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ABSTRACT

The objectives of this study is to compare the inhibitory mechanism of sodium nitroprusside
and forskolin on the phorbol ester, activator of protein kinase C (PKC), -induced contractions in
rat aorta.

0.1 M phorbol dibutyrate (PDBu) induced sustained contractions and increased phosphory-
lations of myosin light chain (MLC) time-dependently. At 30 min, the contractions and
phosphorylations of MLC by PDBu were augmented maximally and remained constant. Moreover,
“Ca’ uptake was increased 30 min after PDBu stimulation from resting values.

Sodium nitroprusside which activates guanylyl cyclase followed by increasing cGMP, inhibited
the PDBu-induced contractions concentration-dependently. On the other hand, forskolin which
activates adenylyl cyclase followed by increasing cAMP, also inhibited the PDBu-induced con-
tractions concentration-dependently. However, sodium nitroprusside was more potent to inhibition
of the PDBu-induced contractions than forskolin.

Sodium nitroprusside inhibited “Ca*” uptake by PDBu stimulation. Forskolin also inhibited “Ca*
uptake by PDBu stimulation.

Sodium nitroprusside and forskolin inhibited the phosphorylations of MLC by PDBu,
respectively. However, sodium nitroprusside was more potent to inhibition of phosphorylations of
MLC by PDBu than forskolin.

From these results, Sodium nitroprusside via ¢GMP or forskilin via cAMP may reduce
myoplasmic Ca*" followed by suppression of phosphorylations of MLC of PKC-mediated contrac-
tions, which results in vasodilation. However, cGMP may play a role more importantly than cAMP
on the regulation of protein kinase C-mediated contraction in vascular smooth muscle.
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and Morgan, 1987). Although Ca’'-dependent
INTRODUCTION 20-kDa myosin light chain (MLC) phosphoryl-
ations is essential for initiation of smooth mus-
cle contraction, the maintenance of contraction

Phorbol ester, activator of protein kinase C may involve PKC-mediated regulation of con-
(PKC), induces slow developing and sustained tractile apparatus (Rasmussen et al., 1987).
contraction in vascular smooth muscle (Jiang Phorbol duibutyrate (PDBu)-activated -mus-

cles phosphorylate MLC, which shows that two-

'To whom correspondence should be addressed. thirds of the incorporated “P-phosphate was at-
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tributable to MLC kinase catalyzed phospho-
rylation and one-third was due to phosphoryl-
ation by protein kinase C (Barany et al.,, 1992).

Besides MLC, PKC has been shown to
phosphorylate calponin (Winder and Walsh,
1990; Rokolya and Moreland, 1993) and
caldesmon (Adam ef al, 1989). PKC increases
the myofilament Ca*" sensitivity in rabbit mes-
enteric and rat pulmonary artery (Nishimura
and van Breemen, 1989; Savineau et al, 1993).
Moreover, phorbol esters induce sustained con-
tractions in the absence of extracellular Ca**
without increases in intracellular free Ca*" level
measured with aequorin or fura 2 (Jiang and
Morgan, 1987; Sato er al., 1992; Itoh et al., 1993)
and the contractile mechanism remains to be
determined. Recently, Ca**-independent PKC &-
isozyme was shown to translocate from cytosol
to sarcolemma (Khalil e al, 1992) and
phosphorylate caldesmon through MAP-kinase
pathway (Adam and Hathaway, 1993).

On the other hand, agents that elevate cAMP
or ¢cGMP such as sodium nitroprusside and
forskolin, are known to relax vascular smooth
muscle. The vasodilation by cyclic nucleotide-
elevating agents may result from decrease [Ca’
“li or decrease in the [Ca**]i sensitivity of
MLC phosphorylation (Abe and Karaki, 1989;
McDaniel er al, 1991, 1992; Savineau ef al.,
1993). However, how cyclic nucleotide-elevating
agents regulate PDBu-induced contractions , Ca’

uptake and MLC phosphorylations is not
fully understood.

The objectives of this study is to investigate
the mechanism how cyclic nucleotide-elevating
agents affect protein kinase C-mediated con-
tractions, Ca’* uptake and MLC phosphoryl-
ations in rat thoracic aorta.

MATERIALS AND METHODS

Preparations

Adult male rats (Sprague-Dawley, 250~350¢)
were killed by 100% CO. inhalation. Thoracic
aorta was isolated and cleaned of fat and con-
nective tissue. Endothelium was removed by
gently rubbing the intimal space with a cotton
swab. Segments (1.5cm long were placed in

organ chambers containing 10ml of normal
physiological salt solution (PSS) of the follow-
ing composition (in mM): NaCl 1369, KCl 54,
glucose 5.5, NaHCO; 238, CaCl: 1.5, MgClL. 1.0
and ethylenediaminetetraacetic acid (EDTA)
00l1. Isosmotic 654mM K™ PSS was made by
substituing 60 mM NaCl in the normal PSS
with equimolar KCL

Measurements of contractions

Muscle tension was recorded isometrically
with force-displacement transducer connecting
to the polygraph (Gould). Passive tension of 0.5
g was initially applied and muscle strips were
allowed to equilibrate at 37°C for 60 min and
aerated with 95% O:. and 5% CO. Drugs were
cumulatively applied when 0.14M phorbol
dibutyrate (PDBu)-induced tension reached a
steady level.

Measurements of “Ca’" uptake

After 90 min equilibration in normal PSS, the
aortic rings were exposed to “Ca’" labeled (24
Ci/ml) PSS or 0.1 #uM PDBu-containing PSS for
30 min. Inhibitors were preincubated 30 min
before addition of “Ca’". Then the tissues were
bathed in ice-cold Ca’*-free PSS containing
2mM EGTA for 45 min in order to remove ex-
tracellular “Ca. The tissues were subsequently
blotted, weighed and placed in 5 mM EDTA
solution overnight. A scintillation cocktail was
added and the tissues were counted (Meisheri
et al., 1981).

Measurements of phosphorylations of myosin
light chain

Myosin light chain (MLC) phosphorylation
levels were determined on long (~10mm) strips
of the thoracic aortas. After equilibration and
drug pretreatment for 30 min, the tissues were
rapidly frozen in a dry-ice acetone slurry con-
taining 6% trichloroacetic acid. The tissues
were slowly thawed to room temperature and
then transferred to a vial containing homo-
genization solution previously frozen in liquid
nitrogen, composed of 1% sodium dodecyl sul-
fate, 10% glycerol and 20mM dithiothreitol.
The vial containing tissue, solution, and a small
stainless steel ball was cooled in liquid nitrogen
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and placed in a dental amalgamator (Wig-L-
Bug, Crescent Dental) for homogenization of
the tissue. This procedure was repeated and
then the vial was allowed to reach 4°C and the
contents were subjected to two-dimensional
electrophoresis as described by previously
(Moreland and Moreland, 1987). After electro-
phoresis, the separated proteins were subjected
to high-field intensity Western blotting to nitro-
cellulose membrane. Visulations of the blotted
proteins was performed by scanning densitome-
try of the nitrocellulose paper made by trans-
parent by immersion in decalin. Values are re-
ported as % by integration of the spot corre-
sponding to the phosphorylated MLC as a % of
the total of both the phosphorylated and
unphosphorylated MLC.

Drugs

Forskolin (Sigma), Sodium nitroprusside (Sig-
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Fig. 1. Time-courses of 0.1 #M phorbol dibutyrate-
induced contractions and phosphorylations
of myosin light chain (MLC) in rat aorta.
Data are expressed as means*S.E. (n=5~8).
In left ordinate, 100% means the magnitude
of isosmotic 654mM KCl-induced contrac-
tion. The absolute magnitude of K-induced
contraction was 1.0+0.1g In right ordinate,
values are expressed as % by integration of
the spot corresponding to the phosphorylated
MLC as a % of the total of both the phos-
phorylated and unphosphorylated MLC.

ma), Phorbol dibutyrate (Sigma), All other
chemicals were of reagent grade purity.

Statistics

Group mean values were compared using un-
paired two-tailed Student’s ¢ test. A P value of
<0.05 was taken as significant.

RESULTS

Time courses of phorbol dibutyrate (PDBu)-in-
duced contractions and myosin light chain
(MLC) phosphorylations in rat aorta

107"M PDBu induced a sustained contraction
time dependently in rat aorta. The contraction
reached a steady level at 30 min and the mag-
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Fig. 2. Concentration-response curves for sodium
nitroprusside (SNP) and forskolin (FR) in
vessels that had been made to contract with
0.t (M phorbol dibutyrate in rat aorta. 100%
means the magnitude of 0.14M phorbol
dibutyrate-induced contraction which corre-
sponds to the 1200+128% in the case of
SNP (n=6), 145.7£15.7% in the case of FR
(n=6) of high K contraction (0.7+0.1g, 0.6+
0.1g, respectively). Data are expressed as
means =S.E.
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Fig. 3. Bar graph showing that 0.1x#M sodium
nitroprusside (SNP) or 1 #M forskolin (FR) de-
creased “Ca uptake induced by 0.1 M phorbol
dibutyrate (PDBu) in rat aorta. SNP or FR was
preincubated 30 min before application of
PDBu, respectively. +means P<0.05 vs control,
*means P <0.05 vs PDBu stiumlation.

nitude of contraction was almost same with
that of high K-induced contraction.

Moreover, 107 M PDBu increased MLC
phosphorylations time dependently in rat aorta.
At 30 min, the MLC phosphorylations were in-
creased from 114+£7.0% to 38.7%£1.9% signifi-
cantly (P<0.01, n=5) (Fig. 1).

Effects of sodium nitroprusside and forskolin
on the phorbol dibutyrate-induced contractions

Sodium nitroprusside (107°-107 M) and for-
skolin (107°-107° M) depressed the 10" M PDBu-
induced contractions concentration-dependently
(Fig. 2). ICs of sodium nitroprusside and
forskolin on the PDBu-induced contractions
were 1.2x107°M and 9.8 X 107*M, respectively.

Effects of sodium nitroprusside and forskolin
on the phorbol dibutyrate-increased “Ca’** up-
take

107" M PDBu increased “Ca uptake signifi-
cantly 30 min after stimulation from resting
values, 137.8+£9.1 nmol Ca/g wet weight to 188+
14nmol Ca/g wet weight (P<0.05, n=4). 30 min
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Fig. 4. Bar graph showing that sodium nitroprusside
(open column) and forskolin (closed column)
decreased the phosphorylations of myosin
light chain (MLC) by 0.4M phorbol dibu-
tyrate at 30 min. 0.1 #M sodium nitroprusside
and 1u#M forskolin were treated 30 min
bedore the application of phorbol dibutyrate,
respectively. Data are expressed as mean=S.
E. (n=4~5). Values are expressed as % by
integration of the spot corresponding to the
phosphorylated MLC as a % of the total of
both the phosphorylated and unphosphory-
lated MLC. ** P<0.01 vs. values of control

pretreatment of 10~ M sodium nitroprusside in-
hibited PDBu-induced *Ca’* uptake to 1458 +
9.5nmol Ca/g wet weight (n=4) significantly.
Moreover, 30 min pretreatment of 10°° M for-
skolin inhibited PDBu-induced “Ca’*" uptake to
129+4.1 nmol Ca/g wet weight (n=4) significantly
(Fig. 3).

Effects of sodium nitroprusside and forskolin
on the phorbol dibutyrate-increased myosin light
chain phosphorylations

107 M PDBu increased MLC phosphory-
lations significantly from 8.1£5.1% , resting val-
ues to 35.5+3.3% at 30 min after application (P
<0.01, n=4). 30 min pretreatment of 107" M so-
dium nitroprusside decreased PDBu-induced
MLC phosphorylations significantly to 9.4+5.5%
(P<0.01, n=4). On the other hand, 30 min pre-
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treatment of 10~ M forskolin decreased PDBu-
induced MLC phosphorylations significantly
from 488+7.0% to 147£69% (P<005 n=4)
(Fig. 4).

DISCUSSION

The goal of this study was to compare the
vasodilating mechanism of cAMP with that of
¢GMP on protein kinase C (PKC)-mediated
contractions in rat thoracic aorta. Phorbol
dibutyrate (PDBu) directly binds to and
activates PKC (Kikkawa e al., 1983). Forskolin,
activator of adenylyl cyclase, and sodium
nitroprusside , activator of guanylyl cyclase,
are known to increase in cAMP and ¢GMP in
smooth muscle, respectively (Seamon ef dl,
1981; Nambi et al., 1986; McDaniel et al., 1992).
So, we investigated the vasodilating effects of
forskolin and sodium nitroprusside on PDBu-in-
duced contractions.

The contraction of smooth muscle tissues is
associated with an increase in cytosolic Ca’"
and the Ca’*-dependent phosphorylation of the
20-kDa myosin light chain (MLC) (Dillon et al.,
1981). On the other hand, phorbol ester deve-
lops sustained contraction with increases of
[Ca*]i and 20-kDa MLC phosphorylations in
vascular and tracheal smooth muscle (Sato ef
al., 1992; Gunst et al., 1994).

In this experiment, PDBu induced a sustained
contraction and increased phosphorylations of
MLC time-dependently (Fig. 1). Moreover,
PDBu increased Ca** uptake 30 min after stim-
ulation. Ahn and Moreland (1993) suggested
that MLC phosphatase activity may be down-
regulated by G-protein dependent activation of
protein kinase C. Itoh et al. (1993) also suggest-
ed that PDBu may cause a decrease in MLC
phosphatase activity through activation of pro-
tein kinase C. Thus the mechanism(s) by which
PDBu develops contractions in smooth muscle
may involve Ca** dependent activation of
MLCK and inhibition of phosphatase followed
by increase of MLC phosphorylations.

Agents that elevate cAMP levels are known
to relax arterial smooth muscle by decreasing
[Ca*"]i or decreasing in the [Ca® Ji sensitivity

of phosphorylation without change in [Ca*'li
(Abe and Karaki, 1989; Conti and Adelatein,
1981; Mcdaniel et al, 1991; Savineau et al, 1993)
or activation of cGMP-dependent protein ki-
nase (Lincoln and Corbin, 1983). However, iso-
proterenol-induced Ca’"-desensitization of myo-
sin light chain phosphorylation and force de-
velopment in KCl-contracted smooth muscle is
not mediated via myosin light chain kinase
phosphorylation (Tang e al, 1992). On the
other hand, nitrovasodilators induce relaxation
by both decreasing [Ca® ] and uncoupling force
from myosin phosphorylation (McDaniel et al.,
1992; Karaki et al, 1988). cGMP-dependent pro-
tein kinase decreases the sensitivity of the con-
tractile machinery in vascular smooth muscle
(Jiang and Morgan, 1987; Nishimura and van
Breemen, 1989; Savinaeu et al, 1993). However,
Nishikawa ef al. (1984) demonstiated that
phosphorylation of myosin light chain kinase
by G-kinase did not affect its function. There-
fore, the mechanism for cyclic nucleotide de-
pendent smooth muscle relaxation appears to
be complex.

In this experiment, forskolin depressed the
PDBu-induced contractions and phosphory-
lations of MLC (Fig. 2, 4). Sodium nitroprusside
also depressed the PDBu-induced contractions
and phosphorylations of MLC (Fig. 2, 4). How-
ever, sodium nitroprusside was more potent to
inhibition of contractions and phosphorylations
of MLC by PDBu. Furthermore, sodium nitro-
prusside or forskolin inhibited Ca®* uptake by
PDBu (Fig. 3).

Thus, sodium nitroprusside or forskolin may
block Ca*™ influx followed by depressing
phosphorylations of MLC, which results in inhi-
bition of PDBu-induced contractions.

In conclusion, cGMP or cAMP may reduce
myoplasmic Ca’* followed by suppression of
MLC phosphorylations of PKC-mediated con-
tractions, which may result in vasodilation in
rat aorta. However, cGMP may play a role more
importantly than cAMP on the regulation of pro-
tein kinase c-mediated contraction in vascular
smooth muscle.

REFERENCES

Abe A and Karaki H: Effect of forskolin on cytosolic

— 295 —



Ca*™ level and contraction in vascular smooth mus-
cle. J Pharmacol. Exp Ther 249: 895-900, 1989

Adam L, Haeberle J and Hathaway D: Phosphory-

lation of caldesmon in arterial smooth muscle. J Biol
Chem 264: 7698-7703, 1989

Adam LP and Hathaway DR: Identification of mito-
gen- activated protein kinase phosphoriation se-
quences in mammalian h-Caldesmon. FEBS. 322
(1): 56-60, 1993

Ahn HY and Moreland RS: Chelerythrine specifically
inhibits the norepinephrine and GTP dependent in-
crease in Ca** sensitivity in alpha- toxin perme-
abilized rabbit mesenteric artery. Biophys J 64 (2)-
A259, 1993

Barany K, Polyak E and Barany M: Protein phos-
phorylation in arterial muscle contracted by high con-
centration of phorbol dibutyrate in the presence and
absence of Ca**. Biochim Biophys Acta 1134: 233-
241, 1992

Conti MA and Adelstein RS: The relationship between
calmodulin binding and phosphoryation of smooth
muscle myosin kinase by the catalytic subunit of 3':
5" cAMP-dependent protein kinase. J Biol Chem 256:
3178-3181, 1981

Dillon PF, Aksoy MO, Driska SP and Murphy RA:
Myosin phosphorylation and the cross-bridge cycle in
arterial smooth muscle. Science (Washington, DC.),
211: 495- 497, 1981

Gunst SJ, Al-Hassani MH and Adam LP: Regulation
of isotonic shortening velocity by second messengers
in tracheal smooth muscle. Am J Physiol 266: C684-
C691, 1994

Itoh H, Shimomura A, Okubo S, Ichikawa K, Ito M,
Konishi T and Nakano T: Inhibition of myosin
light chain phosphatase during Ca** -independent
vasoconstriction. Am J Physiol 265: C1319-C1324,
1993

Jiang MJI and Morgan KG: Intracellular Ca levels in
phorbol ester-induced contractions of vascular smooth
muscle. Am J Physiol 253: H1365-H1371, 1987

Karaki H, Sato K, Ozaki H and Murakami K: Ef-
fects of sodium nitroprusside on cytosolic calcium
level in vascular smooth muscle. Eur J Pharmacol
156: 259-266, 1988

Khalil RA, Lajoie C, Resnick MS and Morgan HG:
Ca**-independent isoforms of protein kinase C differ-
entiadly translocate in smooth muscle. Am J Physiol
263: C714-C719, 1992

Kikkawa U, Takai Y, Tanaka Y, Miyaker R and
Nishizuka Y: Protein kinase C as a possible recep-
tor protein of tumor-promoting phorbol esters. J Biol
Chem 258: 11442, 1983

Lincoln T™M and Corbin JD: Characterization and bio-

logical role of the cGMP-dependent protein kinase. In
Advances in cyclic nucleotide research. Edited by P.
Greengard and G. A. Robinson. Raven Press, New
York. 139-192, 1983

McDaniel NL, Rembold CM, Richard HM and Mur-
phy RA: Cyclic AMP relaxes swine arterial smooth
muscle predominantly by decreasing cell Ca’* concen-
tration. J Physiol (London) 439: 147-160, 1991

McDaniel NL, Chen X-L, Singer HA, Murphy RA
and Rembold, CM: Nitrovasodilators relax arterial
smooth muscle by decreasing [Ca**Ji and uncoupling
stress from myosin phosphoryation. Am. J Physiol
263: C461-467, 1992

Meisheri KD, Hwang O and van Breemen C: Evi-
dence for two separate Ca** pathways in smooth
muscle plasmalemma. J Membrane Biol 59: 19-25,
1981

Moreland S and Moreland RS: Effects of dikydropyri-
dines on stress, myosin phosphoryation, and Vo in
smooth muscle. Am J Physiol 252: H1049-H1058,
1987

Nambi P, Whitman M, Stassen FL and Crooke ST:
Vascular vasopressin receplors mediate inhibition of
beta adrenergic receptor-induced cyclic AMP accu-
mulation. J Phar Exp Ther 237(1): 143-146, 1986

Nishikawa M, de Lanerolle P, Lincoln TM and
Adelstein RS: Phosphorylation of mammalian myo-
sin light chain kinase by the catalytic subunit of cy-
clic AMP-dependent protein kinase and by cyclic
GMP-dependent protein kinase. J Biol Chem 259:
8429-8436, 1984

Nishimura J and van Breemen C: Direct regulation of
smooth muscle contractile elements by second mes-
sengers. Biochem Biophys Res Commun 163: 929-
935, 1989

Rasmussen H, Takuwa Y and Park S: Protein kinase
C in the regulation of smooth muscle contraction.
FASEB J 1: 177-185, 1987 !

Rokolya A and Moreland RS: Calponin phos-
phorylation during endothelin-1 induced contraction
of intact swine carotid artery. Biophys J 64(2): A31,
1993

Sato K, Hori M, Ozaki H, Takano-Ohmuro H,
Tsuchiyva T, Sugi H and Karaki H: Myosin
phosphorylation-independent  contraction induced by
phorbol ester in vascular smooth muscle. J Phrmacol
Exp Ther 261(2): 497-505, 1992

Savineau JP, De La Fuente PG and Marthan R: Ef-
fect of vascular smooth muscle relaxants on the pro-
tein kinase C- mediated contraction in the rat pulmo-
nary artery. Eur J Pharmacol 249: 191-198, 1993

Seamon KB, Padgett W and Daly JW: Forskolin: a
unique diterpene activator of ademyilate cyclase in

— 296 —



membranes and in intact cells. Proc Natl Acad Sci Winder SJ and Walsh MP: Swmooth muscle calponin

US.A 78: 3363, 1981 (Inhibition of actomyosin MgAT Pase and regulation
Tang DC, Stull JT, Kubota Y and Kamm KE: Regu- by phosphorylation). J Biol Chem 265(17): 10148-
lation of Ca** dependence of smooth muscle contrac- 10155, 1990

tion. J Biol Chem 267(17): 11839-11845, 1992

=Zpas=

Sodium nitroprusside®} Forskolin® Phorbol ester 5=ol|
gk 8o A2kg0] 7)A

¥ A9 £4-2 protein kinase C2 A& <4l phorbol ester®] 5ol thd cGMP %
CAMP®| £A7|H S wEs 317] f3te] A9 dFdE AgE APE FPsovh Sodium
nitroprusside+ guanylyl cyclase® A3 A|#H cGMPE, forskolin adenylyl cyclase
T 843AAA cAMPE F7HA171E Her B ‘ilo‘“i ol T orES Adstodrl
Phorbol esteri= A|7xtel &7 2&Ael 54 WAstgon 3087 AL =239]
t}. 5Ale]l 20-kDa myosin light chain (MLC)9 <litslw Zrlstgow 30874 A&
e slch. Sodium nitroprusside®} forskoling- phorbol esterel —J?ﬂ- 5L FLER
22 Aot sodium nitroprusside’} forskolin®Et} ©-% 6}71] o} A st g},
Phorbol esteri= “Ca*" 9] #& %7413 3 sodium nitroprusside2} forskolin—"— o] Z7}
" “Ca’ & F2stA oA 34}t Phorbol esterol 25te] %£71%l MLC® 24tstE= sodium
nitroprusside ¥ forskolin Z7t2] Hulsx 2 oA = 3o},

olikz) e AR B olnlz ¢cGMPS cAMPE phorbol esterell 9% $&& Ca’ &
ofAle] o]& MLC al4ksl Aol 2fste] ojsha4-8 el o2 F55m cGMP7}t
CAMPXT} protein kinase C vi7le] $&x24q) o 8.3}71] gstee} FE5H

— 297 —



