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Inhibition by purines of the inotropic action of
isoprenaline in rat atria
P.R. Hughes & T.W. Stone
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1 The effects of a series of adenosine derivatives were examined on the catecholamine-stimulated
electrically-driven rat left atrium in vitro.
2 All the purines tested reduced the positive inotropic action of isoprenaline, 0.1 tLM, with the
potency order: L-N6-phenlylisopropyladenosine (L-PIA) > 5'-N-ethylcarboxamide adenosine
(NECA) > D-PIA > 2-chloroadenosine > adenosine. Dipyridamole did not change the IC50 of
adenosine. The adenosine deaminase inhibitor, 2'deoxycoformycin, produced a small but non-

significant shift to the left of the adenosine concentration-response curve.

3 The cardiac depressant effects of these purines were reversed by theophylline and the IC50 values
were unchanged in the presence of atropine or in atria taken from reserpine-treated rats.
4 It is concluded that the purine receptor mediating these effects should not be classified on the
Al/A2 system. The relationship between functionally characterized purine receptors and those
originally defined as modulating adenylate cyclase is discussed.

Introduction

Adenosine and related purines exert a number of
potent effects on tissues of the body including the
nervous system (Burnstock, 1981; Stone, 1981) kid-
ney (Churchill, 1982), adipose tissue (Fredholm,
1978) the vascular system (Mustafa, 1980) and the
heart. In the latter tissue adenosine has depressant
actions, producing negative chronotropic and ino-
tropic effects in various species (Drury & Szent-
Gyorgyi, 1929; de Gubareff & Sleator, 1965;
Schrader, Baumann & Gerlach, 1977; Szentmiklosi,
Nemeth, Szegi, Papp & Szekeres, 1980; Brown,
Burnstock, Cusack, Meghji & Moody, 1982; Evans,
Schendon & Bristol, 1982; Collis, 1983), though it
has recently been suggested that the mechanism of
these effects may depend on the nature of the prep-
aration. Thus the direct negative chronotropic action
of adenosine on rat atria was not associated with any
changes of cyclic adenosine 3'5'-monophosphate
(AMP) levels, whereas the antagonism by adenosine
of the positive inotropic effect of isoprenaline was
associated with a reduction of isoprenaline-
stimulated cyclic AMP production (Endoh, Maruya-
ma & Taira, 1983).
The cardiac depressant actions of adenosine can be

blocked by methylxanthines (Brown et al., 1982;
Collis, 1983) indicating that the receptor mediating
these actions is of P1 type in the classification prop-
osed by Burnstock (1978). The Pi-receptor, how-

ever, appears to encompass two receptor popula-
tions, the A1 (Van Calker, Muller & Hamprecht,
1979) or R, site (Londos, Cooper & Wolff, 1980) at
which purines cause an inhibition of adenylate cyc-
lase and the A2 or Ra site at which the cyclase is
activated (Van Calker et al., 1979; Londos et al.,
1980; Stone, 1981; 1982).
Recent attempts to determine which of these re-

ceptor populations is involved in the actions of
adenosine on the heart have studied only the intrinsi-
cally generated tension of electrically driven guinea-
pig atria (Collis, 1983). In view of the possibility that
a different mechanism of action may be involved
(Endoh et al., 1983; see above) we have in the
present study attempted to determine the type of
purine receptor associated with the antagonism of the
positive inotropic action of isoprenaline in the rat left
atrium.

Methods

Rat isolated left atria were suspended in 25 ml organ
baths, under 0.5 g tension and perfused with Krebs-
Henseleit solution containing 1.25 mM calcium gas-
sed with 95% 02 and 5% CO2 at 32°C. The solution
was superfused continuously at a rate of 3 ml min .

Electrical stimulation was delivered (1 Hz, 1 ms
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duration, supra-maximal voltage) via parallel
platinum electrodes. Tension was recorded isometri-
cally on a Devices pen recorder.

After a 60 min equilibration period, control re-
cords of the inotropic response to isoprenaline
10-7 M were obtained; isoprenaline was administered
directly into the organ bath in a volume of 0.1 ml.
Adenosine, or one of its analogues was then added to
the perfusing fluid for 40-60 min.
At the end of this time the response to isoprenaline

was re-tested. Time-related alterations in the isop-
renaline response were accounted for by using time
matched controls and applying the correction factor
technique of Hawthorn & Broadley (1982), to the
results obtained from test preparations.
Where appropriate, reserpinized atria were ob-

tained by treating rats with reserpine 10 mg kg-I i.p.
in a single dose 24 h before they were killed. The
reserpine was suspended in one drop of Tween 80
and diluted with 0.9% saline to provide an injection
volume of 1 ml kg-1.
The antagonism of the depressant effects of

purines by theophylline was studied by obtaining a
constant (equilibrium) reduction of the isoprenaline
responses using a perfused purine and then adding
theophylline into the perfusing medium and deter-
mining the percentage increase of tension. For com-
parison the effects of theophylline were also ex-
amined on isoprenaline responses in the absence of
purine agonists.
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FIgure 1 Concentration-response curves

pression of inotropic responses to isoprenal
by L-N6-phenylisopropyladenosine (L-PIA
ethylcarboxamide adenosine (NECA, U),
2-chloroadenosine (X), adenosine (0). The
the mean, and vertical bars the s.e.mean for
of experiments indicated at each point.

Table 1 IC50 values for the inhibition of the
positive inotropic effect of isoprenaline (10-7M)
by adenosine and derivatives

Compound

L-PIA
NECA
D-PIA
2-Chloroadenosine
Adenosine

ICso (JM)

0.019±0.003 (4)*
0.081 ± 0.022 (3)
0.90 ± 0.29 (3)
2.18 ±0.031 (4)

27±5.6 (4)

It was shown in separate experiments not included
in Figure 1 that all the purines could produce com-
plete inhibition of isoprenaline responses
* Mean ± s.e.mean (n)
L or D-PIA = L or D-N6-phenylisopropyl-
adenosine; NECA = 5'-N-ethylcarboxamide
adenosine.

Materials

Adenosine hemisulphate, 2-chloroadenosine, theo-
phylline, reserpine, tyramine HCI, atropine sulphate
and (±)-isoprenaline HCI were purchased from
Sigma Chemicals, and L-N6-phenyliso-
propyladenosine (L-PIA) from Boehringer.
The following were gifts of the manufacturers:
5'-N-ethylcarboxamide adenosine (Byk Gulden), D-
PIA and dipyridamole (Boehringer), 2'-deoxy-
coformycin (Warner-Lambert).

All statistical calculations of differences between
points were performed using Student's ttest.

Results

' All the purines tested in this study depressed the
,/ contractile tension developed in response to iso-

6+1 prenaline, 10- M. The compounds included
adenosine, 2-chloroadenosine, the D- and L-isomers
of N6-phenylisopropyladenosine (PIA), and 5'-N-
ethylcarboxamide adenosine (NECA). Concentra-

tion-response curves for these agents are shown in
Figure 1 and the IC50 values are summarised in

-6 10-5 l0-4 Table 1. In particular it may be noted that L-PIA was
approximately 56 times more potent than the D-
isomer. (The interpolation of IC50 values from

for the de- Figure 1 was validated in a separate series of tests

(0. 5j1N) showing that all the purines could cause complete
D-PIA (O) inhibition of the responses to isoprenaline).
:pointsshow Perfusion with dipyridamole, 10 pM did not change
the number the potency of any of the purines tested (including

adenosine).

Statistics
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Table 2 Antagonism of the cardiac depressant effects of purines by theophylline

Purine

2-Chloroadenosine
NECA
D-PIA
L-PIA

Control
Carbachol

Effect of theophylline (2 x 10-4M)
Increase of tension Increase of tension
with isoprenaline with isoprenaline

Concentration plus compound alone

2.4 x 10-6 M
9X 10-7M

1.6 x 10-6M
1.6 x 108M

2x 10 7M

96± 21.6 (4)*
137±41.6 (4)
112± 34.7 (3)
88 ± 28.3 (3)

18.5 ±4.8 (4)
15 ± 2.04 (4)
12± 2.08 (3)

11.3 ±3.38 (3)

6.7± 4.03 (4)

In order to take into account the positive inotropic effects of theophylline itself, the percentage increase by
theophylline of the contractile tension in the presence of isoprenaline (10-7 M) and purine was compared with the
effect on isoprenaline alone.
* Mean ± s.e.mean (n)
L-or D-PIA = L or D-N6-phenylisopropyladenosine; NECA = 5'-N-ethylcarboxamide adenosine.

Effects of theophylline

Theophylline, 200 lJM reversed the depressant effects
of all the purines, producing an increase of developed
tension of up to 250% of the purine depressed at-
rium, but only up to 31% increase of control iso-
prenaline stimulated tissue (Table 2). As an addition-
al control it was shown that theophylline did not
reverse the depressant effect of carbachol (0.2 gM)
on the isoprenaline-stimulated atria (Table 2).

Atropine and reserpine

Atropine was not routinely included in the perfusion
medium since there is evidence that purines may act
on acetylcholine receptors (Ewald, 1976; Akasu,
Hirai & Koketsu, 1981) and we did not wish to
preclude the possibility that their cardiac depressant
properties might be mediated through such sites.
Several separate series of experiments were there-
fore carried out including atropine (1 pM) in the
medium but the concentration-response curves and
IC50 values obtained for purines were not significant-
ly different from those shown (Figure 1 and Table 1).
The possibility was considered that part of the

positive inotropic effect of isoprenaline might be
mediated by the release of neuronal catecholamines,
which in turn would be inhibited by purine acting on
the nerve terminals (Hedqvist & Fredholm, 1979;
Ribeiro, 1979; Stone, 1981). It was also considered
that the antagonism of theophylline towards purine
agonists might reflect, in part, a release of neuronal
catecholamines (Berkowitz, Tarver & Spector, 1970;
Waldeck, 1971). Six rats were therefore pretreated
with reserpine, 10 mg kg- i.p. 24 h before they were
killed. Atria from these animals showed no response
to tyramine, 10 pM. Concentration-response curves

were generated for L-PIA and NECA in these prep-
arations but they showed no significant differences
from non-reserpinized preparations.

Deoxycoformycin

Addition of the adenosine deaminase inhibitor 2-
deoxycoformycin, 0.1 pM produced a slight shift to
the left of the concentration-response curve for
adenosine but not 2-chloroadenosine. The IC50 val-
ues for these compounds (18 ± 3.2;LM and
2.2 ± 0.14 JAM; s.e.mean, n = 4) were not significantly
different from control values (Table 1).

Discussion

In two respects the present results could be inter-
preted to indicate the existence of an A1 receptor
mediating the antagonism of isoprenaline stimulation
of the heart. Firstly L-PIA was some 56 times more
potent than D-PIA, a ratio characteristic of Al recep-
tor activation (Smellie, Daly, Dunwiddie & Hoffer,
1979; Bruns, Daly & Snyder, 1980; Stone, 1981;
1982). There is much less stereospecificity in the
activation of A2 receptors (Smellie etal., 1979; Bruns
etal., 1980).

Secondly there is only a five fold difference of
potency between L-PIA and NECA, whereas differ-
ences an order of magnitude greater than this have
been reported at A2 receptors (Bruns, 1980; Bruns et
al., 1980).
However, the order of potency of all the com-

pounds used in the present study was L-PIA >
NECA > D-PIA > 2-chloroadenosine > adenosine
whereas the order originally described by Londos et
al. (1980) for the inhibition of adenylate cyclase by
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the Ri receptor (considered equivalent to the Al
receptor) was L-PIA > adenosine > NECA. The
different position of adenosine in these schemes does
not appear to reflect a difference in uptake or
metabolism between the intact preparation used in
the present experiments and the cultured or broken
cell preparations of Van Calker et al. (1979) and
Londos et al. (1980) as even 2-chloroadenosine
proved to be weaker than L-PIA or NECA, and the
responses to adenosine were not altered by di-
pyridamole or deoxycoformycin (Agarwal, 1982).
The absence of any effect of dipyridamole is consis-
tent with the report by Hopkins & Goldie (1971) that
little adenosine uptake could be demonstrated in the
rat heart, in contrast to guinea-pig. It cannot there-
fore be concluded that the receptor mediating the
purine effects seen in the present experiments is
identical to the Ri site of Londos etal. (1980) and the
Al site of Van Calker et al. (1979).

In a study of the negative inotropic actions of
purines on the guinea-pig atrium, Collis (1983) re-
cently proposed the involvement of an Al receptor
on the basis of the large difference of potency, over
100 fold, between the isomers of PIA, and the similar
potencies of L-PIA and NECA. However, the order
of potency NECA > L-PIA = 2-chloroadenosine >
adenosine > D-PIA is very different from that used
to define the inhibitory adenosine receptor (Londos
etal., 1980).

Similar problems have arisen in other studies
where the pharmacology of purines has been ex-
amined in a functional system rather than a biochem-
ical one. For example in the anococcygeus muscle
Stone (1983) has reported the order PIA > NECA
> 2-chloroadenosine > adenosine for the inhibition
of neurally-evoked contractions. While this is not
consistent with the involvement of an Al or A2
receptor in this system it is the same order observed
in the present study. In an investigation of the iso-
lated atrium, trachea or ileum Brown et al. (1982)

have also found that NECA was more potent that
2-chloroadenosine or adenosine in causing inhibition
of contraction.

It may therefore be highly misleading to refer to
purine receptors involved in a functional response as
A1 or A2. The reason may be that the A1/A2 distinc-
tion only applies to the modulation of adenylate
cyclase activity for which the nomenclature was de-
vised. It seems clear that changes in the activity of
adenylate cyclase are not necessarily involved in the
effects of purines on the heart. Endoh et al. (1983)
have concluded that whereas in the catecholamine-
stimulated rat heart the depressant effect of
adenosine is associated with a fall of cyclase activity
(Schrader, et al., 1977), the negative chronotropic
action of adenosine is not associated with changes of
cyclase function. In the guinea-pig heart Schutz &
Tuisl (1981) have reported that although adenosine
will reduce the cyclase activation produced by
catecholamines neither L-PIA nor NECA even at 10
and 50 JAM respectively were able to alter the basal or
catecholamine-stimulated cyclase activity. Similarly
adenylate cyclase is probably not involved in the
inhibition of transmitter release (Kuroda, 1978;
Reddington & Schubert, 1979; Smellie et al., 1979;
Dunwiddie & Hoffer, 1980).
On the other hand the action of purines both on the

cardiac muscle cells and on nerve terminals probably
involves an external receptor mediating a restriction
of calcium influx (Schrader, Nees & Gerlach, 1977;
Goto, Yatani & Tsuda, 1978; Ribeiro, 1979; Ur-
thaler, Woods, James & Walker, 1981; Stone, 1981).
One interpretation of these various results then may
be that the purine receptors linked to calcium chan-
nels are pharmacologically distinct from those linked
to adenylate cyclase. If this is indeed the case, it
should prove possible to develop selective agonists
and antagonists at the different sites.

Supported by the British Heart Foundation.
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