ca’*], and the
resultant inhibition of MLCK.

A fraction of MLC (~20%) was phosphorylated under the
resting conditions. This level of resting phosphorylation is
consistent with many other reports in the literature (Persechini
et al., 1986; Hartshorne, 1987). The addition of wortmannin
under resting conditions significantly and substantially de-
creased this MLC phosphorylation, suggesting that MLCK
plays a major role in phosphorylation under the resting
condition. Moreover, Y27632 also slightly, but significantly,
decreased the resting level of phosphorylation. MLC has been
shown to be phosphorylated not only by MLCK in a Ca®™-
dependent manner, but also by other kinases, including Rho
kinase, integrin-linked kinase, Zip kinase and p2l-activated
protein kinase, in a Ca®*-independent manner (Amano et al.,
1996; Van Eyk et al., 1998; Deng et al., 2001; Niiro & Ikebe,
2001). The Y27632-sensitive kinase, such as Rho kinase, is thus
suggested to play some roles in the maintenance of the MLC
phosphorylation under resting conditions.

Although wortmannin completely inhibited MLC phos-
phorylation induced by U46619, it inhibited the contraction
only partly and significantly less than that seen with Y27632.
The residual contraction observed in the presence of wort-
mannin was thus suggested to be independent of MLC
phosphorylation, and may represent the component of the
U46619-induced contraction enhanced by a mechanism
independent of MLC phosphorylation. In the present study,
we demonstrated that Y27632 inhibited the wortmannin-
resistant component of the U46619-induced contraction. As a
result, Y27632 was suggested to induce relaxation during the
U46619-induced contraction by inhibiting not only MLC
phosphorylation-dependent but also -independent mechanism
of contraction. This study is thus the first report demonstrat-
ing that Y27632 induces relaxation in a manner independent of
MLC phosphorylation in smooth muscle contraction. Our
observation is thus consistent with the recent report demon-
strating that Rho kinase mediated serum-induced contraction
in fibroblast fibers independent of MLC phosphorylation
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(Nobe et al., 2003). However, the biochemical basis of the
MLC phosphorylation-independent contractile mechanism
and the role of Rho kinase remain to be investigated.

The MLC phosphorylation-independent sustained contrac-
tion was previously described as a latch contraction, and this
contraction was considered to be dependent on Ca’>*, but to
require lower Ca®* than that required for MLC phosphoryla-
tion-dependent contraction (Murphy er al., 1990). This
contractile mechanism could thus contribute to the enhance-
ment of Ca’>* sensitivity. Y27632 completely inhibited the
MLC phosphorylation-independent contraction with conco-
mitant decrease in [Ca>*];. It is thus possible that decrease in
[Ca2*]; is linked to the inhibition of contraction. However, the
complete relaxation was associated with partial decrease in
[Ca®*];, thus suggesting that Y27632 decreased Ca’* sensitiv-
ity. In other words, the Y27632-sensitive, MLC phosphoryla-
tion-independent component could contribute to the
enhancement of Ca’* sensitivity of the U46619-induced
sustained contraction. On the other hand, it is also possible
that Y27632-induced decrease in [Ca*]; was not linked to the
relaxation, and that the Y27632-sensitive, MLC phosphoryla-
tion-independent component of contraction is also Ca®"-
independent. The actin-binding proteins such as calponin and
caldesmon have been proposed to contribute to MLC
phosphorylation-independent contraction. The phosphoryla-
tion of calponin and caldesmon was reported to regulate their
effect on contraction (Winder & Walsh, 1993; Gerthoffer &
Pohl, 1994). Furthermore, calponin has been shown to be a
substrate of Rho kinase (Kaneko et al., 2000), while it was also
shown to be dephosphorylated by PPlc (Ichikawa et al., 1993).
It is thus possible that Y27632 disinhibited myosin phospha-
tase and promoted the dephosphorylation of calponin and the
calponin-mediated inhibition of contraction, thereby causing
MLC phosphorylation-independent relaxation. However,
these possibilities remain to be elucidated.

The mechanism of the Y27632-induced [Ca®"]; decrease
remains to be determined. The [Ca®*]; elevation during the
sustained phase of the U46619-induced contraction mainly
depends on the influx of the extracellular Ca®*, because the
removal of extracellular Ca>* abolished the [Ca>*]; elevation in
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