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Abstract 

We examined the effects of staurosporine, a protein kinase inhibitor, on Ca 2+ movements and contractions due to KC1 and 
12-deoxyphorbol 13-isobutyrate (DPB), which are thought to activate myosin light chain kinase and protein kinase C, 
respectively. In rabbit aortae, staurosporine inhibited contractions due to KCI (65.4 mM) and DPB (1 /~M) with ICs0 values of 
140.5 _+ 1.3 nM and 13.3 _+ 1.3 nM, respectively. Calphostin C, a putative inhibitor of protein kinase C, inhibited DPB-induced 
contraction with much less effect on the KCl-induced one. On the other hand, wortmannin, an inhibitor of myosin light chain 
kinase, was 4 times more potent on KCl-induced contraction than the DPB-induced one. Staurosporine at 100 nM decreased the 
rise in cytosolic Ca z+ due to KCI, whereas wortmannin did not affect it. In rabbit cerebral arteries permeabilized with /3-escin, 
staurosporine at 100 nM, but not 30 nM, inhibited CaZ+-induced contraction in the presence of 1 mM ATP. The results indicate 
that staurosporine preferentially inhibits a contraction dependent on protein kinase C than that dependent on myosin light chain 
kinase in vascular smooth muscles. Its ability to inhibit KCl-induced contraction involves inhibition of voltage-dependent Ca 2+ 
channels. 
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1. Introduct ion  

It  is widely accepted that Ca2+-calmodulin-depen - 
dent  myosin light chain kinase, which phosphorylates 
myosin light chain, has a pivotal role in the initiation of 
contraction of vascular smooth muscles stimulated by 
substances which elevate the cytosolic Ca 2+ concentra- 
tion ([Ca2+]i). In addition, protein kinase C is also 
assumed to be involved in certain types of contraction, 
e.g. in receptor  agonists-induced contractions. This as- 
sumption has been derived from the facts that many 
receptor  agonists which induce a contraction produce 
diacylglycerol, an endogenous activator of protein ki- 
nase C, and that phorbol esters, exogenous protein 
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kinase C activators, cause tension development.  To 
clarify the roles of myosin light chain kinase and pro- 
tein kinase C in various types of contraction, selective 
inhibitors of  these kinases are awaited. Recently sev- 
eral kinds of protein kinase inhibitor have come into 
use for study. Staurosporine was shown to be a potent  
inhibitor of protein kinases since it inhibits protein 
kinase C and cyclic AMP-dependent  protein kinase at 
nanomolar  level (Tamaoki  et al., 1986). Staurosporine 
has been reported to inhibit contractions of vascular 
smooth muscles caused by KC1, receptor  agonists and 
phorbol esters (Boonen and De Mey, 1991; Merkel et 
al., 1991; Sasaki et al., 1991; Henrion and Laher, 1993). 
Nevertheless, some groups claim that this substance is 
not a useful tool because of lack of selectivity (Henrion 
and Laher, 1993; Shimamoto et al., 1993). On the other 
hand, calphostin C and wortmannin have been re- 
ported to be highly selective inhibitors of protein ki- 
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Fig. 1. Lineweaver-Burk plots for the inhibition by staurosporine of 
protein kinase C and myosin light chain kinase. (a) Myosin light 
chain kinase. Staurosporine at 0 nM (o), 5 nM (e), 10 nM (Q) and 
20 nM ( • )  was used. (b) Protein kinase C. Staurosporine at 0 nM 
(o), 1 nM (e), 3 nM (•) and 5 nM ( • )  was used. 

nase C (Kobayashi  et ai., 1989) and myosin light chain 
kinase (Nakanishi  et al., 1992), respectively. However,  
there  have been  few comparat ive  studies to define the 
selectivity of  these inhibitors under  the same experi- 
menta l  conditions. In this study we aimed to delineate 
the profile of  action of  s taurosporine,  calphostin C and 
wor tmannin  on [Ca2+] i movements  and contract ions 
st imulated by KC1 and a phorbol  ester, which are 
thought  to activate myosin light chain kinase and pro- 
tein kinase C, respectively. 

2 .  M a t e r i a l s  a n d  m e t h o d s  

2.1. Assay of  protein kinase C and myosin light chain 
kinase activity 

Myosin light chain kinase and myosin light chain 
were p repared  f rom chicken gizzard as described 
(Walsh et al., 1983; Yoshida and Yagi, 1988, respec- 
tively). Calmodul in  was p repared  f rom porcine brain by 
the method  of  Yazawa et al. (1980). Protein kinase C 
was p repared  f rom rat brain by the method  of  Inagaki  
et al. (1985). Calponin was p repared  f rom chicken 
gizzard by the me thod  of  Takahashi  et al. (1986). 

The  basic react ion mixture (pH 7.0, final volume 50 
izl) contained:  Tris-HCl 25 mM, CaCI 2 0.1 mM, MgC12 
1 mM, bovine serum albumin 0.5 m g / m l ,  2-mercapto-  
e thanol  14 mM. For  myosin light chain kinase assay 
[3,-32p]ATP 20-100  ~ M  (specific activity 370 M B q / m l ) ,  
calmodulin 10 /xg/ml ,  myosin light chain 400 /xg /ml  
and myosin light chain kinase 0 . 5 / x g / m l  were added  to 
the mixture, and for prote in  kinase C assay phospha-  
tidylserine 5 0 / z g / m l ,  [7-32p]ATP 3 -20  /xM, calponin 
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Fig. 2. Concentration-dependent inhibition by staurosporine of KCI-, DPB- and noradrenaline-induced contractions in rabbit aortae. In (a), each 
concentration of staurosporine was present for 60 min before addition of KC1 (65.4 mM, o), DPB (1 p.M, e) or noradrenaline (1 p.M, /, ). In (b), 
the time-dependent effect of staurosporine is shown. Staurosporine was present for 30 (v), 60 (zx) or 90 ([]) min before the addition of 1 tzM 
noradrenaline. In the ordinate, 100% represents the maximum control contraction induced by each agonist. Each point represents the 
mean + S.E.M. of 5-15 preparations. 
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100 /zg /ml  and protein kinase C 1 / z g / m l  were added. 
Assays were performed at 25°C for 3 min in the pres- 
ence of 0-20 nM staurosporine and the reaction was 
terminated by the addition of 5 /zl of 50% trichloro- 
acetic acid. The sample was centrifuged at 3000 rpm 
for 15 min, the pellet was resuspended in 5% trichloro- 
acetic acid solution, and this operation was repeated 3 
times. The final pellet was dissolved in 1 ml of 1 N 
NaOH, and the radioactivity was measured using a 
liquid scintillation counter  (Wallac 1400, Pharmacia, 
Tokyo, Japan). K i values were calculated from 
Lineweaver-Burk plot. 

2.2. Vascular smooth muscle preparations 

Thoracic aortae and cerebral arteries were isolated 
from male rabbits (2-3 kg) anaesthetized with pento- 
barbital-Na (40 m g / k g  i.v.). The endothelium and ad- 
ventitia were removed from the aorta and helical strips 
were made. Small rings of the cerebral artery were cut 
open and the rectangular strips in a transverse direc- 
tion of 800-1000 /~m length, 400 /~m width and less 
than 30/.~m thickness were made. 

2.3. Measurement o f  tension o f  aortic strips 

For the concentration-response study, aortic strips 
were suspended in an organ bath containing 5 ml 
physiological saline solution (PSS) of the following 
composition (mM): NaCI 136.8, KCI 5.4, MgC12 1.0, 
CaC12 2.5, NaHCO 3 11.9 and glucose 5.5 (pH 7.2-7.4 
when gassed with 95% 0 2 and 5% CO2). The strips 
were allowed to equilibrate for 1 h, maintaining the 
resting tension of 1 g at 37°C. Isometric tension was 
measured with a force-displacement transducer (SB-1T, 
Nihon-Kohden, Tokyo, Japan) and recorded on a pen- 
writing recorder (R-10, Rika-Denki, Tokyo, Japan). 

2.4. Cytosofic Ca 2 + measurements 

[Ca2+]i in aortae was measured with the fluorescent 
indicator fura-PE3 as described (Seto et al., 1995). We 
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Fig. 3. Example records of effects of  staurosporine and wortmannin 
on the 65.4 mM KCl-induced changes in [Ca2+] i and tension in 
rabbit aortae. After  observing the control response to KCI, prepara- 
tions were treated with staurosporine (Str, 100 nM) or wortmannin (1 
p,M) for 30 min until a second addition of KC1. Upper  traces: ratio of 
fluorescence excited at 340 nm to that  at 380 nm. Upward triangle 
represents  the application of KC1 and downward triangle washing 
out high KCI. 

used fura-PE3 rather than fura-2 because fura-PE3 
was retained better  in cells (Dr. H. Karaki, personal 
communication). Briefly, the aortic strips were loaded 
with 2.5 /xM fu r a -P E3 /A M dissolved in normal PSS 
containing 0.03% cremophor EL for 15-18 h. After 
loading, one end of the strip was fixed in an organ bath 
(37°C) constructed in a fluorimeter (CAF-100, JASCO, 
Tokyo, Japan) and the other end was connected to a 
force-displacement transducer. The tension and [Ca2+] i 
were measured simultaneously. 

2.5. Tension measurement in [3-escin permeabilized cere- 
bral arteries 

Table 1 
IC50 values of staurosporine,  calphostin C and wortmannin for 
inhibition of KCI- and DPB-induced contractions in rabbit aortae 

Drugs KCl-induced DPB-induced 
contraction contraction 

IC50 n ICs0 n 

Staurosporine 140.5 + 1.3 nM 15 13.3 ± 1.3 nM 28 
Calphostin C > 100/xM 16 10.1 ± 1.6 /xM 19 
Wor tmannin  0 .62+0.19 p.M 11 2.53+0.56 ~ M  19 

A single dose of inhibitor was applied to a preparat ion 60 min before 
the addition of 65.4 m M  KC1 or 1 /~M DPB. Data  are expressed as 
mean_+ S.E.M., and n indicates the number  of  experiments.  

One end of the cerebral artery strip was placed in a 
superfusion bath (fluid volume 0.2 ml) with a small pin 
(diameter 100/xm). The other end of the strip was tied 
with a fine silk thread, connected to a strain gage 
transducer (UL-2GR, Minebea, Tokyo, Japan) and 30 
mg of resting tension was applied. Before permeabi- 
lization, the muscle was superfused for 1 h with Tris- 
buffered PSS of the following composition (mM): NaCI 
136.8, KCI 5.4, MgC12 1.0, CaC12 2.5, glucose 5.5 and 
Tris-HCl 5.0 (pH 7.4), and the responses to isotonic 
130 mM KCI were observed twice. Thereafter ,  the 
muscle was superfused with a rigor solution (in mM: 
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K-propionate 115.0, Tris-maleate 20.0, MgC12 1.8, 
CaCI 2 0.01, EGTA 10.0, pCa > 8, pH 6.8) then perme- 
abilized with 80 /.~M /3-escin dissolved in the rigor 
solution for 30-35 min. A23187 (10/xM) was added to 
the/3-escin solution to remove functional Ca 2+ stores. 
After the permeabilization, the muscle was incubated 
in a relaxing solution (in mM: K-propionate 130.0, 
Tris-maleate 20.0, MgCI 2 4.0, NazATP 3.75 (or 1.0), 
creatine phosphate 10.0, creatine phosphokinase 72 
units/ml, calmodulin 500 ng/ml, EGTA 10.0, pCa > 8 
with 10 mM EGTA, pH 6.84) for 14 min, then 10/xM 
Ca 2÷ was added (activating solution), pCa in the acti- 
vating solution was calculated assuming the apparent 
binding constant of EGTA-Ca as 1 × 106 M-1 at pH 
6.8. First, the control response to cumulatively added 
Ca 2+ was observed. After washing with the relaxing 
solution, staurosporine was applied to a test prepara- 
tion or no drug to a control preparation. Staurosporine 
was present for 10 min until the next Ca2+-induced 
contraction was elicited. Experiments were performed 
at room temperature (23-24°C). 

Shizuoka, Japan), wortmannin, calphostin C (Kyowa- 
Medex, Tokyo, Japan), fura-PE3/AM (Wako Pure 
Chemicals, Osaka, Japan), noradrenaline (Tokyo-Kasei, 
Tokyo, Japan), 12-deoxyphorbol 13-isobutyrate (DPB, 
Sigma Chemicals, St. Louis, MO, USA). Staurosporine, 
wortmannin, calphostin C and DPB were dissolved in 
dimethyl sulfoxide at 1 or 10 mM. The solution con- 
taining calphostin C was exposed to a fluorescent light 
before use to activate the substance (Bruns et al., 
1991). 

2. 7. Stat&tics 

Data are expressed as means + S.E.M. Student's 
t-test was performed for comparison and the signifi- 
cance was considered at the level of P < 0.05. IC50 
values of inhibitors were calculated by Professor I. 
Takayanagi's program based on the method of Tallar- 
ida et al. (1979). 

3. Resul ts  

2.6. Reagents 

Reagents used were phosphatidylserine (Funakoshi, 
Tokyo, Japan), [T-32p]ATP (Du Pont, Wilmington, DE, 
USA), staurosporine (Asahi Chemical Industry, 

3.1. Inhibition by staurosporine of protein kinase C and 
myosin light chain kinase 

Fig. 1 shows the inhibition by staurosporine of 
myosin light chain kinase and protein kinase C activi- 
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Fig. 4. Effects of staurosporine (Str) and wortmannin on rise in [Ca2+] i and contraction induced by 65.4 m M  KC1 (a) or 1 /~M DPB (b) in rabbit 
aortae. The  protocol is given in the legends for Fig. 3 and Fig. 5. The  response of tension and lCa2+] i to first KC1 is expressed as 100% in the 
ordinate. Open  columns: contraction. Hatched columns: [Ca2+] i. Left: effect of staurosporine (Str, 100 nM for KC1, 30 nM for DPB). Right: 
effect of 1 t~M wortmannin.  Each column represents  the mean  +_ S.E.M. of 7-15 preparations. * Significantly different from the second control 
(P  < 0.05, paired t-test). 
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ties of purified enzymes. Lineweaver-Burk plot analysis 
revealed that inhibition was competitive for both 
myosin light chain kinase and protein kinase C with 
respect to ATP concentrations. The K i values were 
18.4 and 4.4 nM for myosin light chain kinase and 
protein kinase C, respectively. 

3.2. Effects of  protein kinase inhibitors on contractions 
due to contractile stimulants 

In rabbit aortae high KC1 (65.4 mM) and noradrena- 
line (1 /zM) caused sustained contractions with a rela- 
tively rapid upstroke, while DPB (1 /zM) caused a 
slowly developing contraction, attaining a peak at 20-30 
rain. The magnitude of the maximum contraction in- 
duced by each stimulant was 115.2 + 3.8% (n = 16) for 
noradrenaline and 75.7 + 4.8% (n = 16) for DPB 
(KCl-induced contraction was taken as 100%). Fig. 2a 
shows the concentrat ion-dependent  inhibition by stau- 
rosporine of contractions induced by KCi (65.4 mM), 
noradrenaline (1 /zM) and DPB (1 /zM). Each concen- 
tration of staurosporine was applied 60 min before the 
addition of each agonist. Staurosporine inhibited the 
DPB-induced contraction (IC50 = 13.3 + 1.3 nM) more 
potently than the KCI- or noradrenaline-induced con- 
traction (IC50 = 140.5 + 1.3 nM or 85.1 + 1.3 nM, re- 
spectively). Fig. 2b shows the dose-effect relationship 
of staurosporine after varied pretreatment  periods. The 
inhibitory effects of staurosporine on the noradrena- 
line-induced contraction developed with the period of 
pretreatment,  suggesting that the penetration of stau- 
rosporine into cells is slow. 

Table 1 summarizes the IC50 values of stau- 
rosporine, calphostin C and wortmannin against KCI- 
or DPB-induced contractions. Calphostin C inhibited 
the DPB-induced contraction at above 1 /~M, while it 
only slightly inhibited the KCl-induced contraction even 
at 10 /zM. On the other hand, wortmannin inhibited 
the KCl-induced contraction more potently than that 
induced by DPB. None of inhibitors affected the rest- 
ing tension in aortae. 

3.3. Changes in cytosolic Ca 2 + during KCl- and DPB-in- 
duced contractions and the effects of  staurosporine and 
wortmannin 

In fura-PE3-1oaded aortae, isotonic 65.4 mM KC1- 
PSS induced a sustained rise in [Ca 2÷]i concomitantly 
with tension development (Fig. 3). When the applica- 
tion of KC1 was repeated with an interval of 30 min, 
the second [Ca2+] i r e s p o n s e  decreased by about 10%, 
although the mechanical response was reproducible 
(Fig. 4a). Therefore,  we compared the [Ca2+]i r e s p o n s e  
in the presence of staurosporine with the time-matched 
control, which was not given staurosporine. The rise in 
[Ca2+]i and the contraction in response to KCI in the 
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Fig. 5. Example records of effects of staurosporine and wortmannin 
on the DPB-induced changes in [Ca 2÷ ]i and tension in rabbit aortae. 
(a) Control responses to isotonic 65.4 mM KCI and 1 /.tM DPB. In 
this trace, an example from a preparation which exhibited a rise in 
[ Caz+ ]i in response to DPB is shown. DPB was applied 40 min after 
washing out high KCI. When tested, 30 nM staurosporine (b, Str) or 
1 /.tM wortmannin (c) was applied 30 min before the addition of 
DPB. 

presence of 100 nM staurosporine for 30 min were 
significantly depressed as compared with those in con- 
trol muscles. On the other hand, wortmannin (1 /zM) 
did not significantly affect the [Ca2+] i response to KCI, 
while it significantly inhibited the contraction (Fig. 4a). 
We could not test the effect of calphostin C on the 
[Ca2÷] i response because this substance quenched the 
fluorescence dye. 

In contrast to KC1, the effect of DPB on [Ca2+]i was 
quite variable. In 8 of 18 preparations DPB did not 
change the level of [Ca2÷]i while it increased the 
tension to 109.1 + 11.7% (contraction due to 65.4 mM 
KC1 was taken as 100%). In 10 other preparations it 
slightly increased the [Ca2+] i level, some showing a 
transient increase while others a small and sustained 
increase (Fig. 5). The average of maximum increase of 
[Ca2+] i was 12.0___ 6.3% of the rise induced by 65.4 
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in the presence (o) or absence (©, second control) of 100 nM staurosporine. In the ordinate, 100% represents the maximum contraction in the 
first control. Each point represents the mean + S.E.M. of 6 preparations. * Significantly different from the second control (P < 0.05, paired 
t-test). 

mM KC1 and the maximum tension was 115.9 _+ 4.3% 
(Fig. 4b). In these preparations the rate of rise in 
tension was slightly greater than those which did not 
show an increase in [Ca2+]i but the peak amplitude of 
the contraction did not depend on whether a prepara- 
tion exhibited a rise in [Ca2+]i . In the presence of 30 
nM staurosporine for 30 min, [Ca2+] i did not increase 
upon application of DPB and the contraction was 
depressed to 62.2_+ 7.0% (n = 13, Fig. 4b). When 1 
/zM wortmannin was present, [Ca2+]i increased follow- 
ing application of DPB in some preparations. The 
average response to DPB of [Ca2+]i in the presence of 
wortmannin was not different from that in its absence 
whereas the contraction was significantly smaller in 
wortmannin-treated preparations (Fig. 4b). 

In CaZ+-free PSS containing 0.5 mM EGTA, DPB 
induced a sustained contraction but it never increased 
[Ca2+] i. The rate of rise in the contraction was slightly 
slower than and the peak of contraction was slightly 
smaller than those observed in normal PSS (82.0 _+ 3.8% 
of the response observed in normal PSS, n = 15). Stau- 
rosporine (30 nM) inhibited the DPB-induced contrac- 
tion in CaZ+-free PSS by 69.7 _+ 2.7% (n = 16). 

3.4. Effect of staurosporine o n  C a  2 +-induced contraction 
in [3-escin permeabilized cerebral arteries 

Next, we tested the effect of staurosporine on Ca 2+- 
induced contraction, which depends on myosin light 
chain kinase, in /3-escin-permeabilized cerebral arter- 
ies. On cumulative application of Ca 2+, the muscle 
developed the tension in a concentration-dependent 
manner at from less than pCa 6.5, and attaining maxi- 

mum tension at pCa 5.5-5.0 (Fig. 6). With 1 mM ATP, 
the maximum tension induced by Ca 2 + was equal to or 
slightly larger than that induced by isotonic KCI ob- 
served before the permeabilization. When the induc- 
tion of Ca 2+ contraction was repeated with an interval 
of 10 min, the second contraction was decreased by 
about 25%. Treatment with staurosporine (100 riM) for 
10 min prior to constructing the second pCa tension 
curve led to a decrease in the contraction stimulated by 
pCa 5.5 and 5.0 (Fig. 6). However, staurosporine at 30 
nM did not inhibit the contraction (data not shown). 

When the ATP concentration was increased to 3.5 
mM, the rate of rise in tension at each Ca z+ concen- 
tration was faster than that with 1.0 mM ATP, al- 
though the deterioration of the pCa tension curve was 
the same as with the lower concentration of ATP. With 
3.75 mM ATP, staurosporine (100 nM) did not signifi- 
cantly affect the pCa tension relationship (Fig. 6). 

4. D i scuss ion  

Our data showed that KCl-induced contraction was 
accompanied with an increase in [Ca2+] i, which would 
in turn be expected to activate myosin light chain 
kinase (Kamm and Stull, 1989). On the other hand, 
DPB did not or only slightly increased [Ca2+] i. In a 
preparation where [Ca2+]i was increased by DPB, the 
time-course of change in [Ca2+]i did not coincide with 
that of tension development and the amplitude of the 
maximum contraction did not depend on whether a 
preparation exhibited a rise in [Ca2+]i in response to 
DPB. Furthermore, in CaZ+-free PSS, DPB induced a 
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contraction, which was slightly smaller than that ob- 
served in Ca2+-containing PSS, without any increase in 
[Ca2+]i . Accordingly, it is clear that DPB could induce 
a contraction independent  of a change in [Ca2+] i. It 
seems that a slight increase in [Ca2+] i due to DPB 
contributed mainly to the rising phase of the contrac- 
tion and only slightly to the maximum contraction. 
Such a small dependence of the DPB effect on [Ca2+] i 
was also observed in other smooth muscles (ferret 
aorta, Jiang and Morgan, 1987; rabbit mesenteric 
artery, Sato et al., 1992; guinea-pig taenia caeci, Mitsui 
and Karaki, 1993). There  have been some observations 
that stimulation of protein kinase C causes Ca 2+ influx 
in vascular smooth muscle cells (Gleason and Flaim, 
1986; Rembold and Murphy, 1988; Nakajima et al., 
1993). Since DPB did not increase [Ca2+]i in any 
preparation treated with staurosporine, a small in- 
crease in [Ca2+] i due to DPB could be a consequence 
of protein kinase C activation. 

In purified enzymes the K i value of staurosporine 
against protein kinase C (4.4 nM) was about one-fourth 
of that against myosin light chain kinase (18.4 nM). 
The IC50 of staurosporine for DPB-induced contrac- 
tion in rabbit aortae was about one-tenth of that for 
KCl-induced contraction (13.3 nM and 140.5 nM, re- 
spectively). It is believed that myosin light chain kinase 
is responsible for a depolarization-dependent contrac- 
tion and protein kinase C is responsible for a phorbol 
ester-induced contraction (Rasmussen et al., 1987), so 
that it is likely that this substance more potently in- 
hibits the protein kinase C-dependent  mechanism than 
the myosin light chain kinase-dependent one. In addi- 
tion, inhibition by staurosporine of the KCl-induced 
contraction was accompanied by a decrease of the 
[Ca2+]i response. This means that the inhibition of 
voltage-dependent Ca 2+ channels is at least partly re- 
sponsible for the inhibition by staurosporine of the 
contraction to KCI. Therefore,  the proportion of the 
action of staurosporine attributable to the direct inhi- 
bition of myosin light chain kinase in its depression of 
the KC1 contraction should be smaller than that pre- 
dicted from the IC5o. Thus, the effect of staurosporine 
appears far more selective for protein kinase C than 
myosin light chain kinase, when this substance is used 
on intact tissues (Kageyama et al., 1991). 

In order  to know how effectively staurosporine in- 
hibits myosin light chain kinase-dependent contraction, 
we observed the effect of staurosporine on Ca2+-in - 
duced contraction in fl-escin-permeabilized arteries, 
where [Ca2+]i was fixed. Staurosporine at 100 nM 
partially inhibited the contraction, while it at 30 nM 
had no effect. This rather weak activity supports the 
view that this substance is not so effective on the 
myosin light chain kinase-dependent contraction. 

As mentioned above, there was a gap between con- 
centrations of staurosporine to inhibit purified en- 

zymes and contractions of intact muscles. One cause 
for the gap could be due to slow access of stau- 
rosporine to the cell interior as shown in Fig. 2b. In 
/3-escin permeabilized cerebral arteries staurosporine 
at 130 nM did not inhibit Ca2+-induced contraction. 
Thus, this compound was still not potent on the myosin 
light chain kinase-dependent contraction in muscles 
where easy access of the inhibitor to the enzyme was 
permitted. Therefore,  another cause may also be in- 
volved in the weak potency on tissues. Staurosporine 
may non-specifically bind to some cell constituents or 
its action is neutralized by some unknown mechanism 
in tissues. Staurosporine did not significantly affect the 
CaZ+-induced contraction in permeabilized arteries 
when ATP was 3.75 mM. The ineffectiveness at high 
ATP can be explained by the result that staurosporine 
competitively inhibits the ATP binding to purified ki- 
nases. For purified enzymes ATP between 20-100 tzM 
was used, while 1 mM or higher concentration of ATP 
was present for permeabilized muscles. Provided that 
staurosporine inhibits kinases by antagonism to ATP, 
10-50 times higher concentrations are assumed to be 
necessary to inhibit the enzymes in permeabilized tis- 
sues or intact tissues. This could be another cause for 
the gap of concentrations used in the biochemical assay 
and in tissues. 

Concerning the inhibition by staurosporine of [Ca 2+ ]i 
response to KC1, it is unlikely that protein kinase C or 
myosin light chain kinase is involved in the Ca 2 ÷ influx 
stimulated by KC1, since calphostin C was virtually 
ineffective on the KCl-induced contraction and wort- 
mannin did not affect the [Ca2+] i response to KC1. 
Therefore,  the inhibition by staurosporine of the [Ca2+]i 
response to KCI could not be ascribed to its action on 
protein kinase C or myosin light chain kinase but 
probably to the action on another kinase, such as 
tyrosine kinase (Badwey et al., 1991; Wijetunge et al., 
1992), or some non-specific action. 

Calphostin C effectively inhibited the DPB-induced 
contraction, while it only slightly inhibited the KCl-in- 
duced one. Although we could not observe the effect 
of calphostin C on the [Ca2+] i response to KC1, this 
substance may not have a significant effect on the 
[Ca2+]i response because the inhibitory effect of 
calphostin C on the KCl-induced contraction was very 
small. In contrast, wortmannin was more effective on 
the KC1 contraction than the DPB contraction. The 
fact that it did not significantly affect the [Ca2+] i 
response to KC1 indicates that the inhibition by wort- 
mannin of KCl-induced contraction was a result of 
direct inhibition of myosin light chain kinase. These 
features are consistent with the reported actions of 
these substances (Nakanishi et al., 1992; Henrion and 
Laher, 1993; Shimamoto et al., 1993). Wortmannin was 
reported to be 100 times more selective for myosin 
light chain kinase over protein kinase C (Nakanishi et 
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al., 1992). In  this study, however, w o r t m a n n i n  was only 
4 t imes more  po ten t  on  the KCl- induced  cont rac t ion  
than  the DPB- induced  one,  when  calculated from IC50. 
In  our  pre l iminary  study (Ito et al., 1994), DPB caused 
phosphoryla t ion  of myosin light chain in rabbi t  aor tae 
incuba ted  in Ca2÷-containing m e d i u m  and  w o r t m a n n i n  
significantly inhibi ted  the phosphoryla t ion.  Phospho-  
rylat ion of vascular  smooth muscle myosin light chain 
by phorbol  esters was also observed by others  (Fuj iwara 
et al., 1988; Rembo ld  and  Murphy,  1988; Singer,  1990). 
F rom these, a possibility arises that  crosstalk be tween  
pro te in  kinase C and myosin light chain kinase is 
involved in the DPB- induced  contract ion,  in ways such 
that  an increase  in [Ca2+]i induced  by a phorbol  ester 
activates myosin light chain  kinase,  and  pro te in  kinase 
C act ivat ion may increase the affinity of myosin light 
chain  kinase to Ca2÷-calmodul in  or inhibi t  myosin light 
chain phosphatase  activity (Somlyo et al., 1989; I toh et 
al., 1993). If this is the case, a myosin light chain  kinase 
inhibi tor  would part ly inhibi t  a p ro te in  kinase C-de- 
p e n d e n t  contract ion.  This issue is present ly  u n d e r  in- 
vestigation.  

A l though  calphost in  C was selective for p ro te in  ki- 
nase C - d e p e n d e n t  contract ion,  a much higher concen-  
t ra t ion was n e e d e d  for the inhibi t ion  compared  with 
s taurospor ine ,  e.g. 10 /zM calphost in  C inhibi ted  the 
DPB- induced  cont rac t ion  by 53.6 _+ 3.5% and  the KCI- 
induced  con t rac t ion  by 27.3 + 4.5% while stau- 
rospor ine  at 30 n M  inhibi ted  the DPB- induced  con- 
t ract ion by 73.0 + 1.3% but  slightly inhib i ted  the KC1- 
cont rac t ion  (by 9.7 + 1.4%). In  this sense, stau- 
rospor ine  at low concen t ra t ions  can be regarded as 
selective as calphost in  C to pro te in  kinase C-depen-  
den t  contract ion.  O n  the o ther  hand,  w o r t m a n n i n  has 
b e e n  shown to inhibi t  phosphat idyl inosi to l  3-kinase 
(Arcaro  and W y m a n n ,  1993). The  presen t  data  on 
w o r t m a n n i n  are consis tent  with its expected effect on 
myosin light chain  kinase. At  present ,  it is difficult to 
speculate  whe ther  an  act ion re la ted to phosphat idyl-  
inositol 3-kinase was involved in the w o r t m a n n i n  de- 
pression of contract ions.  To  assess it, the role of phos- 
phat idyl inosi tol  3-kinase in smooth muscle cont rac t ion  
must  be  clarified. Al though  none  of these inhibi tors  is 
ideal, these substances  can be used to clarify the role 
of p ro te in  kinases in recep to r -media ted  contract ions,  if 
an appropr ia te  concen t ra t ion  is used. 
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