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Endothelin tightly bound to rabbit aortic strips and caused a pro]onged
vasoconstriction both in the presence and absence of extracellular Ca<t,
although only partial constriction (20-30%) developed in the latter case,
indicating that its action may not be Timited to the opening of a calcium
channel. The endothelin-induced constriction was reversed by the protein
kinase C inhibitor, 1-(5-isoquinolynylisulfonyl)-2-methylipiperazine (H-7).
In contrast to the observation of Hirata et al (1), endothelin caused a
robust phosphatidylinositol breakdown producing inositol mono-, bis-and
trisphosphates in cultured rat vascular smooth muscle cells. It showed no
effect on cyclic nucleotide Tlevels in the same cultured cells. These
results indicate that phosphatidylinosito]l turnover and protein kinase C
activation are involved in endothelin-induced vasoconstriction. o 1989 academic

Press, Inc.

Endothelin is a novel vasoconstrictor peptide, consisting of 21 amino
acids, dinitially purified from the culture medium of porcine aortic
endothelial cells{2). Specific high affinity binding sites for endothelin
have been identified in cultured rat smooth muscle cells (1). Upon binding,
endothelin increases dintraceilular calcium, resulting in a powerful and
sustained vasoconstriction (1,3).

Full vasoconstriction by endothelin appears to depend on extracellular
ca2t.  However, the role of intracellular Ca2* stores in the endothelin
action has not been elucidated. Indeed, Hirata et al were unable to observe
any increase in phosphatidylinositel (PI) turnover after endothelin
stimulation (1). This 1is unusual since endothelin caused a transient
increase in intracellular Ca2* levels in the absence of extracellular CaZ*

{1,3). Such an increase is usually associated with inositol trisphosphate
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(IP3) stimulated release of intracellular Ca?t stores. Thus it will be
intriguing to clarify the mechanism of endothelin-induced induced
vasoconstriction in relation to intracellular and extracellular cast
reqguirements. In the present study, we investigated the potential
importance of the well-known phosphoinositol-protein kinase-C mechanism in
mediating the action of endothelin.

We report here the effect of 1-(5-isoquinolynylsulfonyl)-2-
methylpiperazine (H-7), a potent protein kinase C inhibitor, on endothelin-
induced contraction of rabbit aortic strip and the effect of endothelin on
PI response as well as cyclic nucleotide levels in cultured rat vascular

smooth muscle cells.

Materials and Methods

Chemical: Synthetic endothelin was purchased from the Peptide International
Inc. (Louisville, KY). Angiotensin II (ANG II) and atria natriuretic factor
(ANF99_125) were purchased from Peninsula Laboratory Inc. (Belmont, CA). 1-
(5-Isoquinolynylsulfonyl)-2-methylpiperazine (H-7) was obtained from Sigma
(St. Louis, MO) and myo-[2-3H]inosito1 (20 Ci/mmol1) from Amersham Corp.
(Arlington Heights, IL). A1l other reagents were of analytical grade.

Strip Assay: The contractile activity of endothelin and the effect of H-7
were measured using rabbit aortic strips as described previously (4).

Culture of Vascular Smooth Muscie Cells (VSMC): Male, 6-8 week old Wistar-
Kyoto rats were decapitated and the thoractic aorta removed immediately.
VSMC were isolated according to the procedure of Chamley et al (5). VSMC
(3rd passage, 2 x 10° cells/well) were seeded in microplate wells (24 wells,
1.6 cm diameter). The cells were allowed to grow for 4 - 5 days in 5% CO»,
95% air at 37° €. The culture medium used was DMEM with 10% fetal calf
serum (FCS).

The Measurement of Cyclic Nucleotide Levels: After the culture medium was
removed, cells were washed once with serum free DMEM, then DMEM (0.5 ml)
containing 0.1% bovine serum albumin and 1lmM isobutylmethylxanthine (medium

A) was added. After 10 minutes preincubation medium A was removed and
medium A (0.5 ml) with or without a substance whose effect was to be tested
was added. The reaction was continued for a period specified for each

experiment. The treatment was terminated by the addition of trichloroacetic
acid (TCA) to 5%. Diethylether extraction was repeated four times to remove
TCA, then the aqueous layer lyophilized. The 1lyophilized material was
dissolved in distilled water. After centrifugation at 2,700 rpm for 10
minutes, the supernatent was separated, acetylated then used for the
measurement of cyclic nucleotide contents by radioimmunoassay.

Phosphatidylinositol (PI) Response: Culture medium of VSMC was changed to
serum-free DMEM. After 16 - 24 hours, the medium was replaced with DMEM
containing myo-[3H]inosito1 (8-10uCi/mi, 0.5 mi/well). Cells were labelled
for 20-24 hours. After treatment with a vasoactive substance,
inositolphosphates were separated and counted according to Nabika et al (6).
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Results

Endothelin caused a strong and sustained contraction of rabbit aortic
strips (Fig. 1A). Such contraction was dose-dependent and persisted for at
Teast 2 hours. Washing the endothelin-contracted strip with Calt free
buffer, containing 1mM EGTA, resulted in a profound vasorelaxation (Fig 1C).
Subsequent replenishment of extracellular calt (2.5 mM) re-established the
vasoconstriction. Endothelin also caused vasoconstriction in the absence of
extracellular Caé* (Fig. 1B). Such constriction developed slowly, reaching
a maximum tension about 20-30% to that observed in the presence of
extracellular Cal* (Fig 1B). Addition of Cal* to 2.5 mM again restored the
contraction (Fig. 1D).

The protein kinase C inhibitor H-7 (7) caused relaxation of endothelin-
contracted strips in the presence or absence of extracellular Ca2* as shown

in Fig. 2 top and bottom panels, respectively.
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Fig. 1. A: Contraction of rabbit aortic strip by endothelin (ET)(lO'BM) in
the presence of 2.5 mM caZ* in the bathing medium. B: Effect of
endotheHn(lO'sM) on rabbit aortic strips in the absence of Ca2t with 1mM
EGTA. Endothelin was added to the reaction chamber 20-60 min after the
medium was changed to Ca’*-free solution containing 1mM EGTA. C: Effect of
Ca?* (2.5 mM) on aortic strip after extensive washing of the strip with
Ca?*-free media containing 1mM EGTA. Endothelin had been added initially in
the presence of Ca®t as a positive control. D: Effect of Ca?® (2.5 mM% after
endothelin addition in the absence of Ca2® then washing with Ca t-free
buffer containing 1mM EGTA.
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Fig. 2. Effect of H-7 on endothelin-induced contraction in the presence
(top panel) and absence (bottom panel) of Ca * in the bathing medium. H-7
was added to medium after endothelin-induced contraction reached the
maximum.

Endothelin (10'7M) did not cause measurable changes either 1in the
intracellualr cAMP (open circles, Fig. 3, left panel) or cGMP Tevel (open
circles, Fig. 3, right panel) of cultured smooth muscle cells. ANF
significantly increased the 1intracellular cGMP (open triangles, Fig. 3,
right panel) but had no effect on cAMP levels (open triangles, Fig. 3, left
panel).

Both endothelin and ANG II stimulated robust increases in inosito]

phosphates in cultured smooth muscle cells (Fig. 4). ANG II elicited a more
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Fig. 3. Left Panel: Effect of endothelin on cAMP production in VSMC.

Each point represents the mean value = S. D. of 3 experiments. Right Panel:
Effect of ET on cGMP formation in VSMC. Each point indicates the mean value
+ S. D. of 3 experiments. o 0:ET(107/M); a——a :ANF(1077M); e—e
:control.
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Fig. 4. Left Panel: Effect of ET(endothelin, 10'7M) on IP, IPy and IPg
formation. Each point is the mean value of 3 experiments. Right Panel:
Effect of ANG II (10'7M) on IP, IP, and IP3 formation. Each point is the
mean value of 3 experiments.

0:IP (inositol monophosphate); e:IP,(inesitol bisphosphate); A:IPq (inosito!
trisphosphate); solid line:control; broken line: endothelin or ANG II

rapid PI response (Fig. 4, right panel) than that observed after endothelin
stimulation (Fig. 4, left panel). There was no PI response in the absence

of endothelin or ANG II.

Discussion

Endothelin is the most potent vasoconstrictor yet discovered (2). The
unusually prolonged vasoconstriction induced by endothelin in the presence
or absence of extracellular Ca?* (Fig. 1 A & B), suggests that the action of
this peptide may profoundly influence blood pressure regutation under normal
and pathophysiological conditions. Thus, elucidation of the mechanism by
which endothelin induces vasoconstriction will be intriguing and worthwhile.

We observed a powerful and sustained contraction of rabbit aortic
strips by endothelin lasting for more than 2 hours (3). Similar contraction
was also observed in thoracic aortic strips from spontaneously hypertensive

and Wistar-Kyoto rats (data not shown).
Development of full vasoconstriction depended upon the presence of
extracellular CaZt (Fig. 1), as illustrated by the profound relaxation of

endothelin-constricted vessels after washing with Calt free buffer (1mM
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EGTA). Replenishment of extracellular Ca?* to the washed vessel restored
vasoconstrictions suggesting that endothelin remained tightly bound to its
receptor, allowing continual entry of external Cat into the cells. This
was confirmed by direct measurement of intracellular calcium using the cast

sensitive dye fura~2 in cultured vascular smooth muscle cells (3).

Despite this dependence on extracellular Ca2+, endothelin causes a
slowly developing partial constriction of aortic strips in the absence of
extracellular Ca2t (Fig. 1 B & D). The same phenomena are observed by
Auguet et al (8), using isolated rat aorta. This effect was probably not

due to gradual entry of small amounts of external calt

sequestered on the
surface of vessels because it was observed even after pretreatment in calt
free buffer (1mM EGTA) for 60 or 120 minutes. Furthermore, when direct
intracellular Cat measurements were performed in Calt free buffer,
endothelin caused a transient increase in intracellular Ca2+, which returned
to a stable baseline after 1-2 minutes (3). Although we do not yet know the

mechanism by which endothelin causes such vasoconstriction, an increase in

the sensitivity of the contractile machinery may be involved.

The protein kinase C inhibjtor H-7 caused relaxation of endothelin
contracted vessels, both in the presence and absence of extracellular Ca2+,
suggesting that protein kinase C may play an important role in mediating the

observed vasoconstriction.

The effect of protein kinase C inhibition on vessels which had
contracted in the absence of extracellular Ca?* also suggests that protein
kinase C may increase the sensitivity of the contractile machinery to calt.

Endothelin did not alter cyclic nuclectide Tevels suggesting that
either cAMP or cGMP are not essential for vasoconstriction induced by
endothelin. In fact, 8-Br-cGMP caused marked relaxation of endothelin-
constricted vessels (data not shown) suggesting that cGMP stimulation by
other hormones may regulate such vasoconstriction. These observations
eliminate the possibility that H-7 may have exerted its relaxant effect

through nonspecific inhibition of the cAMP or cGMP systems (7).
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In contrast to the observations of Hirata et al (1), endothelin caused
a robust PI response, comparable to that induced by ANG II. The time
required to elicit the maximal response was slower than that by ANG II, a
property in concordance with slower vasoconstriction by endothelin. This

finding is also consistent with the transient increase in intracellular Cal’
observed in vascular smooth muscle stimulated by endothelin in the absence
of extracellular Ca2* (3). Such a response is usually attributed to IP3-
induced release of intracellular Cal* stores into the cytoplasm may trigger
the slow, protein-kinase C-dependent contraction observed in the absence of
extracellular Calt. Thus, the mechanism of endothelin-induced
vasoconstriction may not be solely dependent on extracellular calcium as
initially proposed (2). A PI response was also observed in cultured rat
mesangial cells (9).

Taken together these observations indicate that the inositol phosphates
formation and protein kinase C activation play an important role for

endothelin-induced vasoconstriction.

Acknowledgements

The authors are grateful to Mr. E. Price, Jr. and Mrs. T. Fitzgerald
for their technical assistance. This work was supported by research grants
HL 35323 and HL 14192 from The National Institutes of Health. We thank Dr.
S. Sakakibara for making endothelin available for this research.

References

1. Hirata Y, Yolshimi H, Takata S, Watanabe TX, Kumagai S, Nakajima K and
Sakakibara S (1988) Biochem. Biophys. Res. Commun. 154, 868-875.

2. Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M, Mitsui Y,
Yazaki Y, Goto K and Masaki T (1988) Nature 332, 411-415.

3. Hagiwara H, Hare GMT, Johns JA, Sugiura M and Inagami T. (1988)
Hypertension. In Press.

4. Hagiwara H, Hollister AS, Carr RK and Inagami T (1988) Biochem.
Biophys. Res. Commun. 154, 1003-1009.

5. Chamly JH, Campbell GR, Groschel-Steware V and McConwell JD (1977) Cell
Tiss. Res. 177, 503-522.

6. Nabika T, Velletri PA, Lovenberg W and Beaven MA (1985) J. Biol. Chem.
260, 4661-4670. i

7. Hidaka H, Inagaki M, Kawamoto S and Sasaki Y (1984) Biochemistry 23,
5036-5041.

8. Auguet M, Delaflotte S, Chabrier P, Pirotzky E, Clostre Fand Braquet P
(1988) Biochem. Biophys. Res. Commun. 156, 186-192.

9. Badr KF, Breyer MD, Murry JJ, Takahashi T, Inagami T and Harris RC
(1988) J. Clin. Invest. Submitted

176



