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Abstract

Ž .Involvement of endothelium-derived nitric oxide EDNO in a-adrenoceptor agonist-induced contractile responses was studied in
Ž . Ž .isolated pulmonary arteries from Wistar Kyoto rats WKY and stroke-prone spontaneously hypertensive rats SHRSP . In the presence of

G Ž .propranolol, noradrenaline-induced contraction was potentiated by endothelium removal or by N -nitro-L-arginine L-NOARG . The
magnitude of the potentiation was independent of the noradrenaline concentration. L-NOARG also shifted the concentration–response
curves for phenylephrine and methoxamine to the left and upward. Contractile responses to 2-amino-5,6,7,8,-tetrahydro-6-ethyl-4H-

Ž . Ž . Ž . Ž .oxazolo- 5,4-d -azepine-dihydrochloride BHT-933 and 5-bromo-6- 2-imidazolin-2-ylamino -quinoxaline UK-14304 were augmented
by L-NOARG in a concentration-dependent manner. There were no differences in the effects of L-NOARG on the contractile responses to
a-adrenoceptor agonists between the preparations from WKY and SHRSP. Endothelium-dependent relaxation in response to acetylcholine
was not impaired in the preparations from SHRSP when compared with those from WKY. These observations suggest that the contractile
responses to the a -adrenoceptor agonists were depressed mainly by basally released EDNO, while the responses to the a -adrenoceptor1 2

agonists were depressed mainly by EDNO released in response to a -adrenoceptor stimulation. The comparable influence of the2

endothelium on the a-adrenoceptor agonist-induced contractions in the pulmonary arteries from WKY and SHRSP, which were markedly
different from other arteries, could be explained by the unaltered endothelium-dependent relaxation in the preparations from SHRSP.
q 2000 Elsevier Science B.V. All rights reserved.

Ž . Ž .Keywords: Stroke-prone spontaneously hypertensive rats SHRSP ; Pulmonary artery; a-Adrenoceptors; Nitric oxide NO ; Endothelium

1. Introduction

The vascular endothelium controls contractile responses
of vascular smooth muscles to agonists by releasing factors

Ž .such as endothelium-derived relaxing factor EDRF , con-
Ž .tracting factor EDCF and hyperpolarizing factor

Ž .ŽEDHF Vanhoutte, 1989; Vanhoutte et al., 1986; Cohen
.and Vanhoutte, 1995 . Among these factors, the depression

Ž .by EDRF Furchgott, 1984 is most remarkable and has
been studied most extensively.

Ž .EDRF is a nitric oxide NO that is synthesized from
ŽL-arginine by the action of a specific enzyme Marletta,

.1993 . The synthesis of NO can be blocked by compounds

) Corresponding author.
Ž .E-mail address: sunano@phar.kindai.ac.jp S. Sunano .

G Žsuch as N -monomethyl-L-arginine L-NMMA; Palmer et
. G Žal., 1988 , N -nitro-L-arginine L-NOARG; Ishii et al.,

. G1990; Moore et al., 1990 or N -nitro-L-arginine meth-
Ž .ylester L-NAME; Rees et al., 1990 .

We have previously reported that the contractile re-
sponses of the rat aorta to a-adrenoceptor agonists are

Ždepressed by the endothelium Kaneko and Sunano, 1993;
.Matsuda et al., 1995 . The depression is brought about

Ž .mainly by endothelium-derived nitric oxide EDNO in
response to the stimulation of a -adrenoceptor in the2

endothelium. The depressive effect of the endothelium is
impaired in preparations from stroke-prone spontaneously

Ž .hypertensive rats SHRSP as compared with that of prepa-
Ž .rations from normotensive Wistar Kyoto rats WKY

Ž .Matsuda et al., 1995 . This may be due to altered endothe-
lial function, since endothelium-dependent relaxation has
been reported to be impaired in blood vessels of hyperten-
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Žsive rats, including SHR and SHRSP Sunano et al., 1989;
.Shimamura et al., 1991; Vanhoutte and Boulanger, 1995 .

The impairment may be brought about by changes in
endothelium function due to sustained hypertension, since

Žit is prevented by antihypertensive treatment Clozel et al.,
1990; Shimamura et al., 1991; Sunano et al., 1992; Dohi et

.al., 1994; Takase et al., 1996 .
It has been reported that blood pressure is much lower

in pulmonary arteries of rats than in systemic arteries
Ž .Aharinejad et al., 1996 . This suggested that the endothe-
lium-dependent relaxation elicited by acetylcholine, and
thus, the endothelium-dependent depression of contraction
may not be altered in the pulmonary arteries of hyperten-
sive rats. The present study was performed to investigate
and compare the influence of the endothelium, especially
EDNO, on contractile responses to a-adrenoceptor ago-
nists in the pulmonary arteries of WKY and SHRSP.

2. Materials and methods

2.1. Animals and measurement of blood pressure

Normotensive WKY and SHRSP were originally ob-
Ž .tained from Dr. Okamoto Okamoto et al., 1974 and bred

successively in our animal facility. The animals were kept
under controlled conditions of 228C and 50% humidity and

Žunder a 12-h light–dark cycle. Normal chow Funabashi
.SP, Chiba, Japan and tap water were given ad libitum.

The systemic blood pressure of the rats was measured by
the tail cuff method using the Rat-Tail Manometer–

Ž .Tachometer System Natsume, KN-210, Tokyo, Japan .
Prior to the measurement, the rats were warmed at 408C
for 10 min to allow precise measurement of blood pres-
sure.

2.2. Preparations and solutions

The rats at the age of 16–17 weeks were exsanguinated
from the vena cava under ether anesthesia, and perfused
via the left ventricle with 200 ml of a modified Tyrode’s

Ž .solution warmed at 378C . Left main pulmonary arteries
were excised and adhesive fat and connective tissues were
removed. Arterial ring preparations 1 mm in width were
made from these left main pulmonary arteries under a
dissecting microscope, taking care not to damage the en-
dothelium. In some preparations, the endothelium was
removed by rubbing the inner surface of the vascular
lumen with a soft rubber band. Two thin tungsten wires
Ž .30 mm in diameter were inserted into the lumen of the
preparation. One tungsten wire was fixed to a holding rod
and the other was connected to a mechano-electronic

Ž .transducer Minebea, UL-10GR, Nagano, Japan .
Ž .The preparation was immersed in an organ bath 10 ml

filled with a modified Tyrode’s solution of the following
Ž .composition mM : NaCl, 137; KCl, 5.4; CaCl , 2.0;2

MgCl , 1.0; NaHCO , 11.9; NaH PO P2H O, 0.4; glu-2 3 2 4 2

cose, 5.6. The solution was equilibrated with a gas mixture
Žof 95% O and 5% CO pH of the solution at 378C was2 2

. q q7.3 . High-K Tyrode’s solution containing 50 mM K
was prepared by replacing NaCl in the solution with
equimolar KCl.

2.3. Measurement of tension

Tension changes were measured isometrically under a
stretch tension of 8 mN. Preparations were equilibrated in
modified Tyrode’s solution for at least 60 min. Prior to the
experiments, two successive high-Kq-induced contractions
were initiated at an interval of 20 min. These procedures
were required to obtain constant results during the follow-
ing experiments. Concentration–response experiments for
drugs that induced contraction or relaxation of the prepara-
tion were then performed in most of the experiments. In
experiments where relaxation was observed, preparations
were precontracted with noradrenaline at a concentration

Ž y7 .that induced submaximal contraction 5=10 M , and in
the stable tonic contraction, acetylcholine or sodium nitro-
prusside was applied cumulatively. When noradrenaline
was applied, calcium disodium ethylenediaminetetraacetate
Ž Ž . .Ca II -EDTA, 26 mM was added to the Tyrode’s solu-
tion. In the endothelium-denuded preparations, the com-
plete removal of endothelium was ascertained by observ-
ing the absence of relaxation in response to acetylcholine
Ž y5 . y710 M after precontraction with noradrenaline 5=10
M. After the experiment, the preparations were relaxed

Ž y5 .completely by application of verapamil 10 M and
Ž y4 .papaverine 10 M , and all tension changes were mea-

sured from this level.

2.4. Drugs

ŽŽ .The following drugs were used: noradrenaline y -
.arterenol bitartrate salt , propranolol hydrochloride,

phenylephrine, methoxamine, sodium nitroprusside, L-
Ž .arginine hydrochloride Sigma, St. Louis, MO, USA ;

Ž .acetylcholine hydrochloride, indomethacin, Ca II -EDTA,
Žverapamil hydrochloride, papaverine hydrochloride Wako,

. ŽOsaka, Japan ; and L-NOARG Aldrich Chemical, Mil-
. Ž .waukee, WI, USA . 5-Bromo-6- 2-imidazolin-2-ylamino -

Ž . Žquinoxaline UK-14304 was provided by Pfizer Kent,
.UK . 2-Amino-5,6,7,8,-tetrahydro-6-ethyl-4 H-oxazolo-

Ž . Ž .5,4-d -azepine-dihydrochloride BHT-933 was provided
Ž .by Boehringer Ingelheim Ingelheim, Germany . Drug

concentrations are expressed as final molar concentrations
in the bath solution. All drugs were dissolved in distilled
water except indomethacin, which was dissolved in dis-

Ž y2 .tilled water containing Na CO 10 M and sonicated2 3

before use.

2.5. Data and statistical analysis

The obtained data are expressed as means"S.E.M.
with numbers in parentheses. Tension is expressed as
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Ž .Fig. 1. Concentration–response curves for noradrenaline NA -induced contraction and the effect of propranolol in the pulmonary arteries from WKY and
Ž .SHRSP. Each point represents the mean value of respective experiments numbers are stated in parentheses . Vertical line attached to each point represents

S.E. of the mean. Propranolol 10y6 M was applied 10 min prior to the concentration–response experiments. WKY and SHRSP represent the experiment
with pulmonary artery preparations from WKY and SHRSP, respectively.

absolute values for contractile response or as percentages
of initial pre-constriction for relaxation. The EC and50

E were estimated for individual concentration–responsemax

curves expressed as percentages of the contraction elicited
by a high-Kq solution by use of nonlinear least-squares

Žregression Graph Pad Prism 3.0, Graph Pad Software,

Ž . Ž .Fig. 2. Effects of endothelium removal or L-NOARG on noradrenaline-induced contraction in preparations from WKY left and SHRSP right . The
y6 Ž .experiments were performed in the presence of propranolol 10 M. a Concentration–response curves measured in preparations with and without

Ž . Ž .endothelium. Control and E y indicate the curves obtained in the preparations with and without endothelium, respectively. b Concentration–response
curves in the absence and presence of L-NOARG in endothelium-intact preparations. Control and L-NOARG represent the curves obtained in the absence
and in the presence of L-NOARG, respectively. L-NOARG 10y4 M was applied 60 min prior to the concentration–response experiments. Other details are
the same as those in Fig. 1.
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.USA . Differences in the results were analyzed by Student’s
t-test and P values less than 0.05 were considered signifi-
cant.

3. Results

3.1. Body weight and blood pressure

Ž .The WKY and SHRSP weighed 341.4"1.8 g ns27
Ž .and 263"0.8 g ns37 , respectively. The difference in

body weight between WKY and SHRSP was significant
Ž .P-0.001 . The systolic blood pressure of the rats at the

Ž .age of 16 weeks was 132.8"0.7 mm Hg ns27 and
Ž .249.8"0.5 mm Hg ns37 in WKY and SHRSP, respec-

tively. The systolic blood pressure of SHRSP was signifi-
Ž .cantly higher than that of WKY P-0.001 .

3.2. Responses to noradrenaline

Noradrenaline up to 10y6 M caused concentration-de-
pendent contraction in the pulmonary arterial rings from

Ž .both WKY and SHRSP Fig. 1 . Concentrations of nor-

adrenaline higher than 10y6 M caused tension decreases
rather than increases in the preparations from both WKY
and SHRSP. In the presence of the b-adrenoceptor antago-

Ž y6 .nist propranolol 10 M , the tension decreases caused by
higher concentrations of noradrenaline disappeared, and
the maximum tension development by noradrenaline in-
creased up to 10y5 M. Therefore, experiments with nor-
adrenaline were performed in the presence of 10y6 M
propranolol.

The removal of the endothelium caused a significant
shift of the concentration–response curves to the left and

Župward in the preparations from WKY and SHRSP Fig.
.2a . After removal of the endothelium, the EC values for50

noradrenaline-induced contraction were significantly de-
Žcreased in the preparations from WKY Control; 1.47"

y8 Ž . Ž . y90.12=10 M ns18 , E y ; 4.41"1.2=10 M
Ž . . Žns10 , P-0.001 and SHRSP Control; 2.23"1.2=

y8 Ž . Ž . y9 Ž .10 M ns12 , E y ; 6.59"1.3=10 M ns8 ,
.P-0.001 . The EC values were comparable between50

the two strains with or without the endothelium. The Emax

values obtained without the endothelium were significantly
higher than those obtained with the endothelium in WKY
Ž Ž . Ž . ŽControl; 90.6"1.8% ns18 , E y ; 107.4"2.5% n

Ž . Ž .Fig. 3. Effects of L-NOARG on the contraction elicited by a -adrenoceptor agonists phenylephrine and methoxamine . a Concentration–response curves1
Ž . y4for phenylephrine-induced contraction. b Concentration–response curves for methoxamine-induced contraction. L-NOARG at 10 M was applied 60

min prior to the experiments. Other details are the same as those in Figs. 1 and 2.
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. . Ž Žs10 , P-0.001 and SHRSP Control; 87.0"2.6% n

. Ž . Ž . .s12 , E y ; 96.4"3.9% ns8 , P-0.001 , respec-
tively, although there was no significant difference be-
tween the two strains with or without the endothelium.

In endothelium-intact preparations, pretreatment with
the NO synthase inhibitor L-NOARG 10y4 M caused a
shift of the noradrenaline concentration–response curves to

Ž .the left and upward Fig. 2b . The contraction was changed
almost independently of the concentration of noradrena-
line. L-NOARG decreased. The EC values by 2- and50

1.9-fold and increased E by about 25% and 18% inmax
Ž y9 Žpreparations from WKY EC ; 2.99"1.1=10 M n50

. Ž .. Žs6 , E ; 113.0"2.8% ns6 and SHRSP EC ;max 50
y9 Ž . Ž4.32"1.4=10 M ns10 , E ; 102.2"2.2% nsmax

..10 , respectively as compared to the values measured in
the absence of L-NOARG. The EC values in the pres-50

ence of L-NOARG were not significantly different between
the two strains and from the endothelium-denuded prepara-
tions of WKY and SHRSP, respectively. The E in themax

presence of L-NOARG in WKY and SHRSP was 113.0"
Ž . Ž .2.8% ns6 and 102.2"2.2% ns10 , respectively,

showing no significant difference between WKY and
SHRSP. Therefore, no significant difference was observed
in the change of concentration–response curve induced by
L-NOARG or endothelial removal between the prepara-
tions from WKY and SHRSP.

3.3. Responses to a -adrenoceptor agonists1

The selective a -adrenoceptor agonist phenylephrine1

caused concentration-dependent contraction in the prepara-
Ž .tions from WKY and SHRSP Fig. 3a . The EC and50

E values for the phenylephrine-induced contraction weremax

not significantly different between the preparations from
Ž y8 Ž .WKY EC ; 5.89"1.5=10 M ns7 , E ; 85.5"50 max
Ž .. Ž y83.9% ns7 and SHRSP EC ; 6.03"1.3=10 M50

Ž . Ž ..ns8 , E ; 80.4"3.8% ns8 .max

Pretreatment with L-NOARG caused a shift of the
concentration–response curves to the left and upward in
the preparations from both strains. Phenylephrine at con-
centrations lower than 10y9 M did not change L-NOARG-
induced basal tension. The threshold concentration of
phenylephrine for tension development and the concentra-
tion at which the maximum contraction was induced were
not altered by L-NOARG. In the presence of L-NOARG,
the EC values were significantly decreased in the prepa-50

Ž y8 Ž .rations from WKY 1.62"1.2=10 M ns8 , P-
. Ž y8 Ž .0.01 and SHRSP 1.51"1.3=10 M ns8 , P-
.0.01 , there being no significant difference between the

two strains. The E values for phenylephrine with L-max

NOARG in the preparations from WKY and SHRSP were
Ž .significantly increased to 108.0"3.9% ns8 and 114.7

Ž . Ž ."3.4% ns8 , respectively P-0.001 . Similarly to the

Ž . Ž .Fig. 4. Effects of L-NOARG on the contraction elicited by a -adrenoceptor agonists BHT-933 and UK-14304 . a Concentration–response curves for2
Ž .BHT-933-induced contraction. b Concentration–response curves for UK-14304-induced contraction. Other details are the same as those in Figs. 1 and 2.
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noradrenaline curves, the change in the phenylephrine-
induced contraction by L-NOARG was not dependent on
the concentration of phenylephrine, and no difference was
observed in the contractile response to phenylephrine be-
tween the preparations from WKY and SHRSP.

Similar results with L-NOARG were obtained with
methoxamine, another selective a -adrenoceptor stimulant1

except that it had to be used in higher concentration to
Ž .induce contraction Fig. 3b . In the presence of L-NOARG,

decreased EC values for methoxamine-induced contrac-50
Žtion were observed in preparations from WKY Control;

y6 Ž .1.48"1.2=10 M ns5 , L-NOARG; 4.57"1.6=
y7 Ž . . Ž10 M ns5 , P-0.001 and SHRSP Control; 2.29"

y6 Ž . y71.4=10 M ns5 , L-NOARG; 4.27"1.4=10 M
Ž . .ns6 , P-0.001 . The E values were significantlymax

increased with L-NOARG in the preparations from WKY
Ž Ž .Control; 85.9"3.3% ns5 , L-NOARG; 120.4"9.9%
Ž . . Žns5 , P-0.001 and SHRSP Control; 79.3"7.5%
Ž . Ž . .ns5 , L-NOARG; 114.4"5.4% ns6 , P-0.001 .
Removal of the endothelium resulted in a similar shift of
the concentration–response curve for phenylephrine and

Žmethoxamine in the preparations from the two strains data
.not shown .

3.4. Responses to a -adrenoceptor agonists2

The selective a -adrenoceptor agonist BHT-933 in-2

duced a smaller contractile response at higher concentra-
tion than did the a -adrenoceptor agonists in the prepara-1

Ž .tions both from WKY and SHRSP Fig. 4a . The response
to BHT-933 was markedly augmented in the presence of
L-NOARG 10y4 M. In contrast to the responses to nor-
adrenaline and a -adrenoceptor agonists, the augmentation1

by L-NOARG was dependent on the concentration of
BHT-933 and increased as the concentration of the drug
increased. In a similar manner, pretreatment with L-
NOARG enhanced the concentration-dependent contractile
response to another a -adrenoceptor agonist UK-14304 in2

Ž .the preparations from WKY and SHRSP Fig. 4b .
The effects of L-NOARG on UK-14304-mediated re-

sponses in the preparations from WKY and SHRSP were
dependent on the concentration of UK-14304. The maxi-
mum contraction was achieved at 10y4 M, and it was not

Ž . Ž . Ž .Fig. 5. Relaxation induced by acetylcholine ACh and sodium nitroprusside SNP in preparations of pulmonary arteries. a Concentration–response
Ž . Ž .curves for ACh-induced relaxation in endothelium-intact preparations from WKY and SHRSP. b Effect of indomethacin INDO on the ACh-induced

y5 Ž .relaxation in the preparations from WKY. Indomethacin at 10 M was applied 30 min prior to the experiments. c Concentration–response curves for
SNP-induced relaxation in endothelium-denuded preparations from WKY and SHRSP. Pulmonary arteries were contracted with 5=10y7 M norra-
drenaline and height of the contraction was taken as 100%. The relaxations are expressed as percentages of this height. Other details are the same as those
in Fig. 1.
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possible to determine EC and E values for prepara-50 max

tions from WKY and SHRSP. The UK-14304-induced
contraction was also augmented by removal of the en-
dothelium. The maximum contractile responses to UK-

Ž14304 in the presence of L-NOARG expressed as percent-
q .ages of the high-K -induced contraction did not differ

from those observed after removal of the endothelium in
Ž Ž .preparations from WKY L-NOARG; 88.1"7.0% ns8 ,

Ž . Ž .. ŽE y ; 75.3"3.7% ns5 and SHRSP L-NOARG; 88.8
Ž . Ž . Ž .."5.6% ns6 , E y ; 73.4"3.9% ns5 .

3.5. Relaxation in response to acetylcholine

Acetylcholine, from 10y8 M to 10y4 M, produced
concentration-dependent relaxation in the preparations con-

y7 Ž .tracted with noradrenaline 5=10 M Fig. 5a . When
high concentrations of acetylcholine were applied, the
preparations from WKY showed a tendency to contract.
This tendency disappeared completely in the presence of

Ž y5 .indomethacin 10 M; Fig. 5b . The relaxation was com-
pletely inhibited in the preparations from WKY and SHRSP
by the removal of endothelium or pretreatment with L-

Ž .NOARG data not shown .

Fig. 6. Effects of L-NOARG on the pulmonary arteries from WKY and
Ž .SHRSP. a Typical tracings of the effects of L-NOARG on the basal

Ž . Ž .tension in endothelium-intact q and -denuded y preparations from
WKY. K50, L-NOARG, D-Arg and L-Arg indicate the application of

q q G Ž y4 .high-K solution containing 50 mM K , N -nitro-L-arginine 10 M ,
Ž y3 . Ž y3 .D-arginine 10 M and L-arginine 10 M , respectively. Dotted lines

Ž y5 .indicate the total relaxation elicited by application of verapamil 10 M
Ž y4 .and papaverine 10 M as described in Section 2. Note that L-NOARG

Ž .was ineffective in the endothelium-denuded preparations. b Amplitude
of L-NOARG-induced contraction in the endothelium-intact pulmonary
arteries from WKY and SHRSP. The amplitude is expressed as a
percentage of the high-Kq-induced contraction and shown as mean"S.E.
with the number of arteries in parentheses.

Sodium nitroprusside induced concentration-dependent
relaxation in the preparations from WKY and SHRSP. The
relaxation in response to sodium nitroprusside was not

Ždifferent in the preparations from WKY and SHRSP Fig.
.5c .

3.6. Effects of L-NOARG on the preparations under the
resting state

Fig. 6 shows the effects of L-NOARG on endothelium-
intact and -denuded pulmonary arteries. In the endothe-
lium-intact preparations from WKY and SHRSP, the appli-

Ž y4 .cation of L-NOARG 10 M caused a slow development
Ž .of basal tension contraction . The contraction was blocked

Ž y3 . Ž y3 .by L-arginine 10 M but not by D-arginine 10 M .
Ž .There was no elevation of the basal tension tone in any

of the endothelium-intact preparations from WKY or
SHRSP unless L-NOARG was applied. When the endothe-

Žlium was removed, 90% of the preparations 17 of 19 and
14 of 16 preparations from WKY and SHRSP, respec-

. Ž .tively exhibited an elevation of the basal tension tone in
the absence of L-NOARG, although the amplitude varied

Ž .greatly. Moreover, L-NOARG Fig. 6a and L-arginine
Ž .data not shown did not affect the tone of the endothe-
lium-denuded preparations.

The amplitude of the L-NOARG-induced contraction
Ž . Ž .was 39.7"5.1% ns23 and 29.5"9.6% ns19 of

the maximum contractile response achieved by high Kq

solution in the preparations from WKY and SHRSP, re-
spectively. There was no difference in the amplitude of
L-NOARG-induced contractions in the preparations from

Ž .WKY and SHRSP Fig. 6b .

4. Discussion

The endothelium has been reported to depress the nor-
adrenaline-induced contraction of arterial smooth muscle
ŽCocks and Angus, 1983; Carrier and White, 1985; Martin
et al., 1986; Alosachie and Godfraind, 1988; Kaneko and

.Sunano, 1993; Matsuda et al., 1995 . The results of the
present study in pulmonary artery were in agreement with
these reports. The noradrenaline-induced contraction was
potentiated by endothelium removal in pulmonary artery
and the potentiation was observed also following the appli-
cation of L-NOARG. We considered that the inhibition of
NO synthesis in the endothelium was responsible for the

Žpotentiation, as it is in other arteries Vo et al., 1992;
Adeagbo and Triggle, 1993; Kaneko and Sunano, 1993;

.Matsuda et al., 1995 .
Noradrenaline has been shown to act on both a- and

Ž .b-adrenoceptors U’Prichard and Snyder, 1977 . In the
present study, the noradrenaline-induced contraction was
reduced at high concentrations of the drug. The decrease
disappeared following application of the b-adrenoceptor
antagonist propranolol. Therefore, we considered that the
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depression was mediated by stimulation of b-adrenocep-
tors, as reported in the pulmonary artery of Wistar rats
Ž .Priest et al., 1997 . The present study was performed in
the presence of propranolol to exclude the involvement of
b-adrenoceptors when noradrenaline was used.

The change in noradrenaline-induced contraction by
endothelium removal or by L-NOARG was not dependent
on the concentration of noradrenaline. This suggested that
the release of EDNO was not influenced by noradrenaline.
Thus, we assumed that noradrenaline itself may not stimu-
late the release of EDNO but basally released EDNO may
depress the contraction elicited by noradrenaline in rat
pulmonary artery. Similar results and conclusions have

Ž .been reported for the rat aorta Martin et al., 1986 .
However, noradrenaline-induced EDNO release in rat

Ž .mesenteric artery White and Carrier, 1986 and aorta
ŽVinet et al., 1991; Vo et al., 1992; Adeagbo and Triggle,

.1993; Kaneko and Sunano, 1993; Matsuda et al., 1995 ,
which was observed in the absence of propranolol, is
dependent on the noradrenaline concentration. This dis-
crepancy may be due to tissue difference, but this remains
to be determined.

Since the potentiation by L-NOARG or endothelial re-
moval was not different between the preparations from
WKY and SHRSP, it may be suggested that the release of
EDNO by noradrenaline did not differ markedly between
the preparations from WKY and SHRSP. We have re-
ported previously that the inhibition of noradrenaline-
induced contraction by EDNO was significantly reduced in

Žaorta of SHRSP compared with that of WKY Matsuda et
.al., 1995 . This difference between pulmonary artery and

aorta may be explained by difference in blood pressure in
the arteries, as described below.

Depression of the a -adrenoceptor-induced contraction1

may be caused by basal release of EDNO, since the
depression was not affected by the concentration of drug.
This is in contrast to results reported previously for rat

Žaorta Carrier and White, 1985; Adeagbo and Triggle,
.1993; Kaneko and Sunano, 1993; Matsuda et al., 1995 ,

Ž .caudal artery Vo et al., 1992 and mesenteric artery
Ž .White and Carrier, 1986 , which indicated that NO was
released from the endothelium in response to a -adreno-1

ceptor stimulation. This difference might be explained by
tissue differences.

We reported previously that the release of EDNO by
a -adrenoceptor stimulation was reduced in the aorta from1

Ž .SHRSP Matsuda et al., 1995 . However, in the pulmonary
artery, the basal release of EDNO, which depresses the
a -adrenoceptor agonist-induced contraction, might be1

identical in both preparations from WKY and SHRSP,
since there was no difference in the magnitude of the
depression of the contraction.

The stimulation of a -adrenoceptors in the endothelium2

may cause the release of EDNO in the pulmonary artery,
since L-NOARG potentiated the contraction in a manner
dependent on the concentration of a -adrenoceptor ago-2

nist. Assuming that the basal release of EDNO is not
influenced by a -adrenoceptor agonists and that a smaller2

contraction is more susceptible to EDNO than a larger
contraction, the differences between L-NOARG and con-
trol in the concentration-dependence of the response to
a -adrenoceptor agonists cannot be explained by the basal2

EDNO level.
The depression of the contraction in response to a -2

adrenoceptor stimulation by EDRF or EDNO has been
Žreported in various vessels Cocks and Angus, 1983;

Egleme et al., 1984; White and Carrier, 1986; Kaneko and´
.Sunano, 1993; Matsuda et al., 1995 . It has also been

reported that a -adrenoceptor stimulation causes endothe-2
Žlium-dependent relaxation in blood vessels Cocks and

Angus, 1983; Carrier and White, 1985; Miller and Van-
houtte, 1985; Angus et al., 1986; Kaneko and Sunano,

.1993; Matsuda et al., 1995 . Thus, it was suggested that
the stimulation of a -adrenoceptors of the endothelium2

caused the release of EDNO, which in turn depressed the
contraction. However, the present results for pulmonary
artery may indicate that a -adrenoceptors may not play a2

major role in the noradrenaline-induced contraction, since
the effect of L-NOARG on the response to noradrenaline
was similar to that to the a -adrenoceptor agonist. It might1

be assumed that the contraction elicited by noradrenaline
would be mainly due to a -adrenoceptor stimulation in1

smooth muscle and that the stimulation of endothelial
a -adrenoceptor plays a minor role in depression of the2

contraction. It may imply that the affinity of noradrenaline
for a -adrenoceptors or populations of a -adrenoceptors is1 1

greater than that for a -adrenoceptors in rat pulmonary2

artery; however, at present no information is available
about this.

The depression of a -adrenoceptor agonist-induced2

contraction by EDNO was not different in pulmonary
arteries from WKY and SHRSP, indicating that the release
of EDNO elicited by a -adrenoceptor stimulation is identi-2

cal in the preparations from WKY and SHRSP. This
suggested that the function of the endothelium is not
impaired in the pulmonary artery of SHRSP. This is also in
contrast to our previous results, which indicated that the
EDNO-induced relaxation in response to stimulation of
a -adrenoceptors was markedly impaired in aorta of2

Ž .SHRSP Sunano et al., 1996 .
The endothelial function of the pulmonary arteries from

WKY and SHRSP was studied by observing the relaxation
elicited by acetylcholine in noradrenaline-precontracted
preparations. The relaxation response to acetylcholine in
pulmonary artery was thought to be mediated mainly by
EDNO, since it was completely blocked by removal of the
endothelium or by the application of L-NOARG, as re-

Ž .ported with L-NAME Yaghi et al., 1997 . It has been
reported that the endothelium-dependent relaxation in sys-

Žtemic arteries from SHR and SHRSP is impaired Luscher¨
and Vanhoutte., 1988; Sunano et al., 1989; Watt and

.Thurston, 1989; Sunano et al., 1996 . However, the present
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results demonstrated that the extent of relaxation in the
pulmonary artery from SHRSP was greater than that in the
pulmonary artery from WKY. An unaltered endothelium-
dependent relaxation in hypertensive rats has also been

Ž .reported in renal arteries Luscher et al., 1988 . Since the¨
relaxation in the preparation from WKY was improved by

Ž .the application of indomethacin, the release of a product s
of arachidonic acid metabolism via the cyclooxygenase

Ž .pathway Flower, 1974 appeared to interfere with the
relaxation in response to acetylcholine in this preparation.

Ž .The involvement of this factor s in other vessels of WKY
may be small as compared with that in hypertensive rats
ŽLuscher and Vanhoutte, 1986; Watt and Thurston, 1989;¨
Diederich et al., 1990; see also Vanhoutte and Boulanger,

.1995 . Thus, it should be emphasized that the present
results for pulmonary artery preparations were in marked
contrast to those reported for other arteries.

It was also suggested in the experiment with acetyl-
choline that the release of EDNO was not altered in
preparations from SHRSP, since the relaxation in the
presence of indomethacin was identical in preparations
from WKY and SHRSP. This was in agreement with
observations for some systemic arteries of hypertensive
rats, although the change in the response to acetylcholine

Žwas in the opposite direction Ito and Carretero, 1992;
.Sawada et al., 1994 . The identical relaxation to sodium

nitroprusside indicated that the formation of cyclic GMP in
the smooth muscle was not altered in vessels from SHRSP
Ž .Rapoport and Murad, 1983 .

The impairment of endothelium-dependent relaxation in
systemic arteries from hypertensive rats can be restored by

Žchronic antihypertensive treatment Shimamura et al., 1991;
.Sunano et al., 1992; Dohi et al., 1994; Takase et al., 1996 .

This indicates that the impairment is a secondary change
due to sustained hypertension. The unaltered relaxation in
the pulmonary artery preparation from SHRSP may be
explained by the lower blood pressure in the artery, as

Ž .reported by Aharinejad et al. 1996 . Thus, this would be
the main cause of the unaltered or rather increased
EDNO-mediated relaxation and unaltered modulation of
a-adrenoceptor agonist-induced contraction in the pul-
monary artery from SHRSP despite the high blood pres-
sure in systemic arteries.

The elevation of basal tension by L-NOARG can be
explained by specific inhibition of the basal release of
EDNO, since the elevation was counteracted by L-arginine
but not by D-arginine. The observation that removal of the
endothelium abolished the contractile effect of L-NOARG
also supported this assumption. Thus, there is a basal
release of EDNO in the pulmonary artery. This basal
release of EDNO is not altered in preparations from
SHRSP, since the effects of L-NOARG were similar in the
endothelium-intact preparations from WKY and SHRSP.

In conclusion, our results suggested that the depression
of contraction in response to a -adrenoceptor agonist by1

endothelium in pulmonary artery was brought about by

basally released EDNO, while the depression of a -adreno-2

ceptor agonist-induced contraction was mediated by EDNO
released in response to receptor stimulation. The unaltered
endothelium-dependent depression of contraction in the
artery of SHRSP agreed with the observation that the
endothelium-dependent relaxation in response to acetyl-
choline was not impaired in the preparation. The intact
depression of a-adrenoceptor agonist-induced contraction
and endothelium-dependent relaxation may be explained
by the lower blood pressure in the pulmonary artery of
SHRSP.
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