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Activation of multiple sites by adenosine analogues in the rat
isolated aorta
1D.J. Prentice & S.M.O. Hourani

School of Biological Sciences, University of Surrey, Guildford, Surrey, GU2 5XH

1 The presence of A2 receptors mediating relaxation in the rat isolated aorta has been previously
demonstrated. However, agonist dependency of the degree of rightward shift elicited by 8-
sulphophenyltheophylline (8-SPT) led to the suggestion that the population of receptors in this tissue
is not a homogeneous one. In this study we have re-examined the effects of 8-SPT in the absence and
presence of the NO synthase inhibitor L-NAME (NG-nitro-L-arginine methyl ester) and investigated
antagonism of responses by the potent Au, receptor ligands PD 115,199 (N-[2-dimethylamino) ethyl] - N-
methyl-4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3 dipropyl-1H-purin-8-yl)) benzene sulphonamidexanthine),
ZM 241385 (4-(2-[7-amino-2-(2-furyl) [1,2,4]-triazolo[2,3-a][1,3,5]triazin-5-yl amino]ethyl)phenol), and
CGS 21680 (2-[p-(2-carboxyethyl)phenylamino]-5'-N-ethylcarboxamidoadenosine). We have also in-
vestigated the antagonist effects of BWA1433 (1,3-dipropyl-8-(4-acrylate)phenylxanthine) which has been
shown to have affinity at rat A3 receptors.
2 Adenosine, R-PIA (N6-R-phenylisopropyl adenosine), CPA (N6-cyclopentyladenosine) and NECA
(5'-N-ethylcarboxamidoadenosine) all elicited relaxant responses in the phenylephrine pre-contracted rat
isolated aorta with the following potency order (p[A50] values in parentheses): NECA (7.07 +0.11)> R-
PIA (5.65 + 0.10)>CPA (5.05 + 0.12)> adenosine (4.44 + 0.12).
3 8-SPT (10-100 uM) caused parallel rightward shifts of the E/[A] curves to NECA (pKB = 5.23 + 0.16).
A smaller rightward shift of E/[A] curves to CPA was observed (pA2= 4.85+ 0.17). However, no
significant shifts of E/[A] curves to either adenosine or R-PIA were observed.
4 In the absence of endothelium E/[A] curves to NECA and CPA were right-shifted compared to
controls. However, removal of the endothelium did not produce a substantial shift of adenosine E/[A]
curves, and E/[A] curves to R-PIA were unaffected by removal of the endothelium.
5 In the presence of L-NAME (100 gM) E/[A] curves to NECA and CPA were right-shifted. However,
no further shift of the CPA E/[A] curve was obtained when 8-SPT (50 pM) was administered
concomitantly. The locations of curves to R-PIA and adenosine were unaffected by L-NAME (100 pM).
6 In the presence of PD 115,199 (0.1 pM) a parallel rightward shift of NECA E/[A] curves was
observed (pA2= 7.50+ 0.19). PD 115,199 (0.1 and 1 pM) gave smaller rightward shifts of E/[A] curves to
R-PIA and CPA, but E/[A] curves to adenosine were not significantly shifted in the presence of PD
115,199 (0.1 or 1 Mm).
7 The presence of ZM 241385 (3 nM-0.3 pM) caused parallel rightward shifts of NECA E/[A] curves
(pKB=8.73+0.11). No significant shifts of E/[A] curves to adenosine, CPA or R-PIA were observed in
the presence of 0.1 M ZM 241385.
8 CGS 21680 (1 pM) elicited a relaxant response equivalent to approximately 40% of the NECA
maximum response. In the presence of this concentration of CGS 21680, E/[A] curves to NECA were
right-shifted in excess of 2-log units, whereas E/[A] curves to R-PIA were not significantly shifted.
9 BWA1433 (100 pM) caused a small but significant right-shift of the E/[A] curve to R-PIA yielding a
pA2 estimate of 4.1. IB-MECA (N6-(3-iodo-benzyl)adenosine-51-N-methyl uronamide) elicited relaxant
responses which were resistant to blockade by 8-SPT (p[A]50= 5.26 + 0.13).
10 The results suggest that whereas relaxations to NECA (10 nM- 1 pM) are mediated via adenosine
Au, receptors, which are located at least in part on the endothelium, R-PIA and CPA may activate A2b
receptors on the endothelium and an additional, as yet undefined site, which is likely to be located on the
smooth muscle and which is not susceptible to blockade by 8-SPT, PD 115,199 or ZM 241385. This site
is unlikely to be an A3 receptor since the very small shift obtained in the presence of BWA1433 (100 pM),
and the low potency of IB-MECA is not consistent with the affinities of these cotpounds at the rat
cloned A3 receptor. It is suggested that adenosine activates both the Au, and the undefined site, being
most potent, but behaving as a partial agonist, at the Aua receptor.
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Introduction

The existence of two distinct P1 purinoceptor subtypes, namely structure-activity relationships (Jacobson, 1990) and a number
Al and A2 has long been established (Van Calker et al., 1979; of compounds which are selective for Au over A2b receptors
Londos et al., 1980). Subdivision of the A2 subtype into A2a are now available, for instance CGS 21680 (2-[p-(2-carbo
and A2b was first suggested on the basis of high and low affinity xyethyl) phenylamino] - 5'- N - ethylcarboxamidoadenosine),
for adenosine respectively by Daly and co-workers (1983). This which activates A.- receptors but is virtually inactive at A2b
sub-classification has since been confirmed by extensive sites (Jacobson, 1990). There are also antagonists such as PD

115,199 (N-[2-(dimethylamino)ethyl]-N-methyl-4-(2,3,6,7-tet-
rahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8-yl)benzenesulpho-
namide), a xanthine based antagonist shown to have a Ki of

'Author for correspondence. 15.5 nM at A2. receptors and no appreciable affinity for the low
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affinity A2b site in fibroblasts (Bruns et al., 1987). However, an
Au/A2b selectivity ratio of only 5 has been recently found for
this compound in a study comparing antagonism of 5'-N-
ethylcarboxamidoadenosine (NECA)-elicited stimulation of
adenylate cyclase in PC12 (A2a) and NIH 3T3 (A2b) mem-
branes (Brackett & Daly, 1995). PD 115,199 does, however,
have a high A1 receptor affinity (Ki= 14 nM, Bruns et al., 1987).
The relatively new non-xanthine antagonist, ZM 241385 (4-(2-
[7-amino-2- (2- furyl) [1,2,4] -triazolo [2,3-a] [1,3,5] triazin-5-
yl amino]ethyl)phenol) has been found to have a selectivity for
Au, over A2b and A1 (32 and 420 fold, respectively) with a pA2
at Au receptors in the guinea-pig Langendorff heart of 8.57
(Poucher et al., 1995).

All three of the P1 purinoceptors have been cloned (Tucker
& Linden, 1993; Linden et al., 1993) as well as a receptor
termed the A3 receptor (Zhou et al., 1992). There are a number
of adenosine analogues with relatively high affinities for rat A3
receptors one of which is IB-MECA (N-(3-iodo-benzyl)-ade-
nosine -5'-N-methyluronamide, Ki = 1.1 nm, Jacobson et al.,
1995). Unlike Al and A2 receptors, the rat A3 receptor is re-
sistant to blockade by all but a few methylxanthines, which
include BWA1433 (1,3-dipropyl-8-(4-acrylate)phenylxanthine,
Ki= 15 gM (Jacobson et al., 1995).

Adenosine and some of its analogues have been previously
shown to relax the rat isolated aorta and the presence of an A2
receptor has been postulated (Rose'Meyer & Hope, 1990;
Moritoki et al., 1990; Lewis et al., 1994). Lewis and co-workers
(1994) proposed the presence of an Au receptor on the basis of
the relatively high potency ofCGS 21680. However, this group
found that the degree of blockade of agonist responses by the
P1 receptor antagonist 8-SPT (8-sulphophenyltheophylline)
was agonist-dependent. This observation is not consistent with
activation of a homogenous population of receptors by the
adenosine analogues employed. In order to elucidate further
the nature of the receptor populations in this tissue we in-
vestigated the interaction between adenosine and three of its
analogues, namely NECA, CPA (N6-cyclopentyladenosine)
and R-PIA (N6-R-phenylisopropyladenosine), and the potent
Au, antagonists PD 115,199 and ZM 241385. In the rat aorta
CGS 21680 has been shown to behave as a partial agonist, only
eliciting approximately 66% of the maximal response to
NECA with a p[A]30 of 6.3 (Lewis et al., 1994). Therefore, in
this study we were also able to use CGS 21680 as an antagonist
versus NECA and R-PIA.

Methods

Male Wistar albino rats (University of Surrey strain, 200-
250 g) were killed by cervical dislocation, the thoracic aorta
excised and 6 mm rings set up in 3.5 ml organ baths containing
Krebs-Henseleit solution (mM: NaCl 118, KCl 4.7, NaHCO3 25,
glucose 11, MgSO4, 7H20 0.45, KH3PO4 1.2, CaCl2.2H20 2.5)
maintained at 37°C and continuously gassed with 95% 02/5%
CO2. Preparations were allowed to equilibrate for 60 min under
an initial resting tension of 2 g. Responses were subsequently
recorded isometrically by Grass FT03 force displacement
transducers and displayed on a Grass polygraph (model 79).

E/[A] curves to phenylephrine were performed in the rat
aorta (data not shown) and a concentration corresponding to
approximately 80% of maximum response (0.1 pM) was cho-
sen to pre-contract tissues before construction of relaxant E/
[A] curves. The response to this concentration of phenylephr-
ine was demonstrated to be stable for the period of time taken
to construct relaxant E/[A] curves (up to 60 min, data not
shown).

After the tissues had been contracted with phenylephrine,
the presence of endothelium was confirmed by the addition of
acetylcholine (1 uM). Tissues giving less than 25% relaxation
of the phenylephrine contraction were discarded. Preparations
were then washed with Krebs solution, incubated for a period
of 60 min in the absence or presence of a concentration of
antagonist, then contracted again with phenylephrine and cu-

mulative relaxant E/[A] curves constructed. In experiments
where the effect of NG-nitro-L-arginine methyl ester (L-
NAME) were examined, after the addition of acetylcholine,
tissues were washed and then incubated for 60 min with L-
NAME. The tissues were then contracted again with pheny-
lephrine and acetycholine readministered to confirm the ac-
tivity of the L-NAME. Following this, tissues were washed and
then incubated for a further 60 min in the absence or presence
of antagonist and/or L-NAME. In experiments where the ef-
fects of removal of endothelium were studied the endothelium
was destroyed in some tissues by a metal rod. Absence of en-
dothelium was confirmed by administration of acetylcholine
(1 Mm). Only one E/[A] curve was constructed in each pre-
paration. Results are expressed as percentage decrease in the
contraction to phenylephrine and, where possible, p[A]50
(midpoint location), upper asymptote (a) and midpoint slope
parameter estimates (nH) were obtained by logistic curve fitting
(see Prentice et al., 1995). The effect of drug treatment on these
parameters was assessed by one way analysis of variance,
paired t test or Bonferroni modified t test for multiple com-
parisons (Wallenstein et al., 1980) as appropriate. P values of
less than 0.05 were considered to be significant. Data are
presented as average+ s.e.mean of at least 3 replicates. When
the minimum criteria for competitive antagonism were sa-
tisfied, that is the antagonist produced parallel rightward shifts
of agonist E/[A] curves with no change in upper asymptote,
pKB values were obtained by fitting the individual log[A]50
values obtained in the absence and presence of antagonist to a
derivation of the Schild equation as described previously
(Black and Shankley, 1985). When the criteria were not fully
testable, a pA2 value was estimated from the concentration-
ratio produced by a single concentration of antagonist.

For display purposes the average logistic fitting parameters
were used to generate a curve upon which the average data
points were superimposed.

Where the isolated rat colon muscularis mucosae was used
this preparation was set up according to the methods of Bailey
& Hourani (1992).
CGS 21680, CPA and 8-SPT were obtained from Research

Biochemicals Inc., Natick, MA, U.S.A. PD 115,199 was kindly
provided by Dr M Collis, Pfizer Central Research, Sandwich,
Kent, U.K., ZM 241385 by Dr S. Poucher, ZENECA Phar-
maceuticals, Mereside, Alderley Park, Macclesfield, Cheshire,
U.K., BWA1433 by The Wellcome Research Laboratories,
Langley Court, Beckenham, Kent, U.K. and IB-MECA by Dr
K. Jacobson, National Institute of Diabetes and Digestive and
Kidney Diseases, National Institutes of Health, Bethesda, MD
20892, U.S.A. All drugs were made at a stock concentration of
10 mM. CGS 21680 was made up in 7% ethanol, 8-SPT,
phenylephrine, adenosine, NECA and CPA in distilled water,
R-PIA in 0.06 M HCl, IB-MECA in 100% DMSO, ZM 241385
in 20% DMSO, BW A1433 in 25% ethanol plus 30 mM NaOH
and PD 115,199 in 50% DMSO. Further dilutions were made
in water.

Results

Adenosine, R-PIA, CPA and NECA all elicited relaxations in
the phenylephrine pre-contracted isolated rat aorta with the
following potency order (p[A]50 values in parentheses): NECA
(7.07+0.11)>R-PIA (5.65+0.10)>CPA (5.05+0.12)>ade-
nosine (4.44+0.12). E/[A] curves to adenosine were shallow
compared to R-PIA and CPA curves (midpoint slope para-
meters of 0.83+0.06, 1.88+0.18 and 1.57+0.18 respectively,
Figure 1).

8-SPT (10-100 Mm) caused parallel rightward shifts of E/
[A] curves to NECA yielding a Schild plot with a slope not
significantly different from unity (0.88 + 0.29) and a pKB value
of 5.23+0.16 (Figure 2). A small, but significant, rightward
shift of E/[A] curves to CPA was observed in the presence of 8-
SPT (50 gM) and a pA2 value of 4.85 + 0.17 estimated (Figure
3c). However, no significant shifts of E/[A] curves to either
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Figure 1 Concentration-response curves to NECA (4b), R-PIA (0),
CPA (0) and adenosine (OI). Data points are average responses (%
relaxation of phenylephrine-induced contraction) and the lines
through the data were generated by use of the average logistic fitting
parameters. Average p[A],50 and a values are marked, together with
their associated s.e.mean (n=3-4).

adenosine or R-PIA were observed, although the midpoint
slope of the E/[A] curve to adenosine in the presence of 8-SPT
was significantly increased with respect to the control value
(nH = 1.44+0.13 as compared with 0.86+0.10, P<0.05, Fig-
ures 3b and d). In the presence of L-NAME (100 gm) E/[A]
curves to NECA were right-shifted 10 fold. However, the right-
shift produced by a single concentration of 8-SPT (50 gm) in
the presence of this concentration of L-NAME was not sig-
nificantly different from the shift produced in the absence of L-
NAME, yielding pA2 values of 5.26 +0.20 and 5.52 +0. 13,
respectively (Figure 3a). E/[A] curves to CPA were likewise
right-shifted approximately 10 fold in the presence of L-
NAME. However, no further shift was obtained when 8-SPT
(50 gm) was administered concomitantly (Figure 3c). Curves
to R-PIA were unaffected by L-NAME and, in the presence of
L-NAME, 8-SPT caused a small right-shift yielding a pA2 es-
timate of 4.6 (Figure 3b). There was no appreciable shift of
adenosine E/[A] curves in the presence of L-NAME and, as in
the absence ofL-NAME, concomitant administration of 8-SPT
caused no right-shift (Figure 3d). It was not possible to fit all of
the adenosine E/[A] curves constructed in the presence of L-
NAME since some had no inflexion point. However, it is no-
teworthy that these curves were apparently steeper than the
control E/[A] curves.

Experiments were carried out using endothelium. denuded
preparations to confirm that administration of L-NAME mi-
micked the effects of endothelium removal. As in the presence
of L-NAME, E/[A] curves to both NTECA and CPA were right-
shifted in the absence of endothelium, by approximately 3 and
10 fold, respectively (Figure 4a and c). There was no sub-
stantial right shift of E/[A] curves to adenosine and E/[A]
curves to R-PIA were not significantly altered in the absence of
endothelium (Figure 4b and d).

In the presence of 10 nm PD 115,199 no significant shift of
NECA E/[A] curves was observed (control p[A150 = 7.01 + 0.11I
compared with p[A150 in the presence 0.1 gm PD
115,199 =6.89+0.23), but in the presence of PD 115,199
(0.1 gm) a parallel rightward shift of the NECA E/[A] curve
was observed (concentration-ratio = 5.4+ 1.6) which yielded a
pA2 value of 7.50+0.19. However, when the concentration of
the antagonist was increased to 1 gM the shift observed was
not significantly different from that observed at 0.1 gM (con-
centration-ratio=7.5+3.3, Figure 5a). PD 115,199 (0.1 and
1 gM) gave small but significant rightward shifts of E/[A]
curves to R-PIA and again the shift observed at 1 gM was not
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Figure 2 Concentration-response curves to NECA in the absence
(@) and presence of 8-SPT lOyM (0), 50M (U) and 100pM (El).
Data points are average responses (% relaxation of phenylephrine-
induced contraction) and the lines through the data were generated
by use of the average logistic fitting parameters. Average p[A]M and a
values are marked, together with their associated s.e.mean (n =3-4).

significantly different to that at 0.1 gM (concentration-ra-
tios = 2.5 + 0.4 and 2.6+ 0.4, respectively, Figure Sb). Simi-
larly, PD 115,199, at both concentrations, elicited small
rightward shifts of E/[A] curves to CPA (concentrations-
ratios = 1.7 + 0.4 and 3.0+ 0.6 at 0.1 and 1 MM, respectively,
Figure Sc), which just reached significance in the presence of
PD 115,199 (1 gM). E/[A] curves to adenosine were not sig-
nificantly shifted in the presence of PD 115,199 (0.1 or 1 MM)
although, as with 8-SPT (50 gM) the slope of the E/[A] curves
to adenosine in the presence of both concentrations of PD
115,199 was increased with respect to the control value
(nH = 1.76+0.15 and 1.91 +0.60 at 0.1 and 1 gM respectively as
compared with 0.83 + 0.06, Figure Sd). The possibility that
limited solubility of PD 115,199 resulted in the lack of further
shift of NECA E/[A] curves when the concentration of this
antagonist was increased from 0.1 Mm to 1 gM was considered.
Although PD 115,199 has been shown to be selective for A2,
over A2b receptors, its affinity at Al receptors is similar to its
Au receptor affinity (Bruns et al., 1987). We therefore chose to
investigate the antagonism by PD 115,199 (0.1 gM and 1 MM)
of Al receptor-mediated contractile responses to CPA in the
rat colon. The concentration-ratios obtained at these two
concentrations of the agonist were 2.8 + 0.7 and 16.0 + 5.2,
respectively, yielding pA2 values of 7.2 + 0.2 and 7.1 + 0.2, re-
spectively.

In the light of the anomolous results obtained with PD
115,199 we decided to investigate the effects ofZM 241385, an
antagonist which has been found to be selective for A2, over
both A2b and Al receptors (Poucher et al., 1995). ZM 241385
(3 nM-0.3 gM) caused parallel rightward shifts of NECA E/
[A] curves yielding a Schild plot slope not significantly different
from unity (1.16+0.09) and a PKB value of 8.73+0.11 (Figure
6a). No significant shifts of E/[A] curves to R-PIA, CPA and
adenosine were observed in the presence of ZM 241385
(0.1 Mm, Figures 6b-d). As with 8-SPT (50 gM) and PD
115,199 (0.1 gM), ZM 241385 produced an increase in mid-
point slope parameter of E/[A] curves to adenosine (0.91 + 0.18
as compared to 1.37 + 0.20) although this did not reach sig-
nificance at the 5% level.

It was not possible to obtain reproducible E/[A] curves to
CGS 21680 since in some tissues little or no response was
observed, whereas in others near maximal responses were ob-
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tained. On average, CGS 21680 (1 uM) elicited a relaxant re-
sponse equivalent to approximately 40% of the NECA max-
imum response. In the presence of this concentration of CGS
21680, E/[A] curves to NECA were right-shifted in excess of 2-
log units, whereas E/[A] curves to R-PIA were not significantly
shifted (p[A],5 values for R-PIA in the absence and presence of
CGS 21680 being 5.45+0.15 and 5.25+0.15, respectively,
Figure 7).

The possibility that responses to agonists such as R-PIA,
which were essentially resistant to blockade by the antagonists
used in these studies, were mediated by A3 receptors was
considered. We studied the effects of the antagonist BWA1433,
but the use of this compound proved difficult since at the
concentration of BWA1433 under study (0.1 mM) E/[A] curves
to phenylephrine were both right shifted and reduced in
maximum (data not shown). It was therefore necessary to use
different concentrations of phenylephrine in the presence of
vehicle or BWA1433 (0.3 pM or 1 pM phenylephrine, respec-
tively) in order to achieve approximately equivalent levels of

tissue contraction prior to construction of agonist E/[A]
curves. Under these conditions BWA1433 (0.1 mM) caused a
small but significant right shift of E/[A] curves to R-PIA
(p[A]50 values for R-PIA in the presence of vehicle or
BWA1433 being 4.87 + 0.12 and 4.50+ 0.08, respectively, Fig-
ure 8) and a pA2 of 4.1 was estimated from this shift. We also
studied the effects of the agonist IB-MECA, but although it
elicited relaxant responses which were resistant to blockade by
8-SPT, its potency was relatively low (p[A]50 = 5.26+ 0. 13,
Figure 9).

Discussion

In this study, cumulative relaxant E/[A] curves to adenosine
and some of its analogues were obtained in the rat isolated
aorta. Despite the different methodology employed in our
study, the locations of E/[A] curves to adenosine and its ana-
logues obtained here are consistent with the data obtained by
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Figure 4 Concentration-response curves to (a) NECA, (b) R-PIA, (c) CPA and (d) adenosine in the rat isolated aorta in the
presence (0) and absence of endothelium (0). Data points are average responses (% relaxation of phenylephrine-induced
contraction) and, where possible, the lines through the data were generated by use of the average logistic fitting parameters. Average
p[A]50 and a values are marked, together with their associated s.e.mean (n=3-4).

Lewis and co-workers (pEC30 = 6.7 for NECA, 4.7 for adeno-
sine and 4.5 for CPA). In the present study it was not possible
to obtain reproducible E/[A] curves to CGS 21680 due to a
variation in response level between tissues, but a concentration
of 1 gM CGS 21680 was selected which according to Lewis et
al. (1994) should elicit a maximal response, and this con-
centration was then used to antagonize responses to NECA
and R-PIA. The average response obtained to 1 Mm CGS
21680 in the present study (approximately 40% of NECA
maximum) was considerably lower than the 66% obtained by
Lewis et al. (1994), therefore, it may be that the difficulties
encountered in constructing an E/(A] curve to CGS 21680 can
be explained by the apparently lower efficacy of this agonist.
This variation in response level may be related to variations in
receptor density or receptor-effector coupling in different tis-

sues. The variation may also be due to differences in integrity
of the endothelium between tissues, although there was no
correlation between percentage relaxation to acetylcholine and
to CGS 21680 as might be predicted if this were the case (data
not shown).

The potency order obtained in the present study (NE-
CA> R-PIA> CPA = adenosine), together with the high po-
tency of CGS 21680 observed by Lewis et al. (1994) is
consistent with activation of A2. receptors by these agonists.
However, the agonist dependency of blockade by the PI pur-
inoceptor antagonist, 8-SPT noted here and in the previous
study suggests that the population of receptors in the rat aorta
is not a homogenous one. 8-SPT (10-100 gM) right-shifted
NECA E/[A] curves in a manner consistent with simple com-
petition and the pKB value estimated for 8-SPT (5.23 + 0.16) is
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Figure 5 Concentration-response curves to (a) NECA, (b) R-PIA, (c) CPA and (d) adenosine in the rat isolated aorta in the
absence (0) and presence of PD 115,199 0.1 yM (0) and 1 uM (0). Data points are average responses (% relaxation of
phenylephrine-induced contraction) and the lines through the data were generated by use of the average logistic fitting parameters.
Average p[A]50 and a values are marked, together with their associated s.e.mean (n=3-6).

consistent with its affinity at rat striatal A2a receptors (4.8,
Bruns et al., 1986). Similarly, the A2a selective antagonist PD
115,199 (0.1 gM) right-shifted E/[A] curves to NECA giving a

pA2 of 7.50+0.19 which is consistent with its Ki at the high
affinity A2 receptor in rat striatal membranes (15.5 nM, Bruns
et al., 1987). The reason for the lack of further shift ofNECA
E/[A] curves in the presence of a 10 fold higher concentration
of PD 115,199, is unclear, but is unlikely to be due to limited
solubility at this concentration since, in the rat colon, con-
tractile responses to NECA (mediated via Al receptors) were

antagonized by both 0.1 and 1 gM and the right shifts obtained
at these concentrations yielded pA2 estimated which were not
significantly different. In the light of the anomolous results
obtained with PD 115,199 in the rat aorta, we chose to in-
vestigate the effects of a relatively new A2a selective antagonist
ZM 241385. This compound over a wide concentration range
(3 nM-0.3 pM) antagonized responses to NECA in the rat
aorta in a manner consistent with simple competition, yielding
a pKB value of 8.73+0.11 which is close to the pA2 value

obtained for this compound at A2, receptors in the guinea-pig
Langendorff heart (8.57, Poucher et al., 1995). The demon-
stration that the A2. selective agonist CGS 21680 behaves as a
partial agonist in this tissue (Lewis et al., 1994) allowed the use
of this compound as an antagonist of A2a receptors. The large
rightward shift (dose-ratio> 100) of NECA E/[A] curves af-
forded by CGS 21680 is consistent with its binding affinity at
the A2a receptor in rat striatum (15 nM, Jacobson et al., 1995).
These data confirm the conclusions of Lewis et al. (1994) that
there are A2a receptors, which are activated by NECA, med-
iating relaxations in the rat isolated aorta.

Responses to R-PIA were resistant to blockade by CGS
21680 and responses to both CPA and R-PIA were resistant to
blockade by ZM 241385 suggesting that these agonists activate
an additional site distinct from the A2 receptor. There were,
however, small rightward shifts of E/[A] curves to these two
agonists in the presence of 8-SPT and PD 115,199. Although 8-
SPT is generally regarded as non-selective, Bruns et al. (1986)
obtained a 12 fold selectivity for A2b over A2, receptors for this
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Figure 6 Concentration-response curves in the rat isolated aorta to (a) NECA in the absence (0) and presence of ZM 241385 3 nM
(0), lOnM (M), 30nM (Z), 0.1 M (A) and 0.3Mm (A) and (b) R-PIA, (c) CPA and (d) adenosine in the absence (0) and presence
of ZM 241385 0.1 gM (0). Data points are average responses (% relaxation of phenylephrine-induced contraction) and the lines
through the data were generated by use of the average logistic fitting parameters. Average p[A]50 and a values are marked, together
with their associated s.e.mean (n=3-6).

compound and, according to Brackett & Daly (1995), PD
115,199 is only 5 fold selective for Au over A2b receptors. At
the concentrations used in the present study, both antagonists
are, therefore, likely to afford A2b receptor blockade. It may be
that the small shifts of E/[A] curves to CPA and R-PIA are
indicative of activation of A2b receptors by these agonists.
Since NECA has an affinity at A2a receptors some 250 fold
higher than at A2b receptors (Bruns et al., 1986), antagonism of
Au receptor-mediated NECA responses would probably not
be compromised by the presence of a small A2b receptor po-
pulation. If the responses to CPA and R-PIA were entirely A2b
receptor mediated then the shifts of E/[A] curves to these
agonists afforded by 8-SPT would be at least as large as the
NECA E/[A] curve shifts obtained in the presence of this an-
tagonist. This was clearly not the case. The results may instead
by explained by activation of A2a receptors alone by NECA
and of A2b receptors and an additional site by R-PIA and CPA.

E/[A] curves to adenosine were not significantly right-shift-
ed by 8-SPT, PD 115,199 or ZM 241385, although there was
an increase in the midpoint slope parameter in the presence of
these antagonists. These results may be accounted for by ac-
tivation of A2. receptors at the lower concentrations of ade-
nosine with this compound behaving as a partial agonist, and
of the postulated undefined site at the higher concentrations of
adenosine used. This combination of receptor activation would
result in shallow E/[A] curves which may or may not be overtly
biphasic. In this study E/[A] curves to adenosine, though not
obviously biphasic, were indeed shallow with respect to R-PIA
and CPA E/[A] curves. The undefined site is apparently re-
sistant to blockade by 8-SPT, PD 115,199 and ZM 241385, so
that in the presence of any of these antagonists the A2 receptor
mediated component of the adenosine EllA] curve will be an-
tagonized leaving E/(A] curves mediated via the undefined site
alone and the midpoint slope parameter of E/[A] will be in-
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Figure 8 Concentration-response curves to R-PIA in the absence
(0) and presence of BWA1433 100gM (0). Data points are average
responses (% relaxation of phenylephrine contraction) and the lines
through the data were generated by use of the average logistic fitting
parameters. Average p[A]50 and a values are marked, together with
their associated s.e.mean (n=4-7).
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Figure 7 Concentration-response curves to (a) NECA and (b) R-
PIA in the rat isolated aorta in the absence (0) and presence (0) of
1 M CGS 21680. Data points are average responses (% relaxation of
phenylephrine-induced contraction) and, where possible, the lines
through the data were generated by use of the average logistic fitting
parameters except in the case of NECA in the presence of CGS
21680. Average p[A]Jo and a values are marked, together with their
associated s.e.mean (n = 5-7).

creased accordingly. The suggestion that the natural ligand,
adenosine, may behave as a partial agonist at the A2, receptor
is not without precedent, since Cristalli et al. (1994) found that
adenosine behaved as a partial agonist with respect to NECA
at Au, receptors on human platelets.

The right-shift ofNECA E/[A] curves obtained both in the
absence of endothelium and in the presence of L-NAME
clearly suggests that the A2. receptors are located, at least in
part, on the endothelium. The fact that the pA2 estimates for 8-
SPT obtained in the absence or presence ofL-NAME were not
significantly different suggests that the residual NECA re-
sponse in the presence of L-NAME is also mediated by AU
receptors but it is not possible to say whether they are located
on the endothelium or the smooth muscle. The absence of any
right-shift of E/[A] curves to R-PIA either in the absence of

-6 -5 -4 -3
[IB-MECA] log M

Figure 9 Concentration-response curves to IB-MECA in the absence
(0) and presence of 8-SPT 50gM (0). Data points are average
responses (% relaxation of phenylephrine-induced contraction) and
the lines through the data were generated by use of the average
logistic fitting parameters. Average p[A]m and a values are marked,
together with their associated s.e.mean (n=4).

endothelium or in the presence of L-NAME and the lack of
any appreciable further shift of either CPA or R-PIA E/[A]
curves when 8-SPT was co-incubated with L-NAME sub-
stantiates the suggestion that these compounds activate an
undefined site, and suggests that it is not located on the en-
dothelium. The apparent steepening of the E/[A] curves to
adenosine in the presence of L-NAME adds credence to the
suggestion that the A2, receptors are located on the en-
dothelium whereas the undefined site is not.

Assuming adenosine, R-PIA and CPA do activate the sec-
ond site in the presence of A2A/A2b receptor blockade (50 LM 8-
SPT, or 1 uM CGS 21680), and assuming that the p[A150 values
estimated for these agonists under these conditions reflect the
potency of these agonists at the second site, then an agonist
potency order at the postulated site can be surmised (ap-
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proximate p[A]50 in parentheses): R-PIA (5.6)> CPA
(4.3)> adenosine (4.2)> NECA (<4). The relatively high po-
tency of the N6-substituted compounds coupled with the re-
sistance to blockade by 8-SPT, PD 115,199 and ZM 241385
could imply that A3 receptors are involved, since N6 substitu-
tion of adenosine analogues tends to improve affinity at A3
receptors and rat A3 receptors are resistant to blockade to
these by all but a few xanthine based antagonists (Jacobson et
al., 1995). However, the small shift of R-PIA E/[A] curves
obtained in the presence of BWA1433 (0.1 mM) was not con-
sistent with the affinity of this antagonist obtained at rat A3
receptors. Also IB-MECA elicited relaxant responses in the rat
aorta which were not susceptible to blockade by 8-SPT
(50 gM), but the potency of this agonist was low
(p[A]50= 5.26). Although the p[A]50 value for an agonist may
be greater than its pKA value (ie a high efficacy agonist), in
theory the p[A]5o value may be approximately equal to (ie a
low efficacy agonist) but not substantially less than the pKA
value. The observed potency of IB-MECA is, therefore, not
consistent with its affinity of 1.1 nm obtained at rat A3 re-
ceptors (Jacobson et al., 1995). In fact, whereas in the present
study CPA and IB-MECA were approximately equipotent, at
rat A3 receptors IB-MECA has an affinity approximately 100
fold greater than that of CPA (Jacobson et al., 1995). Al-
though we were unable to obtain an absolute potency value for
NECA at the undefined site, it is clear from the shift of the

NECA E/[A] curve in the presence of CGS 21680 (1 gM) that
the p[A]50 value for NECA at this site must be in excess of 4.
NECA has been found to have an affinity at A3 receptors of
0.11IIM (Jacobson et al., 1995) which, again, is hard to re-
concile with such a low potency at the undefined site. It is
therefore unlikely that the additional site in the rat aorta
mediating relaxations is the A3 receptor.

It has been found that adenosine and some of its analogues
are able to produce xanthine-resistant relaxations in other
smooth muscle preparations: Brackett and Daly (1991) noted
xanthine-resistant relaxations to NECA in the guinea-pig iso-
lated trachea; Collis & Brown (1983) and Martin (1992) de-
monstrated relaxations of guinea-pig aorta to high
concentrations of adenosine and analogues that were re-
fractory to 8-phenyltheophylline (8-PT); Prentice et al. (1995)
noted that adenosine and NECA induced relaxations of gui-
nea-pig taenia caecum which were resistant to blockade by
both 8-PT and DPCPX. It may be that all of these relaxant
responses are mediated by a site similar to the, as yet, un-
defined site in the rat isolated aorta.

This work was funded by The Wellcome Trust (reference 040677).
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