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Evidence for the involvement of cyclic GMP in
adenosine-induced, age-dependent vasodilatation
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1 Adenosine-induced dilatation of rat aorta was present in aorta taken from 4 week-old rats, attenuated
with increase in age of rats to 8 weeks, and was virtually absent in the aorta from 12 week-old rats.
2 Removal of the endothelium by mechanical rubbing attenuated adenosine-induced dilatation.
3 Haemoglobin and methylene blue partly reversed the adenosine-induced endothelium-dependent dila-
tation.
4 The order of potency of adenosine derivatives was 5'-(N-ethylcarboxamido)adenosine (NECA) > 2-
phenylaminoadenosine (CV-1808) > 2-chloroadenosine > N6-([R]-[-]-phenylisopropyl)adenosine (R-
PIA) > adenosine > N6-cyclohexyladenosine (CHA) > N6-([S]-[ + ]-phenylisopropyl)adenosine (S-PIA),
indicating that adenosine receptors mediating the dilatation are of the A2 subtype.
5 [3H]-NECA bound to preparations of membranes from rats of 4 weeks old; it was displaced more

effectively by NECA and the A2 ligand CV-1808 than by the A1 ligands CHA and S-PIA.
ligands CHA and S-PIA.
6 The number but not affinity of specific binding sites for NECA decreased considerably with increase in
age of rats to 8 weeks, and binding sites for [3H]-NECA were hardly detected in membrane preparations
from rats of 20 weeks old.
7 Adenosine caused a marked increase in cyclic GMP production, but did not induce an increase in the
cyclic AMP level.
8 This increase in cyclic GMP production induced by adenosine was abolished by methylene blue or

8-phenyltheophylline, or by removal of the endothelium.
9 The age-associated decrease in adenosine-induced dilatation was found to be associated with a

reduction in the formation of cyclic GMP, but not of cyclic AMP.
10 These results suggest that adenosine causes dilatation via A2 receptors by inducing production of an
endothelium-derived relaxing factor (EDRF), which in turn stimulates soluble guanylate cyclase, and so

increases production of cyclic GMP. It is also suggested that the main reason for the age-associated
decrease in adenosine-induced dilatation is a decrease in the number of A2-receptors or the ability of the
endothelium to produce EDRF, leading to decreased production of cyclic GMP.

Introduction

There are many studies showing that adenosine plays an
important role in the regulation of cardiovascular functions
(Kukovetz et al., 1978; Berne, 1980; Silver et al., 1984; White
& Angus, 1987). Adenosine has been proposed to promote
relaxation of vessels by increasing adenosine 3': 5'-cyclic
monophosphate (cyclic AMP) formation (Kukovetz et al.,
1978) and adenosine receptors in several systems have been
classified into A1/R; or A2/R. on the basis of whether aden-
osine stimulates or inhibits adenylate cyclase (van Calker et
al., 1979; Londos et al., 1980). On the other hand, a disso-
ciation between adenosine-induced dilatation and an increase
in the cyclic AMP level (Herlihy et al., 1976; Verhaeghe, 1977)
has also been demonstrated.

Adenosine has been shown to cause either endothelium-
dependent (Gordon & Martin 1983; Kennedy & $urnstock,
1985; Rubanyi & Vanhoutte, 1985) or independent (Collis &
Brown, 1983; Kennedy et al., 1985; Mathieson & Burnstock,
1985; White & Angus, 1987) dilatation of various isolated
vessels. There are, however, data showing that adenosine
caused scarcely any dilatation of rat thoracic aorta (White et
al., 1985), or was not as effective as adenosine 5'-triphosphate
(ATP) in dilating the coronary artery (Gordon & Martin,
1983; White & Angus, 1987). We have observed that dila-
tation of rat aorta in response to histamine decreased with an
increase in age (Moritoki et al., 1986; 1988), and that the
ability of the endothelium to produce endothelium-derived
relaxing factor (EDRF) in response to histamine, and to form
cyclic GMP decreased with age (Moritoki et al., 1988). These

findings suggested that the responsiveness of rat aorta to
adenosine might depend on the age of the animals.

In the present study, we examined the mechanism of the
dilator effect of adenosine on rat thoracic aorta. We also
investigated the effect of the age of rats on adenosine-induced
dilatation in relation to guanosine 3': 5'-cyclic monophosphate
(cyclic GMP) production, and the affinity and number of
adenosine receptors.
A preliminary account of some of this work was presented

at the International Symposium of Neurotransmitter Recep-
tors, in Hiroshima, in 1987 (Moritoki & Tanioka, 1987), and
the International Symposium on Biosignalling in Cardiac and
Vascular Systems, in Kyoto, in 1988 (Moritoki et al., 1989).

Methods

Organ bath experiments

Male Wistar rats aged 4 weeks (25-31 days, 127 + 10g), 8
weeks (8-10 weeks, 282 + 6g), 12 weeks (12-15 weeks,
371 + 6 g) and 20 weeks (20-22 weeks, 454 + 8 g) were used.
The rats were killed by a blow on the head and cervical dis-
location, and bled. Segments of their thoracic aorta, 3mm in
length, were cut with parallel razors and freed from adjacent
tissues under a dissecting microscope. These ring segments
were set up in a 10ml organ bath containing Krebs solution
of the following composition (mM): NaCI 115.3, KCl 4.9,
CaCl2 1.4, MgSO4 1.2, NaHCO3 25.0 and glucose 11.1. This
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solution was maintained at 34WC and bubbled with 95%02
and 5% CO2.
The preparations were maintained at a resting tension of

1.0g in the bath for 120min before experiments. Responses
were recorded isometrically with a force displacement trans-
ducer (Nihon Kohoden SB ITH). For measurement of dila-
tation, the arteries were first contracted with noradrenaline at
a concentration corresponding to the EC80. Concentration-
response curves were constructed by adding adenosine cumu-
latively to the 10ml bath in a volume of approximately 20M1,
and dilatations were plotted as a % of the contraction induced
by noradrenaline.
The endothelium was removed by rubbing the lumen of the

artery with cotton thread, and its removal was confirmed by
checking that the dilator response to acetylcholine (ACh) was
lost.

Pure haemoglobin was prepared as described by Martin et
al. (1985). Commercial haemoglobin at a concentration of
1 mm was reacted with 10mm sodium hydrosulphite and then
the reducing agent was removed by dialysis at 40C.

Adenosine receptor binding assay

Segments of rat thoracic aorta were minced with a pair of
scissors in 10 to 20 volumes of 50mM Tris-Cl buffer (pH 7.4).
The mixture was then homogenized 3 times for 30s periods
with 30s intervals in a Polytron homogenizer at setting 6 in
an ice-water bath, and then rehomogenized 5 times with a
Potter glass-glass homogenizer. The homogenate was centri-
fuged at 105,000g for 60min, and the pellet was resuspended
in 50mM Tris-Ci buffer by 5 strokes of a teflon glass homoge-
nizer for binding assay. Protein was determined by the
method of Lowry et al. (1951), with bovine serum albumin as
standard. Aliquots (400 pl) of membrane suspension were
incubated in triplicate with various concentrations of [3H]-5'-
(N-ethylcarboxamido)adenosine ([3H]-NECA), with or
without SOMm NECA, in a total volume of 5004l at 25°C to
determine specific and non-specific binding. After incubation
for 60min, the membrane bound ligand was separated from
unbound ligand by vacuum-filtration through a glass fibre
filter (GF/C, Whatman). The filter was then washed repeatedly
with 10ml of ice-cold buffer and dried in a vial at room tem-
perature, and the radioactivity trapped on the filter was
counted in a liquid scintillation spectrophotometer (Aloka
LSC-700). Specific binding was calculated as the difference
between total and non-specific bindings.

Competition assays were performed as described above
except that a final concentration of 50nm [3H]-NECA was
added to mixture containing membrane and various concen-
trations of NECA (0.1 nM-upM) or N6-cyclohexyladenosine
(CHA) (10nM-i gM), and the mixture was incubated for a
further 40min. Data were analysed by the method of nonlin-
ear least-squares by use of a computer programme (Taira &
Terada, 1985).

Assay of cyclic nucleotides

Segments of aorta were equilibrated in Krebs solution at 34WC
bubbled with 95% 02 and 5% CO2 for 2h before addition of
0.3pM noradrenaline. Then the preparations were incubated
with 10piM adenosine. After various times of incubation with
adenosine, the preparations were quickly frozen in liquid
nitrogen and homogenized in ice-cold 6% trichloroacetic acid
in a Potter-glass homogenizer in ice. The homogenates were
centrifuged at 1700g for 15min at 4°C, and the supernatants
were extracted with 3 volumes of water-saturated ether. Cyclic
nucleotides (cyclic AMP and cyclic GMP) were measured by
radioimmunoassay (Honma et al., 1977) with commercially
available kits. Briefly, cyclic nucleotides in the supernatant
were succinylated and incubated with ['25T]-succinyl cyclic
GMP tyrosine methyl ester or [125I]-succinyl cyclic AMP
tyrosine methyl ester and antisera for 18 h at 4°C. Then
dextran-coated charcoal was added to the reaction medium to

terminate the reaction. The radioactivity in the supernatant
was counted in a gamma spectrometer (Aloka ARC-301).
Protein was determined by the method of Lowry et al. (1951)
with bovine serum albumin as standard. Each experimental
group consisted of 4 to 6 preparations from different rats.

Statistical analysis

Values are expressed as means + s.e.mean. The statistical sig-
nificance of differences was analysed by Student's unpaired t
test, and P values of less than 0.05 were considered to be sig-
nificant.

Materials

The drugs used were adenosine, 5'-(N-ethylcarboxamido)aden-
osine (NECA), N6-([R]-[-]-phenylisopropyl) adenosine (R-
PIA), N6-([S]-[ +]-phenylisopropyl) adenosine (S-PIA), 2-
chloroadenosine, N6-cyclohexyl-adenosine, 8-phenyl-
theophylline, acetylcholine chloride, noradrenaline hydro-
chloride, methylene blue, indomethacin, haemoglobin (all
from Sigma Chemical Co., St Louis, MO, U.S.A.), 2-
phenylaminoadenosine (CV-1808, Funakoshi Chemical Co.,
Tokyo, Japan), dipyridamole (Boehringer Ingelheim, FRG),
dilazep (Kowa Co., Tokyo, Japan), cilostazole (Otsuka Phar-
maceutical Co., Tokushima, Japan) and 5'-N-ethyl-
carboxamido [8-3H]-adenosine (specific activity,
0.74-1.5 TBeq mmol -', Amersham Japan). Kits for radioim-
munoassay of cyclic GMP and cyclic AMP were from
Yamasa Shoyu Co. Ltd. (Choshi, Japan).

Results

Dilatation and aging

Adenosine at concentrations up to 100yM did not cause dila-
tation of the thoracic aorta from rats of 12 weeks old
(Figure 1). However, in the arteries from rats of 4 weeks old it
caused dose-dependent dilatation at concentrations of above
0.3 yM. The maximal dilatation of 79.4 + 5.5% (n = 9) was
observed at 300.uM adenosine and the apparent log EC50
value was 5.63 + 0.08.
With an increase in the age of the rats to 8 weeks, about a

30 times higher concentration of adenosine was necessary to
produce comparable dilatations to those observed with the
arteries from 4 week-old rats, while with aortae from 12 week-
old rats, the threshold concentration of adenosine for dila-
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Figure 1 Age-associated change in the dilator response of the rat
thoracic aorta to adenosine. The arteries were contracted with nor-
adrenaline at concentrations corresponding to the EC80 values. Aden-
osine was added cumulatively. Dilator responses are expressed as
percentages of the noradrenaline-induced contraction. Ages of rats are
shown in weeks. (0) Responses of preparations without endothelium
from rats of 4 weeks old. Values are means and vertical lines s.e.mean
of preparations from 5 to 12 rats.
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tation was as high as 100 uM. With a further increase in age to
20 weeks, the aorta no longer responded to adenosine at con-
centrations of up to 300yM or even to a single dose of a high
concentration of adenosine (300pM). In addition, the stable
adenosine derivatives NECA and 2-phenylaminoadenosine
(CV-1808) at concentrations of up to 30juM caused scarcely
any dilatation. Inhibitors of adenosine uptake and adenosine
deaminase, such as dipyridamole (Afonso & O'Brien, 1967)
and dilazep (Fujita et al., 1980), at concentrations of up to
0.3 gM did not restore the responsiveness to adenosine. Under
these conditions, however, arteries dilated in response to his-
tamine and ACh (100,uM, each), although to a somewhat lesser
extent than arteries from rats of 8 weeks old; 100UM histamine
and ACh induced dilatations of 63.9 + 4.5% (vs 93.6 + 5.4%
at 4 weeks old) and 67.6 + 7.8% (vs 87.2 + 7.2% at 4 weeks
old), respectively (n = 6).

Characteristics ofadenosine-induced dilatation
For characterization of adenosine-induced dilatation, the
arteries from rats of 4 weeks old were used. We examined
whether the endothelium of the vessels contributes to the
dilator response of the artery to adenosine. For this, after con-
firming the dilator response to ACh of the aortae of 4 week-
old-rats, the endothelium was removed by rubbing the lumen
of the arteries with cotton thread. Then 60min later, loss of
endothelial function was confirmed by checking loss of ACh-
induced dilatation. In these aortae without endothelium, the
adenosine-induced dilatation was significantly attenuated but
not abolished: the concentration-response curve was shifted
about 30 times to the right (Figure 1). Dipyridamole and
dilazep, at concentrations of up to 0.3UM, did not enhance or
inhibit the endothelium-independent dilator response of the
artery to adenosine.
Haemoglobin at concentrations above 10nm reversed

adenosine-induced dilatation of the aorta with endothelium
(Figure 2). In contrast, in arteries without endothelium, hae-
moglobin failed to reverse the adenosine-induced dilatation.
In addition, dilatation induced by the cyclic AMP phosphodi-
esterase inhibitor cilostazole (1 pM) used as a reference was
hardly affected by haemoglobin at concentrations of up to
100pM.

Pretreatment with the guanylate cyclase inhibitor methy-
lene blue (MB, Gruetter et al., 1981) at insufficient concentra-
tions to attenuate cilostazole-induced dilatation, caused
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Figure 2 Reversal by haemoglobin of adenosine-induced dilatation
of the aorta. To study the reversal by haemoglobin, dilatations were

induced either by 30OuM adenosine or 1 pM cilostazole for endothelium
intact preparations, and 100pM adenosine for endothelium removed
preparations. Dilatations were expressed as percentages of the con-

tractions induced by the EC80 concentration (0.3,CM) of noradrena-
line. Concentrations of haemoglobin are shown in nm. Ade,
adenosine; Endo (-), endothelium removed preparation; Cilost, cilos-
tazole. Columns show mean values of preparations from 6 rats; verti-
cal lines indicate s.e.mean. **P < 0.01, compared with control value.

a dose-dependent shift of the concentration-response curve for
adenosine to the right (Figure 3); in the presence of 0.1, 0.3
and 1 ,UM MB, the log EC50 value of adenosine decreased from
the control value of 5.62 + 0.18 to 5.31 + 0.25, 4.88 + 0.19
and 4.21 + 0.16 (n = 7), respectively. However, 3Mm MB did
not shift the concentration-response curve further, the log
EC50 value being 4.17 + 0.21. In contrast, the adenosine-
induced dilatation remaining after removal of the endothelium
was not reversed by application of MB at concentrations of
up to 3 ,M.

In arteries that had been treated with 100yM indomethacin
for 60 min and then washed for 30 min, the dilator effect of
adenosine was not affected irrespective of whether the endo-
thelium was intact (apparent log EC50 values; 5.50 + 0.08 vs
5.58 + 0.19, n = 4) or removed (3.93 + 0.14 vs 3.90 + 0.23).

Next, the adenosine receptor subtype responsible for the
dilator response of the arteries from rats of 4 weeks old was
characterized by use of several adenosine derivatives
(Figure 4). The rank order of the potencies of adenosine deriv-
atives in inducing dilatation was NECA (apparent log EC50
value and maximal response: 7.56 + 0.18, a = 1.0) > CV-1808
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Figure 3 Inhibitory effect of methylene blue on the dilator response
of the arteries from rats of 4 weeks old to adenosine. The arteries were
treated with the EC80 concentration of noradrenaline to produce
tone. Methylene blue (MB) was added for 20min before addition of
noradrenaline. Then the dilator response to adenosine was tested. (O),
control; (A), with 0.3.uM MB; (0), with 1 M MB; (U), with 3pM MB.
Vasodilatations are expressed as percentages of the noradrenaline-
induced contractions. Points are means and vertical lines are s.e.mean
(n = 7).
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Figure 4 Concentration-response curves for adenosine derivatives
showing their order of potency in causing dilatations of thoracic aorta
of 4 week-old rats. The ordinate scale shows dilatations of the arteries
as percentages of the initial tone induced by the EC80 concentration
of noradrenaline. (0), 5'4N-ethylcarboxamido)adenosine; (A), 2-
chloroadenosine; (-), CV-1808; (A), adenosine; (EJ),N6-([R]-[-]-
phenylisopropyl)adenosine (R-PIA); (V), S-PIA, (-), N6-
cyclohexyladenosine. Values are means of preparations from 5 to 9
rats, and vertical lines indicate s.e.mean.
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Figure 5 Saturation of [3H]-5'-(N-ethylcarboxamido)adenosine
([3 H]-NECA) binding to aortic membranes from rats of 4 weeks old
(a). Specific binding (0) was calculated by subtracting non-specific
binding (A), determined in the presence of 10pM NECA, from total
binding (E). (b) Scatchard plot of specific binding of [3H]-NECA and
effect of aging on the binding. (0), 4 weeks old; (-), 8 weeks old; ( x ),
20 weeks old. Each point represents the mean of triplicated determi-
nation from two experiments.

(6.73 + 0.11, a = 1.0) > 2-chloroadenosine (6.48 + 0.29,
a = 1.0) > R-PIA (5.57 + 0.18, a = 0.87) > adenosine
(5.55 + 0.09, a = 0.84) > CHA (5.36 + 0.11, a = 1.0) > S-PIA
(4.66 + 0.12, a = 1.0) (n = 5-9); NECA was about 800 times
more potent than S-PIA, and R-PIA was about 8 times more

potent than S-PIA.

Binding assay ofadenosine receptors

For further characterization of adenosine receptors, a binding
assay for adenosine receptors was carried out with [3H]-
NECA as a ligand. [3H]-NECA was found to bind to the
membrane preparation of the aorta from rats of 4 weeks old,
with a dissociation constant (Kd) of 43.1nm and a receptor
number (B..j of 129.2 fmol mg' protein (Figure 5).
NECA, CV-1808, R-PIA, S-PIA and CHA inhibited the

specific binding of [3H]-NECA (Figure 6), with apparent K,
values of 0.21, 1.51, 758.5, 446.7 and 467.7 pM, respectively
(n = 4). The non-selective A1, A2 agonist NECA was about
2200 times more effective, and the A2-selective ligand CV-1808
was about 300 times more effective than the A,-selective
ligand CHA in displacing [3H]-NECA from its binding sites.
In addition, the non-selective antagonist 8-phenyltheophylline
(8-PT) also inhibited the binding of [3H]-NECA with a K;
value of 2.09MuM.
The specific binding of [3H]-NECA was less in the mem-

brane preparation from 8 week-old rats (Figure 5). Scatchard
analysis showed a marked reduction in the number of binding
sites for [3H]-NECA to 30.0 fmol mg-1 protein. However, the
Kd value of the binding sites was 41.4nm, which was not sig-
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Figure 6 Inhibition by adenosine-related compounds of [3H]-5'4N-
ethylcarboxamide)adenosine ([3H]-NECA) binding to aorta mem-
branes from rats of 4 weeks old. Membrane preparations were incu-
bated with 5OpM [3H]-NECA in the presence of increasing
concentrations of unlabelled compounds. (0), NECA; (@), CV-1808;
(A), 8-phenyltheophylline; (A), N6-cyclohexyladenosine; (E),N64[R]
-[-]-phenylisopropyl)adenosine (R-PIA); (U), S-PIA. Data are repre-
sentative of triplicate determinations in two experiments.

nificantly different from that in preparations from 4 week-old
rats (43.1 nM). With a further increase in age of the rats to 20
weeks, the number of binding sites decreased to an unde-
tectable level.

Effect ofadenosine on the production ofcyclic nucleotides

We examined whether the dilatation was due to an increase in
cyclic nucleotides. As shown in Figure 7, adenosine at a con-
centration of 1OpM, which caused 60-70% dilatation of the
artery, increased the cyclic GMP level in 15s from the basal
level of 1.04 + 0.33 to 3.73 + 0.37 pmol mg-1 protein (n = 9).

After removal of the endothelium the basal level of cyclic
GMP decreased to 0.16pmolmg-' protein, and was not
increased by incubation with 1011M adenosine
(0.09 + 0.02 pmol mg'- protein in 15 s, n = 4).

In the presence of 0.3pm MB, which caused slight, but not
significant, reduction of basal cyclic GMP production
(1.04 + 0.33 to 0.55 + 0.20pmolmg-1 protein in 15s, n = 7),
the adenosine-stimulated cyclic GMP production decreased to
nearly the basal level (0.73 + 0.1Opmol mg-' protein, n = 7).
8-PT itself did not alter the basal level of cyclic GMP.

However, in the presence of 10 M 8-PT, 10 pM adenosine did
not stimulate cyclic GMP production (0.82 + 0.08 in its pre-
sence compared to 0.83 + 0.19 in its absence, n = 5).
With an increase in the age of the rats to 8 weeks, the basal

level of cyclic GMP decreased to 0.73 + 0.14pmolmg-1
protein, and the adenosine-stimulated cyclic GMP production
decreased to 2.09 ± 0.15 pmol mg-1 protein (n = 8). In arteries
from rats of 20 weeks old, adenosine-stimulated production of
cyclic GMP decreased to 0.75 + 0.25 pmol mg-' protein with
a reduction in the basal level (0.35 + 0.04pmolmg-' protein,
n = 6).

In contrast to the marked increase in the cyclic GMP level,
the cyclic AMP level was not significantly affected by 10 M
adenosine, irrespective of the ape of the rats (Figure 7).

Discussion

In the present study, adenosine was found to induce little dis-
cernible dilatation of thoracic aorta of rats of above 20 weeks
old, as has been previously observed (White et al., 1985). The
inability of adenosine to dilate the arteries was not due to its
dislocation from its site of action through its uptake mecha-
nism, or to its degradation by adenosine deaminase, because
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Figure 7 Effects of adenosine on the production of cyclic nucleotides
in thoracic aorta from rats of 4 weeks old (a), and effect of aging on

the production of cyclic GMP (b) and cyclic AMP (c). Amounts of
cyclic nucleotides were measured after incubation with the EC80 con-
centration of noradrenaline (0.3 jM) for 2mn and then with and
without 1OpM adenosine for 15s for cyclic GMP and for 2min for
cyclic AMP. Open columns, control; stippled columns, with 1OpM
adenosine. For study of the effect of methylene blue or 8-PT, these
agents were added 20min before and during incubation with aden-
osine. MB, with 1 JM methylene blue; 8-PT, with 1OpM 8-
phenyltheophylline; Endo (-), without endothelium. Ages of rats are
shown in weeks. Columns represent the mean values (n = 4-9) of
preparations from 5 to 7 rats. Vertical lines indicate s.e.mean.
**P < 0.01, compared with value of the preceding age (unpaired t
test).

even in the presence of the inhibitors of adenosine uptake and
adenosine deaminase, dipyridamole (Afonso & O'Brien, 1967)
and dilazep (Fujita et al., 1980), adenosine had no effect on
these preparations, and also the stable adenosine derivatives
NECA and CV-1808 caused little dilatation of the arteries.
Moreover, the inability of adenosine to cause dilatation of the
arteries was not due to rapid development of desensitization
due to its cumulative application, because even a single dose
of a high concentration of adenosine had no effect on these
preparations.

In previous studies, we found that aging decreased the dila-
tation of rat arteries induced by histamine (Moritoki et al.,
1986; 1988). Therefore, in the present study we examined
whether the inability of adenosine to dilate the thoracic aorta
of rats of 20 weeks old could be due to the age of the rats
(Figure 1). We found that adenosine did cause dose-dependent
dilatation of the arteries from rats of 4 weeks old, but that

with an increase in age of the rats to 8 weeks, the dilator
response to adenosine decreased considerably, and that in
preparations from rats of over 12 weeks of age a response was
no longer detectable. Rats are usually used for experiments on
their vasculature at 8 to 15 weeks old. Twelve weeks of age
may be borderline for a response of the aorta to adenosine. At
this age, the responsiveness to adenosine varied greatly: some
preparations did not respond to adenosine, whereas others
showed comparable responses to those of the aorta of 4 week-
old rats.
The A2 agonist NECA was more potent than the A1 agon-

ists R-PIA and CHA in inducing dilatation of rat thoracic
aorta, and the order of potency of the adenosine derivatives
(NECA > CV-1808 > 2-chloroadenosine > R-PIA > aden-
osine > CHA > S-PIA) was almost similar to their order of
potency in dilating guinea-pig aorta (Collis & Brown, 1983)
and in accumulating cyclic AMP in cultured brain cells (van
Calker et al., 1979). On the basis of the structure-activity
relationship, the adenosine receptors mediating the dilatation
of arteries with intact endothelium were judged to be of the
A2 subtype. However, it is unknown whether the maximal
dilatations caused by adenosine and R-PIA were less than
those induced by NECA and S-PIA.
For further characterization of the adenosine receptor

subtype responsible for dilatation, we carried out binding
studies of adenosine receptors with [3H]-NECA as a ligand.
We demonstrated the presence of specific binding sites for
[3H]-NECA in the arteries from rats of 4 weeks old
(Figure 5). [3H]-NECA was used as an A2 ligand, but it has
also been shown to bind to A1 receptors and to lack binding
specificity (Schutz et al., 1982; Lohse et al., 1988). However, its
binding to rat aortic membranes was displaced more effec-
tively by the so-called A2 ligand CV-1808 (Daly et al., 1987)
and NECA than by the A1 ligand CHA (Figure 6), suggesting
that the binding sites are probably of the A2 subtype.
With a decrease in the dilator response of the aorta to aden-

osine with age, the B,. decreased with no change in the Kd
value (Figure 5). These results indicate that during aging the
number of binding sites for [3H]-NECA (A2 receptors)
decreased without a change in their affinity for the agonist.
However, it is still not known whether the loss of [3H]-NECA
binding sites reflects a reduction in the absolute number
(density) of binding sites or is secondary to a reduction of
endothelial cells. Furthermore, because the membrane prep-
arations used in the present experiments contained mem-
branes of both the endothelium and smooth muscle, it is
unknown whether A2 receptors are localized in the vascular
endothelium or smooth muscle, and which of the receptors (in
the endothelium or in smooth muscle) contribute to the
adenosine-induced dilator effect which disappears during
aging. Nevertheless, our finding that the adenosine-induced
dilator response decreased after removal of the endothelium
suggests that at least some binding sites are present in the
endothelium.
The effects of adenosine have been shown to be caused by

mechanisms linked to the adenylate cyclase system (Kukovetz
et al., 1978; Rosiers & Nees, 1987), and thus to the 2nd mes-
senger cyclic AMP (Londos et al., 1980) and cyclic AMP-
dependent protein kinase (Silver et al., 1984). Subtypes of
adenosine receptor in the vasculature have been classified as
A, and A2; a classification which was originally proposed on
the basis of whether they stimulated or inhibited adenylate
cyclase (Van Calker et al., 1979). Functional evidence for the
presence of A2-receptors that stimulate cyclic AMP pro-
duction in cultured coronary endothelial cells has been pre-
sented (Rosiers & Nees, 1987). Therefore, the dilator action of
adenosine in the rat thoracic aorta could be mediated through
an increase in cyclic AMP accumulation. But this is unlikely,
because we found that adenosine did not increase the cyclic
AMP level significantly. Furthermore, we found that aging did
not alter the cyclic AMP level (Figure 7).

In general, the vasodilator effect of adenosine has been
found not to depend on the endothelium (De May & Van-
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Kennedy et al., 1985; Mathieson & Burnstock, 1985; White &
Angus, 1987), but in some vessels adenosine caused
endothelium-dependent dilatation (Frank & Bevan, 1983;
Gordon & Martin, 1983; Kennedy & Burnstock, 1985;
Rubanyi & Vanhoutte, 1985). We found that in rat aorta,
removal of the endothelium considerably attenuated the
dilator response to adenosine (Figure 1), as has been shown
for the rabbit central ear artery (Kennedy & Burnstock, 1985).
In addition, haemoglobin (Martin et al., 1985), which inhibits
the effects of endothelium-derived relaxing factor (EDRF),
reversed adenosine-induced dilatation without affecting the
dilatation caused by the cyclic AMP phosphodiesterase inhib-
itor cilostazole (Umekawa et al., 1984). From these results and
considerations, we suggest that the response of rat thoracic
aorta to adenosine is in part mediated by the endothelium and
thus EDRF which stimulates soluble guanylate cyclase
(Rapoport & Murad, 1983).

In the present study, the endothelium-dependent portion of
adenosine-induced dilatation of the aorta from rats of 4 weeks
old was found to be abolished or reversed by the soluble gua-
nylate cyclase inhibitor MB at low concentrations that were
insufficient to affect cilostazole-induced dilatation, suggesting
that soluble guanylate cyclase mediates the adenosine-induced
vasodilatation. Furthermore, we found that adenosine
increased formation of cyclic GMP, and that removal of the
endothelium, besides significantly decreasing the basal level of
cyclic GMP, almost completely abolished the adenosine-
induced increase in cyclic GMP formation (Figure 7). In addi-
tion, the soluble guanylate cyclase inhibitor MB was found to
abolish the adenosine-stimulated production of cyclic GMP.
The adenosine antagonist 8-PT (Griffith et al., 1981;

Kennedy & Burnstock, 1985) was found to abolish the
increase in adenosine-stimulated cyclic GMP production
(Figure 7). This observation confirms the idea that cyclic
GMP production by adenosine is mediated via adenosine-
receptors.
We examined whether the age-associated decrease or loss of

dilator response to adenosine was due to a reduction of cyclic
GMP formation. In fact, we found that cyclic GMP pro-
duction decreased with age (Figure 7), and that in the aortae
from rats of 20 weeks old, which showed scarcely any dilator
response to adenosine, the adenosine-stimulated production of
cyclic GMP was less than the resting level in preparations
from 4 week-old rats. These results suggest that a reduction in
cyclic GMP formation during aging is, in part, responsible for
the loss of the dilator response to adenosine.

In addition, as has been shown for vasodilatation induced
by nitroprusside (Moritoki et al., 1988), reduction of guanylate
cyclase activity itself in the vascular smooth muscle seems to
be the cause of the age-associated decrease in adenosine-
induced vasodilatation.

In the endothelium-removed preparations, adenosine could
activate particulate guanylate cyclase in smooth muscle to

produce cyclic GMP, just as has been found for atrial natri-
uretic peptide (Waldman et al., 1984; Winquist et al., 1984).
Recently, adenosine was shown to stimulate particulate gua-
nylate cyclase in cultured vascular smooth muscle cells (Kurtz,
1987). Although our findings in rat aorta differ from those of
Kurtz in that cyclic GMP formation was endothelium-
dependent and was mediated by soluble guanylate cyclase, his
results are consistent with our idea that cyclic GMP, but not
cyclic AMP, is responsible for adenosine-induced dilatation.
However, this possibility seems unlikely, because adenosine
did not elevate the cyclic GMP level in preparations without
endothelium.
With respect to an action of adenosine which is indepen-

dent of cyclic nucleotides, there are data suggesting that aden-
osine acts at an intracellular site and that its effect appears to
be mediated by its metabolite inosine through some metabolic
processes (Collis et al., 1986). However, this was not the case
in the present study, because dipyridamole (Collis & Brown,
1983) and dilazep (Fujita et al., 1980) which block the access
of adenosine to an intracellular site, did not inhibit the dilator
effect of adenosine.

Adenosine could dilate the arteries through release of pros-
tanoids, as has been found for some vasodilators (Boeynaems
& Galand, 1983; Forstermann et al., 1986; Gryglewski et al.,
1986). However, indomethacin did not affect adenosine-
induced dilatation, indicating that metabolites of the arachi-
donic acid cascade such as prostacyclin are unlikely to be
candidates for mediating the action of adenosine.

In this work, contrary to the well established concept that
effects of adenosine are mediated by cyclic AMP, we found
that the vasodilator effect of adenosine is in part mediated by
cyclic GMP; adenosine acts on A2-receptors on the endothe-
lium to produce EDRF, which in turn stimulates soluble gua-
nylate cyclase in vascular smooth muscle, thus producing
cyclic GMP and inducing dilatation. In addition, the age-
associated loss of dilator response of the rat thoracic aorta to
adenosine is suggested to be due to (1) a reduction in the
number of A2-receptors in the endothelium, (2) a decrease in
the ability of the endothelium to produce EDRF, and (3) a
reduction of guanylate cyclase activity, and thus a decrease in
the cyclic GMP level. However, the possibility that a
reduction in the number of A2 receptors in the smooth muscle
is likely to contribute partly to the age-associated reduction of
the dilator response to adenosine cannot be ruled out. The
dilator response to adenosine disappeared earlier in life
(during development rather than aging) than the responses to
other dilators such as ATP, ACh and histamine.

This work was supported in part by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science and Culture of
Japan (60,571,048).
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