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Abstract

To elucidate the mechanism of age-related changes in the cardiovascular function stimulated with angiotensin II, we examined the
Ž .effects of angiotensin II on the coronary flow, production of nitric oxide NO and prostacyclin, and on the cardiac function in the

Langendorff-perfused young and aged rats’ hearts. Angiotensin II decreased coronary flow, left ventricular d Prd t and heart rate. These
effects were more pronounced in aged rats. Pretreatment with a NO synthase inhibitor, N G-nitro-L-arginine, significantly increased the
angiotensin II-induced vasoconstriction in young rats. Angiotensin II increased the concentration of NO in the coronary effluent in young
but not in aged rats. In contrast, angiotensin II stimulated the release of prostacyclin to a much greater extent in aged rats than in young
rats. These results suggest that impaired production of NO may contribute to the greater constrictor effect of angiotensin II in the aged rat,
although aging modulated the production of prostacyclin in a different manner. This age-related endothelial dysfunction may alter the
physiological regulation of coronary flow and cardiac function stimulated with angiotensin II. q 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The renin–angiotensin system regulates vascular tone
with physiological significance. Although there is a
species-dependent difference in the action of angiotensin II
Ž .Ishihata and Endoh, 1995 , activation of angiotensin II
receptor mediates a variety of effects such as contractions
and hypertrophy of cardiac and vascular smooth muscle,
catecholamine release from autonomic nerve endings, al-
dosterone secretion from adrenal glands, adrenocorti-

Ž .cotropic hormone ACTH and prolactin secretion from the
Žanterior pituitary glands Ishihata and Endoh, 1993, 1995;

.Porsti et al., 1993 . Therefore, angiotensin II is implicated¨
in the pathogenesis and progression of various cardio-
vascular diseases such as hypertension, atherosclerosis and
cardiac hypertrophy. The process of aging is also associ-
ated with many functional changes in the cardiovascular
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system. Such age-related changes may be associated with
the altered cardiovascular effects of vasoactive substances
like angiotensin II, endothelin and vasopressin.

Endothelium plays an important role in regulating vas-
cular tone and in maintaining the cardiovascular function.
Two of the well-known factors involved in vasodilatation

Ž .are endothelium-derived nitric oxide NO and prostacy-
clin. They are released not only in the basal condition but
also in response to various vasodilating substances such as

Žbradykinin, and to the intravascular shear stress Lamon-
.tagne et al., 1992; Katano et al., 1993 . Along with

vasodilating substances, a strong vasoconstrictor an-
giotensin II can also stimulate release of NO and prostacy-

Ž .clin from endothelial cells Yamazaki and Toda, 1991 .
Besides NO and prostacyclin, atrial natriuretic peptide

Ž .ANP also plays an important role in regulating coronary
Ž .circulation in vivo Liu et al., 1996 . ANP exerts vasodilat-

ing effects through increasing cGMP in vascular smooth
muscle cells. In patients under severe congestive heart
failure, it is reported that the endogenous ANP was in-
creased to maintain the coronary flow as a compensatory

Ž .mechanism Ding et al., 1987; Liu et al., 1996 .
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In order to elucidate the mechanism of age-related
changes in the coronary circulation as well as the cardiac
function stimulated with angiotensin II, we examined the
effects of angiotensin II on the coronary flow and on the
cardiac function in rat heart. For revealing the role of NO,
prostacyclin and ANP in the age-related changes in the
cardiovascular function, those factors were analyzed in the
coronary effluent from young and aged rat stimulated with
angiotensin II.

2. Materials and methods

Ž .In this study, 2- to 3-month-old 200–250 g and 24- to
Ž .27-month-old 320–370 g male Fischer 344 rats obtained

Ž .from Charles River Japan Atsugi, Japan were used. They
were maintained on standard rat chow with water ad
libitum. Experiments were performed in accordance with
the ‘‘Guide for Care and Use of Laboratory Animals’’

Žpublished by the US National Institute of Health NIH
.Publication No. 85-23, revised 1996 and under the regula-

tions of the animal care committee of Yamagata University
School of Medicine.

2.1. Measurement of coronary circulation and cardiac
function in an isolated perfused heart

Each rat was anesthetized with ether and decapitated,
and the heart was quickly removed. The isolated heart was
immediately perfused by Langendorff’s method under con-

Ž .stant pressure 75 cm H O at 37"0.18C with modified2

Krebs–Ringer bicarbonate solution of the following com-
Ž .position in mM : NaCl 118, KCl 4.7, NaHCO 24.9,3

MgSO 1.18, KH PO 1.18, CaCl 1.8, glucose 5.0, pyru-4 2 4 2

vic acid 2.0, ascorbic acid 0.057. The buffer solution was
Ž .continuously aerated with 95% O –5% CO pH 7.4 . The2 2

Ž .coronary flow mlrmin was measured with an electro-
Žmagnetic flow-meter MFV 1100, Nihon Kohden, Tokyo,

.Japan . The left ventricular pressure was recorded with a
saline-filled intraventricular balloon connected to a pres-

Ž .sure transducer Statham P-50, Gould . The rate of left
Ž .ventricular pressure development d Prd t was obtained
Žwith an electronic differentiator EQ-601G, Nihon Ko-

.hden, Tokyo, Japan . The heart rate was detected with
Ž .tachometer AT-601G, Nihon Kohden, Tokyo, Japan trig-

gered by left ventricular pressure pulses. It has been

demonstrated that angiotensin II has no direct negative
Žinotropic effect in the rat papillary muscle Ishihata and

.Endoh, 1995 . However, in the Langendorff-perfused rat
heart, angiotensin II inhibited cardiac function. In the
young rat, angiotensin II reduced the maximal d Prd t to
87.3"8.5% of the basal value. In the aged rat, maximal
d Prd t decreased to 68.7"2.3% of the basal value.

Ž . Ž .Acetylcholine 10, 30 pmol or angiotensin II 1 pmol
Ž .was applied into the coronary artery as a bolus -0.1 ml

G Ž .for 10 s, and N -nitro-L-arginine L-NNA was applied by
continuous infusion into the rubber tubing connected to the
aortic cannula. In the experimental group for the pretreat-
ment with L-NNA, the continuous infusion of L-NNA
started 10 min before and continued during the application

Žof acetylcholine or angiotensin II syringe pump, Harvard
.Apparatus 940e, Mills, MA, USA . The changes in the

coronary flow were expressed as percentage of the basal
flow just before the injection of acetylcholine or an-
giotensin II. The responses to acetylcholine and sodium
nitroprusside were reversible. Because the response to
angiotensin II was desensitized and not reproducible, the
response to angiotensin II in the presence and absence of
L-NNA was recorded in different hearts.

2.2. Measurement of the concentration of prostacyclin in
the coronary effluent

The concentration of 6-keto-prostaglandin F which is1a

a stable metabolite of prostacyclin, was measured by en-
zyme-immunoassay. In brief, coronary effluent was seri-
ously collected for every 1 min just before and after the
administration of angiotensin II for the measurement of
6-keto-prostaglandin F . The concentration of 6-keto-1a

prostaglandin F in the effluent was measured by using1a

commercially available enzyme-immunoassay kit for 6-keto
Žprostaglandin F Cayman Chemical, Ann Arbor, MI,1a

.USA .

2.3. Measurement of the concentration of ANP

The coronary effluent was collected before starting the
infusion of drugs and after infusion of them. The samples
were frozen and kept at y708C until analysis. The concen-
tration of ANP in the coronary perfusate was measured by
radio immunoassay according to the method described

Ž .previously with some modification Nishikimi et al., 1996 .

Table 1
Effects of L-NNA on the coronary flow. Values are means"S.E.M. Abbreviations: L-NNA, N G-nitro-L-arginine; CF, coronary flow; HW, heart weight

Ž . Ž . Ž .Heart weight HW, g CF mlrmin Basal CFrHW mlrminrg n

Baseline After L-NNA Baseline After L-NNA
a aYoung 0.92"0.12 6.25"0.46 5.91"0.46 7.20"0.82 6.80"0.77 7

b a aAged 1.35"0.05 8.11"0.95 7.7"1.00 5.96"0.47 5.65"0.54 5

aP-0.05 vs. baseline.
bP-0.05 vs. young.
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w125 x 28 Ž . ŽI -iodotyrosyl ANP rat 2200 Cirmmol, New Eng-
. Ž .land Nuclear, USA and rabbit antiserum to rat ANP- 1–28

Ž .New England Nuclear, USA were used in this radio
immunoassay.

2.4. Measurement of the concentration of NO

NO secreted from the coronary artery is rapidly decom-
Ž y.posed to more stable products, nitrate NO and nitrite3

Ž y. y y Ž .NO . The total amount of NO plus NO NO was2 3 2 x
Ždetermined by the method described previously Misko et

.al., 1993 . In brief, an aliquot of coronary effluent was
incubated with nitrate reductase to reduce NOy into NOy

3 2
Ž . yGranger et al., 1996 . Then, the NO was mixed with2

Ž .2,3-diaminonaphthalene DOJINDO, Kumamoto, Japan in
Ž .an acidic condition pH-2 at room temperature. The

Ž .reaction product naphthalenetriazole was measured by
Ž .using a spectrofluorometer Hitachi 650-10, Tokyo, Japan

with excitation at 365 nm and emission at 450 nm in a
Ž . ybasic condition pH)10 . The NO concentration was2

determined by interpolation of a calibration curve of stan-
Ž .dard sodium nitrate NaNO concentration against fluo-3

rescence intensity.

2.5. Statistical analysis

Data are expressed as means"standard error of the
Ž .mean S.E.M . Comparisons among multiple groups were

assessed by repeated measure analysis of variance
Ž .ANOVA with pairwise comparison by Bonferroni
method. Differences between two groups were analyzed
using the unpaired Student’s t-test. A P-value less than
0.05 was considered to be statistically significant.

2.6. Materials used

5 wDrugs used were acetylcholine chloride, N - nitroa-
x Žmidino -L-2,5-diaminopentanoic acid L-NNA, Sigma, St.

. ŽLouis, MO, USA , sodium nitroprusside dihydrate Wako
. ŽChemical, Osaka, Japan and angiotensin II Peptide Insti-

.tute, Osaka, Japan . Drug solutions were prepared freshly
on each experimental day.

Fig. 1. Influence of age on the coronary vascular response to acetyl-
Ž . Žcholine and sodium nitroprusside. a Effects of acetylcholine 10 and 30

.pmol in the absence of L-NNA, an inhibitor of NO synthase, in the
young and aged rat. The ratio of basal coronary flow and heart weight
was 7.45"0.46 mlrminrg in the young rat, and 6.93"0.74 mlrminrg

Ž .in the aged rat. b Effects of acetylcholine in the presence of L-NNA
Ž .100 mM . The ratio of coronary flow and heart weight before the
addition of acetylcholine was 6.80"0.77 mlrminrg in the young rat,
and 5.65"0.54 mlrminrg in the aged rat. Coronary flow was expressed

Ž .as a percentage of the basal coronary flow. c Effects of sodium
Ž .nitroprusside 100 nmol in the young and aged rat. The ratio of basal

coronary flow and heart weight was 6.74"0.89 mlrminrg in the young
rat, and 7.15"1.06 mlrminrg in the aged rat. Results are expressed as
mean"S.E.M. U P -0.05, UU P -0.01 and UUU P -0.001 vs. basal coro-
nary flow.
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3. Results

3.1. Influence of aging on the coronary Õascular response
to acetylcholine and nitroprusside

In order to compare the endothelial function between
young and aged rat, the coronary vascular response to
acetylcholine was measured. The basal value of coronary

Ž .Fig. 2. Effect of angiotensin II on the coronary flow in the a young and
Ž . Ž .b aged rat. Angiotensin II 1 pmol was infused in the absence or in the

Ž .presence of L-NNA 100 mM . The ratio of basal coronary flow and heart
Ž .weight CFrHW was 7.23"0.45 mlrminrg in the young rat, and

7.06"0.80 mlrminrg in the aged rat in the case of angiotensin II alone.
In the L-NNA pretreated group, the ratio of basal coronary flow and heart

Ž .weight CFrHW was 6.61"0.51 mlrminrg in the young rat, and
5.97"0.50 mlrminrg in the aged rat. Results are expressed as mean"

S.E.M. U P -0.05, UU P -0.01 vs. angiotensin II alone.

Fig. 3. Effect of angiotensin II on the concentration of prostacyclin
released into the coronary effluent of young and aged rat. The concentra-

Žtion of prostacyclin was measured as its stable metabolite 6-keto-prosta-
.glandin F by enzyme-immunoassay. The basal value of 6-keto-prosta-1a

Ž .glandin F was 202.7"66.7 pgrml in the young rat ns6 , and was1a

Ž .362.8"97.9 pgrml in the aged rat ns4 , respectively. Results are
expressed as mean"S.E.M. U P -0.05 vs. young rat.

flow was 6.25"0.46 mlrmin in the young rat, and 8.11
Ž ."0.95 mlrmin in the aged rat Table 1 . The heart weight

of aged rat was 1.35"0.05 g, and that of young rat was
0.92"0.12 g. The ratio of coronary flow and heart weight
Ž .coronary flowrheart weight was not different between

Ž .each group Table 1 . Acetylcholine caused a coronary
vasodilatation in the young rat, although the vasodilating

Ž .effect was not obvious in the aged rat Fig. 1a . Pretreat-
Ž .ment with a NO synthase inhibitor, L-NNA 100 mM

Ž .decreased the basal coronary flow Table 1 . In the experi-
mental group that was pretreated with L-NNA, acetyl-
choline decreased the coronary flow even in the young rat
Ž .Fig. 1b . In the aged rat pretreated with L-NNA, acetyl-
choline induced a coronary vasoconstriction. On the other

Ž .hand, sodium nitroprusside 100 nmol increased the coro-
nary flow in both young and aged rat, and the vasodilating

Ž .effect of nitroprusside was not altered by aging Fig. 1c .

3.2. Effect of angiotensin II on the coronary flow in the
young and aged rat

Fig. 2 shows the effect of angiotensin II on the coronary
flow in the perfused heart. In the young rat, coronary flow

Ž .decreased to 83.2"7.7% ns5 of the basal value at 30
s, then it gradually increased and returned to the basal
level after 10 min. In the young rat pretreated with L-NNA
Ž .100 mM , angiotensin II induced a greater coronary vaso-
constriction than in the young rat without pretreatment of

Ž .L-NNA Fig. 2a . In contrast, angiotensin II markedly
Ž .reduced the coronary flow 35.3"4.7%, ns4 in the

Ž .aged rat heart even in the absence of L-NNA Fig. 2b . The
angiotensin II-induced coronary vasoconstriction was not
significantly affected by L-NNA, suggesting that the re-
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lease of NO in the aged rat was not facilitated in response
Ž .to angiotensin II Fig. 2b .

3.3. Effects of angiotensin II on the release of prostacyclin
and ANP in the coronary effluent

The basal level of 6-keto-prostaglandin F in the per-1a

Žfusate was not significantly different 202.7"66.7 pgrml
Ž .in the young rat ns6 ; 362.8"97.9 pgrml in the aged

Ž ..rat ns4 . In the aged rat, angiotensin II increased
6-keto-prostaglandin F to the peak level of 2781"12671a

pgrml of the basal value within a minute. Then 6-keto-
prostaglandin F gradually decreased to 581"123 pgrml1a

of the basal value after 10 min. In the young rat, 6-keto-
prostaglandin F increased to 400"66 pgrml of the1a

Žbasal value at 1 min after addition of angiotensin II Fig.
.3 .

In the coronary effluent, the basal level of ANP was
Ž .1.25"0.34 fmolrml ns5 in the young rat, while it

Ž .tended to be higher 1.71"0.08 fmolrml in the aged rat
Ž .ns4 . Angiotensin II increased the concentration of
ANP to 2.43"1.06 fmolrml in the young rat and to

Ž .4.92"1.21 fmolrml in the aged rat Fig. 4 .

3.4. Effects of angiotensin II on the release of NO into the
coronary perfusate

The concentration of NO in the coronary perfusate wasx

increased rapidly by the administration of angiotensin II in
the young rat. The basal value of NO was 0.59"0.10x

Ž .mM in the young rat ns6 and 0.50"0.23 mM in the

Fig. 4. Effect of angiotensin II on the concentration of ANP released into
the coronary effluent of young and aged rat. The concentration of ANP
was measured by radio-immunoassay. The basal value of ANP was

Ž .1.25"0.34 fmolrml in the young rat ns5 and 1.71"0.08 fmolrml in
Ž .the aged rat ns4 , respectively. Results are expressed as mean"S.E.M.

Fig. 5. Effect of angiotensin II on the concentration of NO produced in
the young and aged rat coronary artery. After infusion of angiotensin II,

Ž .the concentration of nitrate plus nitrite NO in the coronary effluent wasx

measured fluorometrically. The basal value of NO was 0.59"0.10 mMx
Ž . Ž .in the young rat ns6 and 0.50"0.23 mM in the aged rat ns4 ,

respectively. Results are expressed as mean"S.E.M. U P -0.05 vs. aged
rat.

Ž .aged rat ns4 , respectively. The level of NO in thex

young rat increased to several-fold of the basal level after
injection of angiotensin II. In the aged rat, however, the
increase in the production of NO in response to an-x

giotensin II was significantly lower than that in the young
Ž .rat Fig. 5 . The coronary NO in the aged rat increasedx

but not significantly after administration of angiotensin II,
and the response was short-lasting.

4. Discussion

In this study, we have demonstrated that angiotensin II
stimulated the release of NO in the coronary artery of
young rat, but the production was attenuated in the aged
rat. The aged coronary endothelial cells could not release
as much amount of NO as the young endothelial cells in
response to a strong vasoconstrictor, angiotensin II. This
endothelial dysfunction may induce the strong coronary
vasoconstriction in the aged rat. In fact, angiotensin II
reduced the coronary flow to 83% of the basal value in the
young rat, while it strongly inhibited the coronary flow of
aged rat to 35%. On the other hand, angiotensin II de-
creased d Prd t max to 87% of the basal value in the
young rat, and to 69% in the aged rat. Therefore, a greater
inhibition of coronary flow than max d Prd t in the aged
rat suggested that angiotensin II could reduce the coronary
flow by a mechanism that was not necessarily relevant to
the changes in the cardiac function. In our constant pres-
sure Langendorff preparation, angiotensin II decreased the
heart rate and the effect was more pronounced in the aged
rat. It is possible that the decreased heart rate by an-
giotensin II reduced extravascular coronary resistance to
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cause variations of coronary flow. Similarly, acetylcholine
transiently decreased the heart rate in the Langendorff
preparation, therefore coronary flow may have been af-
fected by heart rate in addition to the alteration of endothe-

Ž .lial NO formation Fig. 1 . In contrast to the diminished
production of NO, the aged coronary artery could produce
a higher level of prostacyclin. These findings indicate that
aging may modulate the release of NO and prostacyclin in
a different manner.

The coronary vasomotion is regulated by a variety of
factors such as NO, prostacyclin, endothelium-derived hy-
perpolarizing factor, endothelin and other endothelium-de-

Ž .rived vasoconstrictor factors Bassenge, 1995 . Both
prostacyclin and NO are reported to contribute to the
vasodilating effects of bradykinin in the perfused rabbit

Ž .heart Lamontagne et al., 1992 . In addition, such vasocon-
stricting substances as endothelin or angiotensin II have
been shown to stimulate the release of prostacyclin andror
NO in dog mesenteric artery, rat coronary artery and

Žpregnant sheep uterine artery Yamazaki and Toda, 1991;
.Katano et al., 1993; Magness et al., 1996 .

In this study, while the coronary vasodilating effect of
sodium nitroprusside in the aged rat was comparable with

Ž .that of the young rat Fig. 1c , acetylcholine did not dilate
Ž .coronary artery in the aged heart Fig. 1a . These results

suggest that the responsiveness of smooth muscle of coro-
nary artery to NO was not diminished by aging. However,
potential role of a membrane-bound NADH oxidoreduc-
tase in NO release and arterial relaxation by nitroprusside

Žhas been reported in bovine pulmonary artery Mohazzab-H
.et al., 1999 and in coronary arterial smooth muscle

Ž .Elizabeth et al., 1992 , although nitroprusside was at first
Ž .believed to release NO spontaneously Ignarro et al., 1981

and widely used to estimate the smooth muscle responsive-
Ž .ness to NO Kung and Luscher, 1995 . Therefore, it should¨ ¨

be important for a strictly precise evaluation of the respon-
siveness of smooth muscle to NO to examine the NADH
oxidoreductase activity and the actual amount of NO re-
leased by nitroprusside in each heart. In contrast to the
apparently identical responsiveness of smooth muscle to
NO, the ability to release NO in the endothelium was
suggested to be impaired by aging. These findings are
consistent with the previous reports of ours and others, in
which an impaired response to acetylcholine with aging
was observed in the coronary artery of humans and rats.

Ž .Amrani et al. 1996 also reported that aging was associ-
ated with reduced basal release and 5-hydroxytryptamine-
stimulated release of NO. Furthermore, numerous studies
suggested that a variety of pathophysiological conditions
with the coronary artery diseases were associated with the
impaired production of NO. For example, NO-dependent
vasodilatation was attenuated in hyperlipidemia, diabetes

Žand chronic heart failure Katano et al., 1993; Chauhan et
.al., 1996; Dusting, 1996; Lyons, 1997 . We have shown

here that aging as well is one of the pathophysiological
status of impaired production of NO.

There may exist a difference in the time-course of
endothelial impairment among vessels. In 18- to 24-month-
old rat aorta, endothelium-dependent vasorelaxation is re-

Žported to be unchanged or only a little impaired about
20% inhibition in acetylcholine-induced maximal relax-

. Žation compared with young rat aorta Kung and Luscher,¨ ¨
.1995; Engler and Engler, 1996 . In 32- to 33-month-old rat

aorta, endothelium-dependent vasorelaxation as well as
Žendothelial NO production was strongly inhibited Tschudi

.et al., 1996 . In our present study, endothelial function of
Langendorff-perfused heart of 24–27-month-old rat was
shown to be already impaired. Because changes in coro-
nary flow in Langendorff preparations reflect the tone of
the microcirculation, these findings imply that aging, in
contrast to other causes of endothelial dysfunction such as

Ž .hypertension Kung and Luscher, 1995 , affects endothe-¨ ¨
lial function of the microcirculation prior to that of large
arteries, although these results were possibly affected by

Ždifferences in the rat used in each study male Fischer 344,
.WKY and female RORO rat .

The endothelium-derived vasorelaxing factors may play
a role in counteracting the vasoconstriction induced by

Žsuch factors as angiotensin II and endothelin-1 Katano et
.al., 1993 . In this study, we showed that the concentration

of NO in the coronary effluent increased in response to
angiotensin II in the young rat. However, little increase

Ž .was observed in the aged rat Fig. 5 . Although the
production of NO was less in the aged rat, it should be
noticed that the concentration of prostacyclin increased to
a much greater extent in the aged rat coronary effluent

Ž .than in the young rat Fig. 3 . It might be possible that
aged endothelial cells could produce prostacyclin as a
compensation-mechanism for reduced production of NO.
However, it is not clarified yet from our present study
whether the released prostacyclin could play a compen-
satory role in the aged rat.

ANP modulates blood pressure through activating mem-
brane-type guanylate cyclase of smooth muscle cells
Ž .Brenner et al., 1990 . ANP is secreted primarily in the

Ž .atrial myocytes by the atrial stretch Dietz, 1987 as well
as by many hormones such as vasopressin, acetylcholine,

Žendothelin and angiotensin II Sonnenberg and Veress,
.1984; Schiebinger and Gomez, 1990; Volpe et al., 1990 .

We showed here that the concentration of ANP tended to
be higher in the aged rat than in the young rat. Because the
angiotensin II-induced coronary vasoconstriction and the
inhibition of cardiac function may in turn increase the
cardiac filling pressure to stretch the cardiac wall, the
release of ANP would be more pronounced. There is
another hypothesis for the regulation of the ANP-produc-
tion that the increased NO may negatively modulate the

ŽANP-secretion in the heart Sagnella et al., 1986; Ding et
al., 1987; Sanchez et al., 1990; Ontkean et al., 1991;

.Buckley et al., 1993; Melo and Sonnenberg, 1996 .
It is of interest that one previous report suggested that

the half of the effect of the angiotensin II-induced vaso-
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constriction and the release of prostacyclin could be medi-
Ž .ated by the released endothelin-1 Oriji and Keiser, 1997 .

The production of endothelin-1 is inhibited by NO and
ŽANP through increased formation of cGMP Noll et al.,

.1996 . Therefore, it might be possible that the angiotensin
II-induced strong coronary vasoconstriction in the aged
heart could be mediated by endothelin-1. On the contrary,
angiotensin II had a lesser vasoconstriction in the young
because the much more released NO could inhibit the
production of endothelin-1. However, this hypothesis may
not be probable, because the vasoconstriction caused by
angiotensin II was short-lasting and rapidly desensitized,
and absolutely different from the time-course of endothe-

Ž .lin-1-induced vasoconstriction Katano et al., 1993 .
In conclusion, this study revealed that angiotensin II

induced coronary vasoconstriction to a much greater extent
in the aged rat because of the endothelial dysfunction,
especially in the production of NO. The impairment of the
endothelial function may alter the concerted regulation of
coronary flow and may be responsible for the negative
cardiac effects of angiotensin II in the aged rat. In contrast,
the aged coronary artery was shown to produce prostacy-
clin to a greater extent than young coronary artery, indicat-
ing that aging modulates the release of NO and prostacy-
clin in a different manner. Although the detailed mecha-
nisms for the age-related diminished production of NO and
for the increased releases of prostacyclin remain to be
elucidated, the present study suggests that the modulation
by aging of the regulation of coronary circulation may
have an important role in the altered cardiovascular effect
of angiotensin II.
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