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The roie of protein kinasc C in the endotbelin-induced contraction was examined in ;he isolated rabbit saphenous vein in 
which endothelin-1, endothehn-3, sarafotoxin S6c and IRE 1620 (succinyl-~Glu”,Ala”~” lendothelin-l-(8-21 ))-induced contraction 
at the threshold concentrations of 0.1-l pM. A selective inhibitor of protein kinase C, SQfl nM calphos?in C (2-[12-[2- 
(benzyloxy)propyl]-3,IO-dihydro-4,9-dihydroxy-2,6,7,1 I-tetramethoxy-3,1O-dioxo-l-perylenyll]-l-methylethyl carbonic acid 4-hy- 
droxyphenyl ester), shifted the concentration-response cmves for these agonists to the right 7.4- to 109-fold. In the vein in which 
the endothelin ET, receptor was desensitized, sarafotoxin S6c and IRL 1620 were ineffective whereas endothelln-1 ~n,r binbd*r 1 La,‘” E“@.W. 
concentrations of endothelin-3 induced contractions by activating the endothelin ET* receptor. Calphostin C (500 nM) shifted 
the concentration-response curves for endothelin-l and endothelin-3 to the right more than 1X-fold. Down-regulation of protein 
kinase C (by treatment with phorbol 1Zmyristate 13-acetate for 20 h) shifted the concentration-response curves for these 
agonists to the right before and after desensitization of the endothelin ET, receptor 3.7- to So-fold. In the permeabihzed 
smooth muscle, Ca’+- induced contraction was enhanced by endothelin-1, endothelin-3 and sarafotoxin S6c at concentrations 
much higher than those needed to induce contraction (threshold concentration was 3 nM). Calphostin C and down-regulation of 
protein kinase C shifted the concentration-response curves for ecdothelin-1 and endothelin-3 to the right and downwards 
without changing the effect of sarafotoxin S6c. In the permeabilized muscle in which the endothehn ET, receptor was 
desensitized, endothelin-1 and endothehn-3 still augmented the Ca’+- induced contraction. Calphcstin C and down-regulation of 
protein kinase C shifted the concentration-response curves for endothelin-1 and endothelin-3 to the right and downwards. These 
results suggest that protein kinase C is involved in the contraction mediated by the endothelin ET,, and ET, receptors; and Ca” 
sensitization mediated by the endothelin ET, receptor is due to activation of protein kinase C whereas Cal+ sensitization 
mediated by the endotheiin ET, receptor may be due not only to the activation of protein kinase C but also to other 
mechanisms. 

Keymwzix Endothelin; Endothelin receptor; Protein kinase C, Ca ?+ sensitization; Smooth muscle, vascular 

1. Introduction 

Endothelin (Yanagisawa et al., 1988) binds to at 
least two types of receptors (Masaki et al., 1994), the 
endothelin ET, (Arai et al., 1990) and the endothelin 
ET, receptors (Sakurai et al., 1990). The endothelin 
ET, receptor is selectively activated by endothelin-1 
whereas the endothelin ET, receptor is activated non- 
selectively by endothelin-1, endothelin3, sarafotoxin 
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S6c and IRL 1620. Both of these receptors mediate 
contraction in various types of smooth muscle (Rubanyi 
and Folokoff, 1994). Recently we have shown the co- 
existence of these two types of receptors both of which 
mediate contraction in the venous (Sudjatwo et al., 
1994; Karaki et al., 1994) and tracheal smooth muscle 
(Yoneyama et al., 1995). 

For arterial smooth muscle, it has been shown that 
stimulation of the endotbelin ET, receptor activates 
phospholipase C and increases the levels of inositof 
trisphosphate and diacylglycerol (Danthuluri and 
Brock, 1990) and these mobilize Ca” from the intra- 
cellular pool and activate protein kinase C, respec- 
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tively. Because of the similarity between the SLOWLY 

developing sustained contractions due to endothelin-1 
and those due to phorbol esters in various VaSCUh 

preparations, protein kinase C has been suggested to 
be involved in the endothelin-l-induced contraction 
(Griendling et al., 1989). The observation that the 
magnitude and duration of endothelin-l-induced con- 
traction were reduced by the inhibitors of protein 
kinase C, staurosporine (Ohlstein et al., I989; Danthu- 
luri and Brock, 1990; Nishimura et al., 1992) and 
calphostin C (Shimamoto et al., 19921, also suggested 
the possible involvement of protein kinase C in the 
sustained component of endothelin-l-induced contrac- 
tion. 

Recently, in contrast, it has been demonstrated that 
the endothelin ET, receptor, that mediates contrac- 
tion in the swine pulmonary vein, is not coupled to 
Ca2+ release (Sudjarwo et al., 1995). It has also been 
shown that the contraction induced by endothelin-1 in 
the porcine coronary artery, that also contains the 
contractile endothelin ET, receptor (Ihara et al., 1990, 
was linked to opening of the voltage-dependent Ca2+ 
channels through an inositol trisphosphate-indepen- 
dent pathway (Kasuya et al., 1992). These observations 
suggest that, unlike the smooth muscle endothelin ET, 
receptor (Resink et al., 1990; Sudjanvo et al., 1995) or 
the endothelial ET, receptor (Emori et al., 1990; Sud- 
jarwo et al., 19921, the smooth muscle endothelin ET, 
receptor has a signaling system that is independent of 
the inositol trisphosphate/Ca2+ release pathway. To 
further clarify the signal transduction pathway coupled 
to the endothelin ET, and ET, receptors in smooth 
muscle, we examined the effects of a selective inhibitor 
of protein kinase C, calphostin C (Kobayashi et al., 
1989). and down-regulation of protein kinase C on the 
contraction of rabbit saphenous vein that has both 
endothelin ET, and ETn receptors. 

2. Materials and methods 

2. I. Tissue preparation and solution 

Male New Zealand rabbits (2.5-3 kg) were killed by 
a sharp blow on the neck and exsanguination. The 
lateral saphenous vein was isolated, had fat and con- 
nective tissues carefully cleaned off and was cut into 
rings 2-3 mm wide. The endothelium was removed by 
gently rubbing the intimal surface with a glass rod 
moistened with oxygenated physiological salt solution 
that contained (mM): NaCl 136.9, KC1 5.4, CaCl, 1.5, 
MgClz 1.0, NaHCO, 23.8, ethylenediamine tetraacetic 
acid (EDTA) 0.01, and glucose 5.5. High-K+ solution 
was made by replacing 72.4 mM NaCl with equimolar 
KCl. These solutions were saturated with 95% 0, and 
5% Co2 mixture at 37°C to maintain the pH at 7.4. 

2.2. Muscle tension 

The ring preparations were mounted on two parallel 
stainless steel wires in a tissue bath of 2.5 ml capacity. 
One wire was anchored to a stationary support and the 
other to a force-displacement transducer (Orientec, 
Tokyo, Japan) connected to an amplifier (Yokogawa, 
Tokyo, Japan). A resting tension of 10 mN was applied 
and the preparations were equilibrated for 1 h. The 
responses to 72.4 mM KC1 were repeatedly measured 
at intervals of 30 min until a steady response was 
obtained. Endothelins and sarafotoxin S6c were added 
cumulatively. KC1 was also added cumulatively to make 
final concentrations of 11.5, 21.5, 31.5, 41.5 and 51.5 
mM. Concentration of a stimulant needed to induce a 
half-maximum contraction (EC,,) was calculated from 
the concentration-response relationship. 

2.3. Desensitization of the endothelin ET, receptor 

The endothelin ET, receptor was desensitized by 
treatment with 300 nM sarafotoxin S6c for 30 min 
followed by a wash with normal solution for 30 min for 
both intact and permeabilized preparations (Sudjarwo 
et al., 1994). Desensitization of the endothelin ET, 
receptor was confirmed by the complete inhibition of 
the effect of subsequent application of sarafotoxin S6c 
or IRL 1620. 

2.4. Down-regulation of protein kinase c 

Protein kinase C activity was down-regulated by 
treatment with 1 PM phorbol 12-myristate 13-acetate 
in Dulbecco’s modified Eagle medium with 10% fetal 
calf serum and penicillin/streptomycin (GIBCO, New 
York, USA) for 20 h at 37°C (Hori et al., 19933). Some 
of the preparations were treated with a solution with- 
out phorbol ester and were used as vehicle controls. 
The down-regulation of protein kinase C activity was 
assessed by determining whether the contraction in- 
duced by 12-deoxyphorbol 13-isobutyrate was com- 
pletely inhibited. 

2.5. Permeabilized smooth muscle 

Helical strips of the rabbit saphenous vein (1 mm 
wide and 4 mm long) were permeabilized with 80 
pgg/ml Staphylococcus aureus a-toxin. The relaxing 
solution contained: potassium propionate 130 n&I, 
M&l, 4 mM, Na,ATP 5 mM, Tris maleate (pH 6.8) 
20 mM, EGTA 2 mM, carbonyl cyanide p-trifluoro- 
methoxyphenylhydrazone 1 PM, creatine phosphate 2 
mM, and creatine phosphokinase 10 U/ml. The free 
Ca2+ concentration was changed by adding an appro- 
priate amount of CaCl,. The apparent binding con- 
stant of EGTA for Ca2+ was considered to be 106 
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Fig. 1. Effects of calphostin C on the concentr ‘on-response curves for endothelin-1 in the rabbit saphenous vein. (A) Before desensitization of 
the endothelin ET, receptor. 0): Control. A, and V: Calphostin C 100, 300 and 500 nM, respectively. (f3J After endothelin ET, receptor 
desensitization. 8: Same control as (AI. 0: After receptor desensitization. A, 0 and V: Calphostin C 100, 300 and 500 nM. respectively. 
Calphostin C was added 60 min before the cumulative addition of endothelin-1. 100% represents the magnitude of the contraction induced by 
72.4 rr.M KCI. Each point represents the mean of four to eight experiments and SEM is shown by a vertical bar. 

Table 1 
Concentration needed to induce a half maximum contraction (EC,,) for endothelin-1. endnthelin-3, sarafotoxin S6c and IRL 1620 in the isolated 
rabbit saphenous vein 

Condition EC%, )I 
-log M f S.E.M. 

Endothelin-1 kontrolJ 9.70 f 0.30 8 
+ 100 nM calphostin C 9.17 f 0.36 4 
+ 300 nM calphostin C 8.74 + 0.10 ’ 4 
+ 500 nM calphostin 53 8.25 f 0.16 d 4 
+ 300 ttM STXC d 10.02 + 0.37 4 
+300 nM STXc ’ + 100 nM calphostin C 8.39 + 0.04 I1.< 3 
+ 300 r&l STXc a + 300 nM calphostin C 8.08 f 0.06 d.r 4 
+300 nM STXc d + 500 nM calphostin C 7.81 + 0.13 J.c 4 

Endothelin-1 (vehicle control) ’ 9.31 ; 0.35 8 
+l fiMTPAh 5.68 + 0.16 &’ 4 
+ 300 nM STXc a 8.78 + 0.16 &l 4 
+300nMSTXc”+I~MTPAh R.21 IO.03 d.f 4 

Endothelin-3 (control) 9.35 + CJ.i2 8 
+ 100 nM calphostin C 9.29 k 0.23 4 
+ 300 nM calphostin C 8.74 * 0.13 J 4 
+ 500 nM calphostin C 8.48 f 0.11 ’ 4 
+ 300 nM STXc a 7.54 + 0.14 d 4 
+ 300 nM STXc ’ + 100 nM calphostin C 7.18+0.11 4 
+ 300 nM STXc a + 300 nM calphostin C < 7 & 4 
+ 300 nM STXc a + 500 nM calphostin C < 7 d.e 4 

Endothehn-3 (vehicle control) ’ 8.62 f 0.13 d 8 
i-1 pMTPAb 7.93 + 0 17 d.f 

7.74 z 0: 11 
4 

+ 300 nM STXc a dJ 4 
+300nMSTXc”+ 1 pMTPAh < 7 d.r 4 

Sarafotoxin S6c (control) 11.83 i 0.10 8 
+ too ,“I c.+k#+, C 4 L”” . .v ,. pa” L.. i 1.88 0.08 k 
+ 300 nM calphostin C to.04 * 0.40 d 4 
+500 nM calphostin C 9.79 + 0.20 d 4 

Sarafotoxin S6c (vehicle control) ’ 11.25 +0.19 d 8 
+lpMTPAb 9.48 f 0.12 ‘J.c 4 

IRL 1420 (control) 9.33 + 0.28 d 4 
+ 100 nM calphostin C 8.74 f 0.16 d 4 
+ 300 nM calphostin C 8.39 f 0.05 d 4 
+ 500 nM calphostin C 8.42 f 0.10 d 4 

IRL 1620 (vehicle control) ’ a.79 f 0.03 d x 
+l pMTPAh 7.26 + 0.09 d,’ 4 

a Endothehn ET, receptor was desensitized by pretreatment with 300 nM sarafotoxin S6C (STxc). ’ Protein-kinase C was dowrr-regulated by 

pretreatment with 1 PM phorbol 12-myristate 13-acetate for 20 h. c Ve\icle control for ‘. d Significantly different from respective control with h 
P < 0.05. ’ Significantly different from the muscle pretreated with sarafotoxin 5%~ with P < 0.05. ’ Significantly different from the vehicle control 

with P < 3.05. n: number of experiments. 
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M-l. Force of contraction was measured with an iso- 
metric transducer under a resting force of 5 mN. 
Intracellular Cat + stores were depleted by treating the 
muscle with 10 HM ionomycin for 20 min (Nishimura 
et al., 1988). In a preliminary experiment, it was found 
that endothelin-1, endothelin-3 and sarafotoxin S6c 
augmented the Ca 2+-induced contraction only in the 
presence of guanosine triphosphate. Based on this re- 
suit, all the experiments were done in the presence of 
10 FM guanosine triphosphate. 

2.6. Chemicals 

Endothelin-1, endothelin-3 and sarafotoxin S6c were 
purchased from the Peptide Institute (Osaka, Japan). 
IRL 1620 (succinyl-[Glu9,Ala11~‘5]endothelin-l-(8-21)) 
was a gift from Dr. T. Okada, Ciba-Geigy Japan and 
Sraphy1ucoccu.r aureus a-toxin was a gift from Drs. I. 
Kato and K. Noda, Chiba University. Other chemicals 
used were calphostin C (2-[12-[2-(benzyloxy~propyll- 
3,lO-dihydro-4,9-dihydroxy-2,6,7,1l-tetramethoxy-3,10- 
dioxo-1-petylenyll-1-methylethyl carbonic acid 4-hy- 
droxyphenyl ester) (Sigma Chemicals, St. Louis, MO, 
USA), phorbol 12-myristate 13-acetate, lZdeoxyphor- 
bol 13-isobutyrate (Funakoshi, Tokyo, Japan) and 
guanosine triphosphate (Boehringer Mannheim Corp., 
New York, NY, USA). 

2. Z Statistics 

The results of the experiments are expressed as 
means f S.E.M. The statistical significance of differ- 
ences between points was determined with an unpaired 
Student’s &test and for those between concentration- 
response curves, by two-way analysis of variance. In 
some experiments, concentration-response curves were 
analyzed as reported by Tajimi et al. (1991) to find if 
the curve was composed of more than one component. 
P < 0.05 was taken as significant. 

3. Results 

3.1. Effects of calphostin C 

Fig. 1A shows the concentration-response curve for 
endothelin-1 in the rabbit saphenous vein. Analysis of 
the curve suggested that it is composed of two phases; 
the first a high-affinity component with an EC,, of 
13.14 + 0.12 (n = 8) and the second, a low-affinity com- 
ponent with an EC,, of 9.45 + 0.30 (n = 8). In the 
presence of 300 nM and 500 nM calphostin C, the 
concentration-response curve for endothelin-1 was 
shifted to the right, increasing the EC,, 9.1- and 28.1- 
fold, respectively (Table I), whereas 100 nM calphostin 
C did not show a significant effect. In addition, 
calphostin C more strongly inhibited the effects of 
lower concentrations of endothelin-1 and changed a 
two-component curve to a single-component curve. 

To examine the selectivity of calphostin C, effects of 
500 nM calphostin C on the contractions induced by 
high Kf were examined. Result indicated that 
calphostin C did not change the cumulative concentra- 
tion-response curve for KC1 (11.5-51 S mMKn = 4, data 
not shown). 

Fig. 2A shows the effects of cumulative addition of 
endothelin3. Calphostin C (300 and 500 nM) shifted 
the concentration-response curves to the right, increas- 
ing the EC,, 4.0- and 7.4-fold, respectively, although 
:?> nM calphostin C was almost ineffective (Table 1). 
Analysis of the curve suggested that it was composed of 
two components with EC,, of 12.01 + 0.20 (n = 8) and 
9.08 f 0.30 (n = 8), respectively. Calphostin C changed 
this to a single component by preferentially inhibiting 
the effects of lower concentrations of endothelin-3. 

Fig. 2B shows the effects of cumulative addition of 
sarafotoxin S6c. At the concentrations of l-100 PM, 
sarafotoxin S6c induced a much greater contraction 
than endothelin-1 or endothelin3. At these concentra- 

12 11 10 9 8 7 12 11 10 g 8 7 

El-3 (-log M) STXC (-log M) 

Fig. 2. Effects of calphostin C on the concentration-response curves for endothelin-3 (A) and sarafotoxin S6c (B) in the rabbit saphenous vein. 
Closed symbols: before desctisitization of the endothelin ET, receptor. o: Control. A, q and V: Calphostin C 200, 300 and 500 nM, 
respectively. Open symbols: after endothelin ET, receptor desensitization. o: After receptor desensitization. A, q and v: Calphostin C 100, 
300 and 500 nM, respectiveiy. For kther explanation see Fig, 1. 
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tions, endothelin-l and endothehn3 aetivate 
affinity component and induced only sma 
tions. Higher concentrations of sarafotoxin 
pM) showed an inhibitory effect, yielding a 
concentration-response curve, as reporte 
(Sudjarwo et al., 1994). Calphostin C (308 
the concentration-response curve to the rig 
creased the EC,, 62-fold. The resulting concentration- 
response curve was quite similar to those for endothe- 
lin-1 or endothelin-3 except that higher concentrations 
of sarafotoxin S6c still showed an inhibitory effect (Fig. 
2B). A higher concentration of calphostin C (500 n&I) 
showed an additional inhibitory effect, increasing the 
EC,, 109-fold. However, 100 n calphostin C was 
almost ineffective (Table 1). 

Cumulative addition of HRL 1620 resulted in a 
graded contraction. The concentration-response curve 
for IRL 1620 was simi to that for sarafotoxin S6c in 
the presence of 300 n calphostin C. The threshold 
concentration was 3 pM and the maximum was reached 
at 30 t&l. However, 100 nM IRL 11620 showed an 
inhibitory effect, yielding a bell-shaped concentration- 
response curve, as reported previously (Sodjarwo et al., 
1994). Calphostin C (100 and 300 nI’vl1 shifted the 
concentration-response curve to the right, increasing 
the EC,, 3.9- and 8.7-fold, respectively, although 5E)O 
nM calphostin C did not induce additional inhibition 
(Table 1). 

3.2. Effects of calphostin C on the endothelin ET, recep- 
tor-desensitized ml&e 

In the preparations in which the endothelin ET, 
receptor was desensitized, the selective agonists of the 
endothelin ETu receptor, sarafototin S6c (Fig. 2B) and 
IRL 1620 (data not shown), were not effective. In the 
receptor-desensitized preparations, the effects of low 
concentrations of endothelin-l were inhibited without 
changes in the effects of higher concentrations and 
thus a two-component curve became a single-compo- 

1. Calphostin C (100, 3 
shifted the concentration-respo 

righat, increasing the EC>,) 43-, 8% and 163-fold, re- 
spectively (Table 1). 

own in Fig. 2A and Table I, the EC,,, tor 
endothelin-3 was increased 64-fold by deserts 
of the endotheiin ET, receptor. Calphostin C ( 
and 505 mM) further shifted the concentration-re- 
sponse curves to the right 

3.3. Effect of down-regulation of protein kimse C 

In the preparations pretreated with 1 lo. phorbol 
12-myristate 13-acetate for 20 h, the effect of 12-de- 
oxyphorbol 13-isobutyrate to induce contraction was 
completely inhibited (n = 24, data not shown), suggest- 

at protein kinase C was down-regulated. In the 
protein kinase C-down-regulated preparations, the ef- 
fects of lower concentrations of endothehn-I were in- 
hibited Wig. 3N, increasing the EC,, 4.3-fold bTa 
11 and changing a two-component curve into a single 
component curve. In the preparations pretreated with 
vehicle, in contrast, the contractile effect of endothe- 
lin- 1 was not significantly affected (Table 11. Combina- 
tion of the protein kinase C down-regulation and the 
endothelin ET, receptor desensitization showed a 
stronger inhibitory effect than protein kinase C down- 
regulation alone (Fig. 3A), increasing the EC,, 12.5-foold 
(Table 1). However, the shift of the concentration-re- 
sponse surve was not parallel; the effects of lower 
concentrations of endothelin-1 were more strongly m- 
hibited than the effects of higher concentrations. 

Vehicle treatment increased the EC,, for endothe- 
lin-3 5.3-fold (Table I). Down-regulation of protein 
kinase C ha-d a greater inhibitory effect than vehicle, 
increasing the EC,, 26-fold compared to the control or 
4.9-fold compared to the vehicle control (Fig. 3B and 
Table 1). 

Vehicle treatment also increased the EC,, for 
sarafotoxin S6c and IRL 162@ 3%fold and 3.5-fold. 

ET-1 (-log M) ET-3 (-kg M) mc (-I 

Fig. 3. Effects of down-regulation of protein kinase C (by pretreatment with phorbol ester) on the concentration-response curves for endothel 
(A), endothehn-3 (B) and sarafotoxin S6c (C) in the rabbit saphenous vein before and after the desensitization of the endothelin ETn recent0 
Vehicle sontro!. O: After receptor desensitization. After treatment with phorbol ester. a: Combination of receptor desensitization 

phorbol ester pretreatment. For further explanation see Fig. 1. 
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9 8 7 

ET-1 (-log M) 

9 8 7 

ET-3 (-log M) 

9 8 7 

STXc (-log M) 

Fig. 4. Effects of calphostin C on the augmentation of Ca 2’-induced contraction induced by endothclin-1 (A), endothelin-3 (5) or sarafotoxin S6c 
(C) in the permeabilized rabbit saphenous vein. After the contraction induced by 300 nM Ca’+ reached a steady level, agonist was added 
cumulatively. O: Control. O: Calphostin C 500 nM. After desensitization of the endothelin ET, receptor. q : Combination of receptor 
desensitization and 500 nM calphostin C. 100% represents the magnitude of the contraction induced by 300 nM Ca”. Each point represents ‘Ge 
mean of four to eight experiments and S.E.M. is shown by a vertical bar. l and * l Significantly different from control with P < 0.05 and 0.: :. 

respectively. 

respectively (Table 1). Down-regulation of protein ki- 
nase C had a greater inhibitory effect than vehicle, 
increasing the EC,, for sarafotoxin S6c 59-fold (Fig. 
3C and Table 1) and IRL 1620 34-fold compared to the 
vehicle control (Table 1). 

3.4. Permeabilized muscle 

Application of 300 nM Ca”-induced contraction in 
the vein permeabilized with bacteria1 a-toxin. En- 
dothelin-1, at approximately 30000 times higher con- 
centrations (> 3 nM) than needed to induce contrac- 
tion in intact muscle (> 0.1 PM), augmented the con- 
traction induced by Ca2+. Calphostin C (500 nM) inhib- 
ited the effect of lower concentrations of endothelin-1 
to augment the Ca’+-induced contraction (Fig. 4A). 
Endothelin ET, receptor desensitization did not 
change the effect of endothelin-1. Calphostin C showed 
a similar inhibitory effect on the endothelin ET, re- 
ceptor-desensitized muscle to that on muscle without 
receptor desensitization. 

Fig. 4B shows that endothelin3 (> 3 nM) has an 

effect similar to that of endothelin-1 to augment the 
Ca”-induced contraction. This effect was not signifi- 
cantly inhibited by 500 nM calphostin C. Desensitiza- 
tion of the endothelin ET, receptor inhibited the 
effect of endothelin-3 whereas combination of receptor 
desensitization and 500 nM calphostin C showed an 
additional inhibitory effect. 

Fig. 4C shows that sarafotoxin S6c (> 3 nM) aug- 
mented the Ca2+-induced contraction. Calphostin C 
(500 nM) did not change the effect of sarafotoxin S6c. 
Desensitization of the endothelin ET, receptor com- 
pletely abolished the effect of sarafotoxin S6c (n = 4, 
data not shown). 

Fig. 5A shows that down-regulation of protein ki- 
nase C inhibited the effect of lower concentrations of 
endothelin-1, as was the case with calphostin C. Com- 
bination of desensitization of the endothelin ET, re- 
ceptor and down-regulation of protein kinase C had an 
effect similar to that of down-regulation of protein 
kinase C alone. 

Fig. 5B shows that down-regulation of protein ki- 
nase C inhibited the effect of endothelin-3. Combina- 

1 
g 300. 
C 
0 

-$j 200 - 
b 
s 
o loo- 

c 

9 8 7 9 8 7 
ET-1 (-log it) ET-3 (-log M) 

Fig. 5. Effects of down-regulation of protein kinase C on the augmentation of Ca2+ ’ -m&ced contraction induced by endothelin-I (A), 
endothelin-3 (B) or sarafotoxin S6c (C) in the permeabilized rabbit saphenous vein. After the conrraction induced by 300 nM Ca2* reached a 
steady level, agonist was added cumulatively. oz Control. 0: Protein kinase C down-regulated. A: Combination of receptor desensitization and 
protein kinase C down-regulation. For further explanation see Fig. 4. 



tion of desensitization of the endotbe~i~ ET, receptor 
and down-regulation of protein kinase C showed an 
additio~ai inhibitory effect. 

Fig. 5C shows that down-regulation of protein ki- 
nase C did not inhibit the effect of sarafotoxin S6c. 

In the present experiments, we confirmed our previ- 
ous finding in the rabbit saphenous vein that the con- 
centration-response curve for endothelin-1 was com- 
posed of high- and low-affinity components Xaraki et 
al., 1994). Analyzing the ‘?-endothellin-3 binding in 
the rabbit saphenous vein, Gray et al. (1994) have also 
shown the presence of high- and low-affinity endothe- 
iin binding sites. Desensitization of t e endotbeii~ ET, 
receptor selectively inhibited the high-affinity compo- 
nent of the concentration-response curve. These re- 
sults support the suggestion that the high-affinity com- 
ponent for endotheiin-1 is mediated by the endothelin 
ET, receptor whereas the low affinity component is 
mediated by both the endotheiin ET* and ET, recep- 
tors (Karaki et al., 1994; Sudjarwo et al., 1994). 

An inhibitor of protein kinase C, calphostin C, 
shifted the concentration-response curve for endothe- 
lin-1 to the right in a concentration-dependent manner. 
Furthermore, caiphostin C abolished the high-affinity 
component. Down-regulation of protein kinase C 
an effect similar to that of calphostin C. These results 
_uggest that lower concentrations of endothelin-l acti- 
vate protein kinase C through the endothelin ET, 
receptor and induce contraction. After desensitization 
of the endothelin ET, receptor, endotheiin-l-induced 
contraction by activating the endothelin ET, receptor. 
Calphostin C and down-regulation of protein kinase C 
shifted the concentration-response curves for endothe- 
lin-l to the right. These results suggest that the con- 
traction mediated by the endothelin ET, receptor is 
also due to activation of protein kinase C. 

The concentration-response curve for endothelin-3 
also had two com;onents. Desensitization of the en- 
dotheiin ET, receptor shifted the concentration-re- 
sponse curve for endothelin-3 to the right, suggesting 
that lower concentrations (> 1 pM) selectively activ:tte 
the endothelin ET, receptor whereas higher conct7- 
trations (> 3 nM) have ZR additional effect to activate 
the endothelin ET, receptor. Calphostin C and down- 
regulation of protein kinase C showed an inhibitory 
effect similar to that of endotheiin ET, receptor de- 
sensitization, suggesting that the contraction mediated 
by the endothelin ET, receptor is due to activation of 
protein kinase C. After desensitization of the endothe- 
iin ET, receptor, calphostin C and down-regulation of 
protein kinase C still inhibited the contraction induced 
by endothelin-3. These results support the suggestion 

A selective agonist of the end 
sarafotoxin S6c, induced greater ractions than en- 
dothelin-1, endothelin-3 or 1% 1620 at co~ce~tratjo~s 
that Stimulates the big1~-affi~ity component of the ET, 
receptor. Cal~~osti~ C and down-regulation of protein 
kinase inhibited the contraction induced by sarafotoxin 
S6c and changed khe concentration-response curves as 
they did to those for endorheiin-1, endothelin-3 or IRL 
1620. These results suggest that lower concentrations 
of sarafotoxin S6c (I-100 pM) activate more strongly 
the high-affinity endothelin ET, receptor, inducing a 
greater contraction than endotheiin-I. endotheljn-3 or 
IRE 1620 and that this contraction is mediated by 
protein kinase C. 

The concentration-response curve for another ssiec- 
tive agonist of the endothelin ET, receptor, IRL 1620, 
was similar to that for sarafotoxin S6c in the presence 
of 300 nM calphostin C. This suggests that IRE 1620 
has weaker effect than sarafotoxin S6c to activate t 
b~gb-affi~i~ endothelin ET, receptor. The effects of 
IRL 1620 were inhibited by calphostin C and desensiti- 
zation of protein kinase C, again suggesting that the 
contractile endothelin ET, receptor is coupled to pro- 
tein kinase C. 

From these results, we concluded that both the 
endotheiin ET, and ET, receptors are coupled to 
activation of protein kinase C, possibly by generation 
of diacylglyceroi. This conclusion agrees with the find- 
ing that tke endotheiin ET, receptor is linked to 
phospholipase C (see Introduction). In contrast, the 
endotheiin ET, receptor in smooth muscle does not 
seem to activate the inositol trisphosphate/Ca’+ re- 
lease pathway (see Introduction). One of the possible 
explanations is that this receptor is coupled to 
phospholipase D and, thus, generates diacylglycerol 
without generating inositol trisphosphate. Further ex- 
periments are necessary to examine this possibility. 

It has been shown that both the endotheiin ET, and 
ET, receptors are coupled to Ca’+ sensitization in 
intact arterial and venous smooth muscle and induce 
greater contraction at a given Ca’+ level (Sudjanvo et 
al., 1995). In the permeabiiized mesenteric artery, fur- 
thermore, endotheiin-1 increases Ca’+ sensitivity 
through activation of both protein kinase C-dependent 
and -independent mechanisms (Hori et ai., 1993; 
Yoshida et al., 1994). To find if protein kinase C p!agrs 
a role in C$+ sensitization, we examined the effects of 
endotheiins and sarafotoxin S6c on the permeabilized 
preparation. It was found that endothelin-1, endothe- 
lin-3 and sarafotoxin S6c augment the Ca’+-induced 
contraction. However, CaZi sensitivity was increased 
by concentrations of the stimulants more than 3MGfold 
higher (threshold concentration of approximate1y 3 nM) 
than needed to induce contraction (threshold concen- 
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tration of 0.1-l PM). Desensitization of the endothelin 
ET, receptor did not change the effect of endothelin-1, 
partiaiiy inhibited the effect of endothelin-3 and com- 
pletely i&&ited the effect of sarafotoxin S6c. These 
results support the suggestion that both the endothelin 
ET, and ET, receptors mediate Ca2+ sensitization 
(Sudjarwo et al., 1995). 

Calphostin C and down-regulation of protein kinase 
C inhibited the effects of endothelin-1 and endothelin3 
but not of sarafotoxin S6c. In the endothelin ET, 
receptor-desensitized muscle, calphostin C and down- 
regulation of protein kinase C still inhibited the effects 
of endothelin-1 and endothelin3. These results suggest 
that protein kinase C is involved in the endothelin ET, 
receptor-mediated Ca2+ sensitization but not in the 
endothelin ET, receptor-mediated Ca’+ sensitization. 
This result is surprising because stimulation of the 
endothelin ET, receptor activated protein kinase C 
and induced contraction in intact smooth muscle. Since 
it has been shown that Ca2+ sensitization in smooth 
muscle is mediated by protein kinase C-dependent and 
-independent mechanisms (Hori et al., 19931, it is sug- 
gested that the endothelin ET, receptor is coupled to 
both these pathways and, thus, inhibition of only the 
protein kinase C pathway did not inhibit CaZf sensiti- 
zation. Further experiments are necessary to examine 
this possibility. 

From these results, it is concluded that protein 
kinase C is involved in the contraction and the CaZf 
sensitization induced by endothelins in the rabbit 

saphenous vein. 
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