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1 Although adenosine analogues such as 5'-N-ethylcarboxamidoadenosine (NECA) relax the rat
thoracic aorta in a partially endothelium-dependent manner via adenosine A2A receptors, others such
as N6-R-phenylisopropyladenosine (R-PIA) act via an endothelium-independent, antagonist-
insensitive mechanism. The role of cyclic nucleotides in these relaxations was investigated in
isolated aortic rings using inhibitors of adenylate and guanylate cyclases as well as subtype-selective
phosphodiesterase inhibitors.

2 The adenylate cyclase inhibitor 9-(tetrahydro-2-furanyl)-9H-purin-6-amine (SQ 22536; 100 mM)
signi®cantly inhibited responses to NECA, but not responses to R-PIA. The type IV (cyclic AMP-
selective) phosphodiesterase inhibitor 4-[(3-butoxy-4-methoxyphenyl)methyl]-2-imidazolidinone
(RO 20-1724; 30 mM) signi®cantly enhanced responses to NECA and to a lesser extent those to
R-PIA.

3 The guanylate cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3a]quinoxalin-1-one (ODQ; 100 mM)
signi®cantly inhibited responses to NECA and acetylcholine but not responses to R-PIA. The
selective phosphodiesterase V (cyclic GMP-selective) inhibitors, zaprinast (10 mM) and 4-{[3',4'-
(methylenedioxy)benzyl]amino}-6-methoxyquinazoline (MMQ; 1 mM), had no signi®cant e�ect on
responses to either NECA or R-PIA, but enhanced responses to acetylcholine.

4 These results are consistent with the e�ects of NECA being via activation of endothelial receptors
to release NO which stimulates guanylate cyclase, as well as smooth muscle receptors coupled to
stimulation of adenylate cyclase. The lack of e�ect of zaprinast and MMQ on responses to NECA
are likely to be due to simultaneous activation of both adenylate and guanylate cyclases in the
smooth muscle, as cyclic AMP reduces the sensitivity of phosphodiesterase V to inhibitors. These
results also suggest that the e�ects of R-PIA are via neither of these mechanisms.
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adenosine; DMSO, dimethylsulphoxide; L-NAME, NG-nitro-L-arginine methyl ester; MMQ, 4-{[3',4'-
(methylenedioxy)benzyl]amino}-6-methoxyquinazoline; NECA, 5'-N-ethylcarboxamidoadenosine; ODQ, 1H-
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butoxy-4-methyoxyphenyl)methyl]-2-imidazolidinone; R-PIA, N6-R-phenylisopropyladenosine; 8-SPT, 8-sulpho-
phenyltheophylline; SQ 22536, 9-(tetrahydro-2-furanyl)-9H-purin-6-amine; ZM 241385, 4-(2-[7-amino-2-(2-
furyl)[1,2,4]-triazolo[2,3a][1,3,5]-triazin-5-ylamino]ethyl)phenol

Introduction

Adenosine is an endogenous vasodilator released during
conditions of metabolic stress or hypoxia, and is thought to

play an important role in matching blood supply to demand.
Four G protein-coupled receptors for adenosine, A1, A2A,
A2B and A3, have been cloned and characterized pharmaco-

logically, and of these it is the A2A and A2B receptors which
generally mediate vasodilation (see Collis & Hourani, 1993;
Ralevic & Burnstock, 1998). However, in a number of blood

vessels there is evidence for a vasodilator response to some
adenosine analogues which is not mediated by any of the
known receptors and is insensitive to adenosine antagonists
(for review see Prentice, 2001). Such antagonist-resistant

responses have been reported in the guinea-pig, rat, hamster
and frog aorta (Collis & Brown, 1983; Lewis et al., 1994;
Prentice & Hourani, 1996; 2000; Knight & Burnstock, 1996)

and rat mesenteric artery (Prentice et al., 1997), as well as in
some non-vascular tissues such as the guinea-pig trachea

(Brackett & Daly, 1991) and taenia caeci (Prentice et al.,
1995).
In the rat thoracic aorta for example the overall potency

order for adenosine agonists of 5'-N-ethylcarboxamidoade-
nosine (NECA)42-(p-(2-carboxyethyl)phenylethylamino)-5'-
N-ethylcarboxamidoadenosine (CGS 21680)4N6-R-phenyli-

sopropyladenosine (R-PIA)4N6-cyclopentyladenosine (CPA)
5adenosine is consistent with the presence of an A2A

receptor. However, responses to NECA are antagonized by
the A1 and A2 antagonist 8-sulphophenyltheophylline (8-SPT)

more powerfully than responses to CPA, and responses to R-
PIA or to adenosine itself were una�ected (Lewis et al., 1994;
Prentice & Hourani, 1996). Similar agonist-dependent inhibi-

tion was also seen with the selective A2A receptor antagonist
4-(2-[7-amino-2- (2-furyl) [1,2,4]-triazolo [2,3a] [1,3,5]-triazin-5-
ylamino]ethyl)phenol (ZM 241385), con®rming that while the
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responses to NECA were via A2A receptors those to R-PIA
were not (Prentice & Hourani, 1996). In addition, use of the
NO synthase inhibitor NG-nitro-L-arginine methyl ester (L-

NAME) or mechanical removal of the endothelium inhibited
but did not abolish the responses to NECA, suggesting the
presence of an A2A receptor on the endothelium acting to
release NO as well as further A2A receptors on the smooth

muscle, while responses to R-PIA were una�ected, suggesting
that the mechanism or receptor through which R-PIA acts is
located solely on the smooth muscle (Prentice & Hourani,

1996).
The A2A receptor is coupled via GS to stimulation of

adenylate cyclase (although coupling to other e�ectors has

also been suggested in some cases; see Ralevic & Burnstock,
1998), and it is a reasonable assumption that it causes
vasodilation by increasing cyclic AMP levels. However, an

endothelium-dependent mechanism suggests that cyclic GMP,
formed as a result of NO release, may also be involved, and
indeed, an increase in cyclic GMP but not of cyclic AMP in
response to adenosine has been reported in the rat aorta

(Moritoki et al., 1990). To investigate further the mechan-
ism(s) by which NECA and R-PIA cause relaxation of the rat
aorta and in particular the role of cyclic nucleotides in these

responses, we used 9-(tetrahydro-2-furanyl)-9H-purin-6-amine
(SQ 22536) and 1H-[1,2,4]oxadiazolo[4,3a]quinoxalin-1-one
(ODQ) as inhibitors of adenylate and guanylate cyclase

respectively, 4-[(3-butoxy-4-methyoxyphenyl)methyl]-2-imida-
zolidinone (RO 20-1724) as an inhibitor of the cyclic AMP-
selective phosphodiesterase (PDE) IV and zaprinast and 4-

{[3',4'-(methylenedioxy)benzyl]amino}-6-methoxyquinazoline
(MMQ) as inhibitors of the cyclic GMP-selective PDE V.

Methods

Male Wistar albino rats (Bantin and Kingman, Hull, U.K.)

weighing approximately 200 ± 250 g, were killed by cervical
dislocation. The abdominal cavity was opened up and the
thoracic aorta excised. Tissues were placed directly into

Krebs ±Henseleit solution (mM): NaCl, 118; KCl, 4.7;
NaHCO3, 25; D-glucose, 11; MgSO4.7H2O, 0.45; K3PO4,
1.2; CaCl2.2H2O, 2.5. Excess fat and connective tissue were
trimmed from the arteries which were then cut into rings

approximately 3 mm long. The rings were carefully mounted
between two stainless steel wires and suspended in 3.5 ml
organ baths containing Krebs ±Henseleit solution maintained

at 378C and continually gassed with 95% O2/CO2. Prepara-
tions were allowed to equilibrate for approximately 30 min
under an initial resting tension of 1 g. Tissue viability was

tested using 0.1 mM phenylephrine, a concentration which
should elicit approximately 85% maximum contraction. All
tissues were tested for the presence of functional endothelium

using 1 mM acetylcholine to oppose the vasoconstriction
induced by 0.1 mM phenylephrine. Tissues in which acetylcho-
line induced less than a 25% decrease in contraction were
rejected. Tissues were washed several times with Krebs

solution, incubated for a period of 60 min in the presence
or absence of an inhibitor or the appropriate vehicle, then
contracted again with phenylephrine and cumulative relaxant

concentration response (E/[A]) curves constructed. Only one
E/[A] curve was constructed in each preparation and tissues
for the control and inhibitor-treated curves were taken from

the same animal. Responses were recorded isometrically using
Grass FT03 force displacement transducers and displayed on
a Grass polygraph (model 79). Relaxant responses were

expressed as a percentage decrease in the contraction to
phenylephrine. Where possible midpoint location ([A50]),
upper asymptote (a) and midpoint slope parameter estimates
(nH) were obtained by logistic curve ®tting (see Prentice et al.,

1995) and for display purposes the average logistic ®tting
parameters were used to generate a line upon which the
average data points were superimposed. The e�ect of drug

treatment on the curve ®tting parameters (slope, p[A50] and
a) was assessed by one way analysis of variance, and P values
of less than 0.05 were considered to be statistically signi®cant.

Data are presented as mean+s.e.mean of results obtained
using tissues from at least three animals.

MMQ was obtained from Calbiochem, (Nottingham,

U.K.), and all other drugs were obtained from Sigma-Aldrich
Company, (Poole, U.K.). Zaprinast was made up in 100%
dimethylsulphoxide (DMSO) at a stock concentration of
1073 M, MMQ was made up in 50% DMSO/50% distilled

water at a stock concentration of 1073 M, ODQ was dissolved
in 20% DMSO/80% distilled water at a stock concentration
of 1072 M, R-PIA in 0.06 M HCl at a stock concentration of

1072 M and RO 20-1724 initially in a minimal volume of
ethanol (10 ml) then made up in distilled water to give a stock
concentration of 1072 M (51% ethanol). All other drugs

were made up in distilled water at a stock concentration of
1072 M, and further dilutions of all drugs were made in
distilled water.

Results

At the concentrations used none of the inhibitors or the
vehicles signi®cantly a�ected either the basal tone of the
blood vessel rings or the contractions to phenylephrine

(0.1 mM) (results not shown).
The adenylate cyclase inhibitor SQ 22536 (100 mM) caused

a signi®cant rightward shift of the concentration-response

curve to NECA (p[A]50=6.58+0.17 in the absence and
5.89+0.23 in the presence of SQ 22536, P50.05) (Figure 1a),
but did not inhibit the responses to R-PIA. If anything, a
small leftward shift in the concentration-response curve to R-

PIA was observed, but this was not statistically signi®cant
(p[A]50=5.01+0.16 in the absence and 5.39+0.32 in the
presence of SQ 22536, P40.05) (Figure 1b). Responses to

adenosine were also una�ected by SQ 22536 (10 mM)
(p[A]50=4.86+0.12 in the absence and 4.55+0.15 in the
presence of SQ 22536, P40.05) (Figure 1c).

The type IV phosphodiesterase inhibitor RO 20-1724
(30 mM) caused a signi®cant leftward shift of the concentra-
tion-response curve to NECA (p[A]50=6.36+0.29 in the

absence and 7.09+0.17 in the presence of RO 20-1724,
P50.05) (Figure 2a). RO 20-1724 also caused a small but
signi®cant leftward shift of the concentration-response curve
to R-PIA (p[A]50=5.48+0.06 in the absence and 5.98+0.08

in the presence of RO 20-1724, P50.05) (Figure 2b).
The guanylate cyclase inhibitor ODQ (100 mM) caused a

signi®cant rightward shift in the concentration-response curve

to NECA (p[A]50=6.17+0.32 in the absence and 5.25+0.12
in the presence of ODQ, P50.05) (Figure 3a) and greatly
inhibited the response to acetylcholine (p[A]50=7.03+0.31 in
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the absence and 5.20+0.21 in the presence of ODQ, P50.05)
(Figure 3d) but did not a�ect the concentration-response

curve to R-PIA (p[A]50=5.53+0.16 in the absence and
5.17+0.14 in the presence of ODQ, P40.05) (Figure 3b) or
to adenosine (p[A]50=5.24+0.26 in the absence and

4.87+0.13 in the presence of ODQ, P40.05) (Figure 3c).

Figure 1 Relaxations of the rat isolated thoracic aorta induced by
(a) NECA, (b) R-PIA and (c) adenosine alone or in the presence of
SQ 22563 (100 mM). Data points are mean responses (per cent
relaxation of contraction induced by 0.1 mM phenylephrine) and the
curves through the data were generated by use of logistic ®tting
parameters. Average p[A]50 and a values are marked, together with
their associated s.e.mean (n=4±7). For abbreviations see text.

Figure 2 Relaxations of the rat isolated thoracic aorta induced by
(a) NECA and (b) R-PIA alone or in the presence of RO 20-1724
(30 mM). Data points are mean responses (per cent relaxation of
contraction induced by 0.1 mM phenylephrine) and the curves through
the data were generated by use of logistic ®tting parameters. Average
p[A]50 and a values are marked, together with their associated
s.e.mean (n=5±9). For abbreviations see text.
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The selective inhibitor of phosphodiesterase V, zaprinast
(10 mM), had no signi®cant e�ect on the concentration-
response curve for either NECA (p[A]50=6.34+0.23 in the

absence and 6.45+0.29 in the presence of zaprinast, P40.05)
(Figure 4a) or R-PIA (p[A]50=5.57+0.05 in the absence and
5.27+0.13 in the presence of zaprinast, P40.05) (Figure 4b),
but enhanced responses to acetylcholine (a=75.0+8.3% in

the absence and 122.9+15.1% in the presence of zaprinast,
P50.05) (Figure 4c) and sodium nitroprusside

(p[A]50=8.80+0.06 in the absence and 9.72+0.06 in the
presence of zaprinast, P50.05) (Figure 4d). Similar results
were observed with MMQ (1 mM), which had no signi®cant

e�ect on responses to either NECA (p[A]50=6.57+0.27 in
the absence and 7.17+0.21 in the presence of MMQ,
P40.05) (Figure 5a) or to R-PIA (p[A]50=5.07+0.04 in
the absence and 5.16+0.14 in the presence of MMQ,

P40.05) (Figure 5b) but enhanced responses to acetylcholine
(p[A]50=5.94+0.10 in the absence and 7.35+0.05 in the

Figure 3 Relaxations of the rat isolated thoracic aorta induced by (a) NECA, (b) R-PIA, (c) adenosine and (d) acetylcholine alone
or in the presence of ODQ (100 mM). Data points are mean responses (per cent relaxation of contraction induced by 0.1 mM
phenylephrine) and the curves through the data were generated by use of logistic ®tting parameters. Average p[A]50 and a values are
marked, together with their associated s.e.mean (n=4±7). For abbreviations see text.
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presence of MMQ, P50.05 and a=62.7+5.4% in the
absence and 86.7+5.5% in the presence of MMQ, P50.05)
(Figure 5c).

Discussion

The results presented here support a model whereby NECA
acts through increases in both cyclic AMP and cyclic GMP,
whereas the e�ects of R-PIA are largely independent of cyclic

nucleotides. The inhibition by the adenylate cyclase inhibitor
SQ 22536 of the responses to NECA shows that, as expected,
the relaxations mediated via the A2A receptor are dependent

on stimulation of adenylate cyclase, while the lack of e�ect of
SQ 22536 suggests that stimulation of adenylate cyclase is not
essential for relaxation induced by R-PIA, which we have
previously shown to act in this tissue by an unknown

mechanism independently of activation of adenosine A1, A2A,
A2B or A3 receptors (Prentice & Hourani, 1996). That the
responses to adenosine were also not blocked by SQ 22536

Figure 4 Relaxations of the rat isolated thoracic aorta induced by (a) NECA, (b) R-PIA, (c) acetylcholine and (d) SNP alone or in
the presence of zaprinast (10 mM). Data points are mean responses (per cent relaxation of contraction induced by 0.1 mM
phenylephrine) and the curves through the data were generated by use of logistic ®tting parameters. Average p[A]50 and a values are
marked, together with their associated s.e.mean (n=4±7). For abbreviations see text.
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supports our previous ®nding that the vasodilations induced
by this endogenous agonist in this tissue are also largely via
an unknown mechanism which does not involve activation of

the known cloned adenosine receptors (Prentice & Hourani,
1996). This result is also consistent with a previous study
which showed no increase in cyclic AMP levels in rat thoracic
aorta in response to adenosine (10 mM) (Moritoki et al.,

1990). The enhancement by RO 20-1724 of the responses to
NECA con®rms the involvement of cyclic AMP in these
responses, as this compound is an inhibitor of type IV

phosphodiesterase, which selectively degrades cyclic AMP
(see Beavo, 1995). This compound also slightly enhanced the
responses to R-PIA, which indicates that although the major

e�ect of R-PIA is not via the A2A receptor there may be a
small A2A component to its action which is capable of being
enhanced by RO 20-1724.

The inhibition by the guanylate cyclase inhibitor ODQ of
relaxations induced by NECA con®rms the suggestion
(Prentice & Hourani, 1996) that this agonist acts at least
partly via endothelial release of NO, which is known to

activate guanylate cyclase within the vascular smooth muscle
to cause relaxation. The responses to NECA were not
inhibited to the same extent as those for acetylcholine, which

acts entirely via the release of NO, con®rming that NECA
does not act exclusively on the endothelium but also has
direct e�ects on the smooth muscle. The responses to R-PIA

were una�ected by ODQ, con®rming that this analogue does
not act via the endothelium but has a di�erent mechanism of
action to NECA. Responses to adenosine were also

una�ected, con®rming our previous conclusions that this
endogenous agonist acts via a non-endothelium-dependent
mechanism (Prentice & Hourani, 1996), although Moritoki et
al. (1990) reported an increase in cyclic GMP in the rat aorta

in response to adenosine. However, this e�ect was reduced
with age (Moritoki et al., 1990), and as our rats were adult
(48 weeks), this could explain the discrepancy.

The enhancement by zaprinast of the relaxations caused by
the endothelium-dependent vasodilator acetylcholine or by
the NO donor sodium nitroprusside con®rmed the ability of

this compound to enhance NO-mediated responses by
inhibiting breakdown of cyclic GMP. The lack of e�ect of
zaprinast on responses to R-PIA con®rmed that NO release
and the stimulation of guanylate cyclase are not involved in

the relaxations caused by this analogue. However, the lack of
e�ect of zaprinast on relaxation caused by NECA was
unexpected, as our previous results (Prentice & Hourani,

1996) show that at least part of the response to NECA is
endothelium-dependent and due to the release of NO, and the
results obtained with ODQ showed that this is via stimulation

of guanylate cyclase. A more selective inhibitor of phospho-
diesterase V, MMQ, also failed to enhance responses to
NECA while enhancing responses to acetylcholine. The most

likely explanation for this is that NECA causes the
concomitant elevation of both cyclic AMP and cyclic GMP
in the vascular smooth muscle, the cyclic AMP elevation
being a direct consequence of the activation of smooth

muscle A2A receptors while the elevation of cyclic GMP is a

Figure 5 Relaxations of the rat isolated thoracic aorta induced by
(a) NECA, (b) R-PIA and (c) acetylcholine alone or in the presence
of MMQ (1 mM). Data points are mean responses (per cent relaxation
of contraction induced by 0.1 mM phenylephrine) and the curves
through the data were generated by use of logistic ®tting parameters.

Average p[A]50 and a values are marked, together with their
associated s.e.mean (n=3±8). For abbreviations see text.
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result of NO release following activation of endothelial A2A

receptors. There are known to be many and complex
interactions between the two cyclic nucleotide signalling
pathways (see e.g. Pelligrino & Wang, 1998), and in
particular cyclic AMP has been reported to reduce the

sensitivity of phosphodiesterase V to zaprinast via stimulation
of protein kinase A which phosphorylates the enzyme (Burns
& Pyne, 1992; Burns et al., 1992). Thus when both cyclic

AMP and cyclic GMP are raised by an agonist, although
inhibition of either adenylate cyclase or of guanylate cyclase
will inhibit the relaxation and inhibition of the cyclic AMP-

selective phosphodiesterase IV will enhance it, zaprinast will
be unable to enhance the e�ect of the agonist because it is
not able to inhibit phosphodiesterase V due to phosphoryla-

tion of this enzyme by protein kinase A. Although the e�ect
of protein kinase A on the sensitivity of phosphodiesterase V
to other inhibitors, such as MMQ, has not to our knowledge
been reported, the results obtained here showing a lack of

e�ect of MMQ on NECA-induced relaxations suggests that it
is a�ected in the same way as zaprinast.
Overall the results of this study are consistent with a model

in which NECA acts via A2A receptors to cause both direct
stimulation of adenylate cyclase in smooth muscle and also
stimulation of NO release from endothelial cells which causes

an increase in cyclic GMP in the smooth muscle (see Figure
6). The mechanism by which A2A receptor activation in
endothelial cells causes NO release is not clear, but it could

be via an increase in cyclic AMP levels. The A2A receptor is
generally coupled via Gs to stimulation of adenylate cyclase,
and adenosine receptor stimulation has been shown to result
in increased levels of cyclic AMP in cultured endothelial cells

(see e.g. Legrand et al., 1990; CoÃ te et al., 1993; Iwamoto et
al., 1994; Anwar et al., 1999). Colforsin, a forskolin analogue
which acts as a direct stimulant of adenylate cyclase, has been

reported to release NO from cultured rat aortic endothelial
cells (Mori et al., 1999). Other agonists acting via Gs-coupled
receptors (the b receptor and the receptor for a-CGRP) have

also been shown to cause endothelium-dependent relaxation

of the rat thoracic aorta (Gray & Marshall, 1992a, b). Until
recently the ability of cyclic AMP directly to activate
endothelial NO synthase was not widely accepted (see e.g.
Pelligrino & Wang, 1998), although it was suggested in pig

endothelial cells that cyclic AMP via protein kinase A may
activate large-conductance K+ channels and that the
consequent hyperpolarization enhances agonist-induced entry

of Ca2+ (Graier et al., 1993). However, Butt et al. (2000)
showed very recently that cyclic AMP dependent protein
kinase could directly phosphorylate endothelial NO synthase

and activate it in a calcium-independent manner. It is not
possible to say from our results whether or not the
endothelium-dependent e�ects of NECA and the release of

NO are dependent on stimulation of endothelial adenylate
cyclase, but it seems a possible explanation. On the other
hand, the rather small e�ect of SQ 22536 on the relaxations
induced by NECA could suggest that an adenylate cyclase-

independent mechanism is involved.
Apart from a small enhancement by RO 20-1724 which is

likely to be due to a small e�ect of R-PIA on the A2A

receptor, none of the inhibitors used had any e�ect on
responses to R-PIA con®rming our previous conclusions
(Prentice & Hourani, 1996) that the major action of this

adenosine analogue is di�erent from that of NECA. The
results here con®rm that R-PIA does not act via release of
NO with the consequent stimulation of guanylate cyclase, or

by stimulation of adenylate cyclase, and the mechanism by
which it acts is still therefore unknown. It should be noted
that the e�ects of adenosine were also not blocked by
inhibition of adenylate or guanylate cyclases, again con®rm-

ing our previous conclusions in this and in other tissues
(Prentice & Hourani, 1996; 2000; Prentice et al., 1997) that
the e�ects of this endogenous agonist are also largely not

mediated via the known adenosine receptors. This unknown
mechanism may therefore be of physiological relevance, as it
may be involved in the bene®cial e�ects of adenosine acting

Figure 6 Proposed mechanisms for relaxation of the rat thoracic aorta by NECA, compared to the mechanisms for acetylcholine
and R-PIA. For abbreviations see text.
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as a homeostatic mediator to match energy supply and
demand.
In conclusion, these results are consistent with the e�ects of

NECA being via activation of endothelial receptors to release
NO which stimulates guanylate cyclase, as well as smooth
muscle receptors coupled to stimulation of adenylate cyclase,
whilst the e�ects of R-PIA are via neither of these

mechanisms.
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