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1 Adenosine receptor(s) mediating negative inotropy of paced left atria, isoprenaline-stimulated
paced left atria and papillary muscles, and negative chronotropy of spontaneously beating right atria
were characterized.

2 Isometric tension of guinea-pig isolated paced left atria and left ventricular papillary muscles and
rate of contraction of spontaneously beating right atria were recorded. Papillary muscles were pre-
stimulated with isoprenaline (161078

M). Concentration-response curves (CRCs) for tension or rate
reduction by N6-cyclopentyladenosine (CPA), the stereoisomers of N6-(2-phenylisopropyl)adenosine
((+)-PIA and (7)-PIA), 5'-(N-carboxamido)adenosine (NECA), N6-2-(4-aminophenyl)ethyladeno-
sine (APNEA) and N6-(3-iodobenzyl)adenosine-5'-N-methyuromide (IB-MECA) revealed a potency
order of CPA=(7)-PIA4NECA in right atria and papillary muscles, which is consistent with
involvement of A1-receptors. The potency order in left atria was CPA=NECA4(7)-PIA4(+)-
PIA4APNEA, which is not typical of A1 adenosine receptors. Weak activity of APNEA and IB-
MECA discounts involvement of A3 receptors.

3 pA2 values for the antagonism of CPA by 8(p-sulfophenyl)theophylline (8-SPT) were calculated
from Schild plots (log concentration-ratio against log 8-SPT concentration), the unity slopes of
which indicated competitive antagonism. The pA2 value in the papillary muscles was signi®cantly
higher than for atrial preparations, indicating a possible di�erence in receptor characteristics
between atrial and papillary muscle responses.

4 In left and right atria there was a limit to the displacement of the CPA CRCs at higher
concentrations of 8-SPT. The 8-SPT-resistant component of the response is suggested to arise from
duality of coupling of a common A1 receptor through either di�erent G proteins or G protein
subunits to independent transduction pathways. The results with papillary muscles can be explained
by a typical A1 receptor coupled to a single transduction pathway.
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Introduction

The P1-purinoceptor subtype mediating negative inotropy in
left atria and negative chronotropy in right atria of the guinea-

pig is generally regarded as belonging to the A1-receptor
subtype (Brown et al., 1982; Collis, 1983; BoÈ hm et al., 1985;
Leung et al., 1986, Collis et al., 1989: Jahnel & Nawrath, 1989;
Taw®k-Schlieper et al., 1989; von der Leyen et al., 1989;

Wilken et al., 1990). There are few studies on the purinoceptor
subtype mediating the indirect anti-adrenergic negative
inotropy seen in ventricular muscle preparations of the

guinea-pig (von der Leyen et al., 1989).
However, anomalies exist in both the agonist potency

orders and antagonist pro®les for functional responses in

isolated cardiac preparations. For example, 5'-(N-ethylcarbox-
amido)adenosine (NECA) and (7)-N6-(phenylisopropyl)ade-
nosine ((7)-PIA) show little di�erence in potency (Ribeiro &
Sebastiao, 1986) whereas (7)-PIA would be expected to have

greater potency for an A1-receptor-mediated response. Both 8-
phenyltheophylline (8-PT) (Urquhart, 1990) and cyclopen-
tyltheophylline (CPT) (Ford & Broadley, 1997) have been

shown in this laboratory to exhibit a limit in their antagonism
of the functional responses of (7)-PIA and N6-cyclopentyla-

denosine (CPA), respectively, as the concentration of
antagonist is increased in naõÈ ve left and right atria. This
observation suggests that these responses may be mediated by
an atypical A1-receptor peculiar to cardiac tissue or by a

heterogeneous population of A1-receptor subtypes. The limit
in antagonism seen with both of these adenosine receptor
antagonist could also be due to a limit in their solubility.

This study therefore had three aims. The ®rst aim was to
clarify the agonist potency order in guinea-pig isolated
atrial preparations with the inclusion of the A1/A3 selective

agonist N6-2-(4-aminophenyl)ethyladenosine (APNEA) and in
left atria the A3-selective agonist N6-(3-iodobenzyl)-5'-N-
methyluronamide (IB-MECA) (Gallo-Rodriguez et al., 1994).
The second aim was to determine the potency order of

adenosine-receptor agonists in guinea-pig papillary muscles
stimulated by isoprenaline (ISO). Finally, the inhibition of
responses to the selective A1 agonist CPA by the non-selective

adenosine receptor antagonist 8(p-sulfophenyl)theophylline
(8-SPT) was investigated in a wider range of cardiac tissues*Author for correspondence; E-mail: BroadleyKJ@Cardi�.ac.uk
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(naõÈ ve and ISO-stimulated left atria, naõÈ ve right atria and ISO-
stimulated left papillary muscles) than used in any single
previous study. 8-SPT is relatively soluble in water and

therefore higher concentrations can be employed in the
determination of any limit to antagonism, compared for
example with the potent selective antagonist DPCPX (von der
Leyen et al., 1989). Also, due to its polar nature 8-SPT

penetrates cells to a lesser extent than other P1 receptor
antagonists (Bruns et al., 1980; Petrack et al., 1981; Daly,
1982) and this minimizes the possibility of interference from

phosphodiesterase inhibitory e�ects (Ukena et al., 1993)
commonly seen with other adenosine receptor antagonists.

Methods

Tissue preparation

Male Dunkin-Hartley guinea-pigs (250 ± 300 g) were killed by a
blow to the back of the head followed by exsanguination under

running water. The guidelines for the care and use of laboratory
animals were followed according to the Animals (Scienti®c
Procedures) Act 1986. The rib cage was removed to expose the

heart. The right atrium was removed ®rst as follows.
The pericardium was removed and the ventricular apex was

clamped with a pair of Spencer-Wells forceps. The right atrium

was removed complete with the sino-atrial (SA) node using
cottons tied to the superior vena cava which attached the tissue
to an isometric force transducer (type UF1, 57 g sensitivity

range). Two cotton threads attached to the inferior vena cava
and atrioventricular junction were used to secure the atrium to
a stainless steel support. The right atrium was then placed in a
tissue bath and resting diastolic tension was set at 0.8 ± 1.0 g.

Left atria were then removed from the quiescent heart by
means of cotton threads attached to the tip of the left atrial
appendage and atrioventricular junction. The latter thread

attached the atrium to the electrode tips of a Harvard bipolar
platinum electrode and the ®rst thread was attached to an
isometric transducer (type UF1, 57 g sensitivity range). A

resting diastolic tension of 0.5 ± 1.0 g was then applied.
After removal of the left atria, a discrete papillary muscle

from the left ventricle was exposed by cutting along the
interventricular septum. A cotton thread was then placed

around the chordae tendineae of the papillary muscle and
another through its apical end. The papillary muscle was then
dissected free of the ventricle. The cotton attached around the

chordae tendineae was then attached to an isometric transducer
(type UF1, 57 g sensitivity range) with the cotton through its
apical end holding it in close contact with bipolar platinum

electrodes. A resting tension of 0.4 ± 0.6 g was then applied. All
tissues were set up in 50 ml organ baths containing pre-
warmed Krebs-bicarbonate bu�er gassed with 95% O2 / 5%

CO2 and maintained at 37+0.58C.
The tensions developed by both atria and papillary muscles

were measured and displayed on an 8-channel Devices MT8P
polygraph. Left atria and papillary muscles were electrically

stimulated at 2 Hz using square pulse waves, of 5 msec duration
at threshold voltage+50%, delivered by a Harvard 50 ± 72
stimulator. The parameters used for electrical stimulation have

previously been shown to drive cardiac tissue without causing
signi®cant autonomic transmitter releases, when delivered by
electrodes in direct contact with the tissue (Koch-Weser and

Blinks 1963). Right atrial preparations were allowed to beat
spontaneously and the rate of beating continuously measured
electronically, using aDevices (model 4522) rate meter triggered
by the signal from the isometric transducer.

Experimental protocol

The Krebs bicarbonate solution was made up in double

distilled water and had the following composition in (mM):
NaCl 118.0, KCl 4.7, CaCl2 2H2O 2.5, MgSO4 7H2O 1.2,
NaHCO3 24.9, KH2PO4.2H2O 1.2, glucose 11.6. All reagents
were of Analar standard (Fisons). An equilibration period of

60 min was allowed before commencement of an experimental
protocol. During this period, the bathing Krebs solution was
replaced with fresh Krebs every 15 min.

Some experiments with left atria and all those with left
papillary muscles, involved pre-stimulating the tissue with
isoprenaline (ISO). In order to determine a suitable submax-

imal dose of ISO, cumulative concentration-response curves
(CRCs) to ISO were constructed in both tissues (data not
shown). The submaximal concentration chosen to pre-

stimulate left atria and papillary muscles was 161078
M. This

concentration produced an approximate 50% increase in
resting developed tension in both preparations. ISO was added
45 min into the equilibration period and the developed tension

was allowed to stabilize before construction of CRCs.
After the 60 min equilibration period, cumulative additions

of half-logarithmic increases in concentration of agonist, in the

case of left and right atria, allowed the construction of CRCs.
In the case of left papillary muscles, agonists were added in
logarithmic increments of concentration. Enough time was

allowed for each response to plateau before a subsequent
agonist concentration was added. Wherever possible the
volume of individual boluses of agonists added to the bath

did not exceed 0.3 ml. Only one concentration-response curve
was constructed in an individual tissue.

When the antagonist 8-(p-sulfophenyl)theophylline was
used, it was added to the tissue after 30 min of equilibration.

The antagonist was then left in contact with the tissue for a
further 30 min without changes in the bathing solution.
Agonist CRCs were then constructed in the presence of the

antagonist as described above.

Data and statistical analysis

Agonist studies In atrial preparations, responses were de-
termined as % inhibition of resting tension or rate and are
reported as mean+s.e.mean (n54). IC50 values (molar con-

centration producing a 50% fall in basal tension or rate) were
calculated from the individual CRCs to each agonist. Since in
the papillary muscle, the agonists only exert an indirect nega-

tive inotropy against ISO prestimulation, responses were
measured as the reduction of tension and expressed as a per-
centage of the isoprenaline-induced increase in tension. Since

not all agonists caused a 50% reduction of the ISO-induced
increases in tension, IC35 values (molar concentration produ-
cing a 35% fall in the ISO-induced increase in tension) were

determined for each agonist. IC50 and IC35 values are expressed
as the geometric mean with 95% con®dence limits in par-
enthesis. Orders of potency were determined by ®rstly per-
forming a one-way analysis of variance. If this test showed

statistical di�erences between population means at a 95% level
then it was followed by Duncan's multiple range test (Duncan,
1955; Kramer, 1956) to determine where statistical di�erences

between means lay at a 95% level.

Antagonist studies The antagonism of N6-cyclopentyladeno-

sine (CPA) by 8(p-sulfophenyl) theophylline (8-SPT) treatment
was determined by calculating a pA2 value as follows: A
concentration-ratio (CR) was determined for each antagonist
concentration used, by dividing the individual IC50 value of the
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agonist in the presence of the antagonist by the mean value
obtained in its absence. In the papillary muscle, all responses
were calculated as a percentage of the isoprenaline-induced

increase in tension. Also, IC20 values (molar concentration
producing 20% of the maximum inhibition of the initial
tension or rate) were used to calculated CRs for the
antagonism of CPA by 8-SPT rather than IC50 values. This

was due to the fact that at high concentrations of 8-SPT full
concentration-response curves to CPA could not be con-
structed (see Figure 3D).

The mean CR was then plotted as log10 (CR-1) against log
antagonist molar concentration according to the method of
Arunlakshana & Schild (1959). Lines of best ®t, together with

their correlation coe�cients, were then estimated using linear
regression analysis (Bolton, 1990). The pA2 value was estimated
together with the 95% con®dence interval, by extrapolation

using the equation generated by linear regression analysis to
®nd the intercept of the x-axis (log molar concentration of
antagonist). The slope of the plot was then tested to determine
if it varied signi®cantly from unity (Bolton, 1990).

To compare statistically the pA2 values for the antagonism
between 8-SPT and CPA in di�erent tissues, apparent pA2

values were calculated for individual data points according to

the method of Mackay (1978). In this method of pA2

estimation, the antagonism is assumed to be competitive and
therefore the slope of the Schild plot will be unity. The

following equation can then be applied:

Log �antagonist� � log�CRÿ 1� � pA2

The entire set of pA2 values for all tissues were compared by a
one-way ANOVA followed by an unpaired Students t-test. The
results were taken to be signi®cant if P50.05.

Drugs and solutions

The drugs used were: N6-2-(4-aminophenyl)ethyladenosine
(APNEA) (Semat), N6-cyclopentyladenosine (CPA) (Sigma),
N6-(3-iodobenzyl)adenosine-5'-N-methyuromide (IB-MECA)
(GlaxoWellcome, Stevenage, U.K.), (7)-isoprenaline acid

tartrate (Sigma), 5'-(N-ethylcarboximido)adenosine (NECA)
(Sigma), (7)-N6-phenylisopropyladenosine (7)-PIA (Sigma),
(+)-N6-phenylisopropyladenosine (+)-PIA (Sigma), 8-(p-

sulfophenyl)theophylline (8-SPT) (Semat).
IB-MECA was a kind gift from Dr Julian Reeves,

GlaxoWellcome research, Stevenage, U.K. 8-SPT was dis-

solved and diluted in distilled water. APNEA, CPA, IB-
MECA, NECA, (7)-PIA and (+)-PIA were all initially
dissolved in polyethylene glycol 400 (PEG, Sigma) : water

(50 : 50%). Subsequent dilutions were made in distilled water.

Results

Agonist studies

In guinea-pig left atria all agonists caused a concentration-
dependent negative inotropy (Figure 1A). The maximum
inhibitions of initial tension together with IC50 values for each

agonist are reported in Table 1. The rank order of potency
was:

CPA � NECA > �ÿ� ÿ PIA > ��� ÿ PIA > APNEA

IB-MECA was the least potent agonist but it was not possible

to calculate an IC50 value since it had minimal e�ect on left
atrial tension, producing only 22.3+2.7% inhibition at the
highest concentration used (161075

M).

In guinea-pig right atria, all agonists caused a concentra-
tion-dependent negative chronotropy (Figure 1B). The
maximum inhibitions of initial rate together with IC50 values

for each agonist are reported in Table 1. The rank order of
potency was:

CPA � �ÿ� ÿ PIA > NECA > ��� ÿ PIA > APNEA

In ISO-stimulated papillary muscles, all agonists caused a
concentration-dependent negative inotropy (Figure 1C). The
maximum inhibitions of the ISO-stimulated increases in

tension together with IC35 values for each agonist are reported
in Table 1. The rank order of potency was:

CPA � �ÿ� ÿ PIA > NECA � APNEA � ��� ÿ PIA

Antagonist studies

Increasing concentrations of 8-SPT caused concentration-
dependent rightward shifts of the CPA concentration-response

Figure 1 Mean concentration-response curves (n54) for the
inhibition of (A) left atrial tension, (B) right atrial rate, (C) ISO-
stimulated increase in papillary muscle tension by CPA (&), (7)-PIA
(!), NECA (^), (+)-PIA (~), APNEA (*) and IB-MECA (X).
Each point is the mean reduction of tension or rate. Vertical bars
represent the s.e.mean, their absence indicating they lie within the
symbol.
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curves in all preparations (Figure 2). 8-SPT had no signi®cant
e�ect on maximum response to CPA at all concentrations
studied in the left atria.

Schild regression analysis of the interaction between
CPA and 8-SPT in all the preparations revealed plots
where the data ®tted a linear model (Figure 3). None of
the regression slopes were signi®cantly di�erent from unity.

In the left and right atria, because concentration-ratios did
not increase with increase in antagonist concentration, it
appeared that a better ®t may be obtained by removal of

points at higher concentrations of 8-SPT. Further regres-
sion analysis is therefore shown in Figure 3A, B and C in
which the top two points were omitted. The gradients and

r2 values estimated from both regression plots are reported
in Table 2 together with pA2 values derived from all
points.

As none of the Schild regression gradients signi®cantly
varied from unity, pA2 values were calculated for individual
concentrations of 8-SPT according to the method of Mackay

(1978). These values and the corresponding concentration-
ratios (as log10 (CR-1)) are shown in Table 3. The
concentration-ratios increased as concentration of antagonist
was increased up to 361074

M, or 161074
M in naõÈ ve right

atria. However, above this concentration there was no
signi®cant increase in the concentration-ratios of left and right
atria. As a consequence, the highest concentration of 8-SPT

yielded signi®cantly lower pA2 values than with the other
concentrations. In the case of the papillary muscle, however,
there were progressive increases in the shift of the concentra-

tion-response curves and all concentrations of 8-SPT yielded
similar pA2 values. Furthermore, the Schild plot was plotted
for all points only with the papillary muscle.

Figure 2 Mean concentration-response curves (n54) for the inhibition of (A) left atrial tension, (B) right atrial rate, (C) ISO-
stimulated left atrial tension, (D) ISO-stimulated increase in papillary muscle tension by CPA in the absence (&) and presence of 8-
SPT; 1076 (*), 361076

M (X), 1075
M (~), 1074

M (!), 361074
M (^), 1073

M (+). Each point is the mean reduction of
tension or rate. Vertical bars represent the s.e.mean, their absence indicating they lie within the symbol.

Table 1 IC50 and IC35 values and maxima of adenosine-receptor agonists mediating negative inotropy, in guinea-pig left atria and ISO
stimulated papillary muscles, and negative chronotropy, in guinea-pig right atria

Left atria Right atria ISO-stimulated papillary muscles

Agonist IC50

% Maximum
inhibition of tension IC50

% Maximum
inhibition of rate IC35

% Maximum
inhibition of tension

CPA
(7)-PIA
NECA
(+)-PIA
APNEA
IB-MECA

1.4 (0.5 ± 4.7)61078

1.0 (0.5 ± 2.4)61077

2.5 (1.5 ± 4.0)61078

9.1 (3.6 ± 36.0)61077

1.4 (0.3 ± 5.9)61076

N.D.*

77.0+3.4
65.0+1.6
85.0+2.2
76.0+3.6
82.0+1.8
22.3+2.7

2.4 (1.1 ± 5.2)61078

2.8 (1.8 ± 4.7)61078

2.3 (1.0 ± 8.0)61077

5.6 (2.0 ± 15.0)61076

7.7 (2.8 ± 21.0)61076

N.D.

67.0+1.2
46.0+3.1
50.0+3.4
58.0+5.4
47.0+2.7
N.D.

2.0 (0.6 ± 7.0)61077

2.5 (0.7 ± 7.9)61077

1.2 (0.4 ± 3.4)61076

2.9 (0.9 ± 9.1)61076

2.2 (1.8 ± 5.7)61076

N.D.

69.0+7.6
75.0+6.5
65.0+6.9
65.0+7.7
52.0+4.9
N.D.

IC50 and IC35 values are expressed as geometric means with 95% con®dence intervals in parenthesis. Maximum responses are expressed
as mean % inhibition of initial tension or rate+s.e.mean. N.D.=not determined. *An IC50 value was not determined for IB-MECA in
guinea-pig left atria since the inhibition failed to reach the 50% level.
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Discussion

The traditional concept is of cardiac P1 purinoceptors being of

the A1-subtype (Collis, 1983; Evans et al., 1982), where an
agonist potency order of CPA4(7)-PIA5NECA is expected
(Collis & Hourani, 1993). In right atria and papillary muscles,
the potency orders obtained were CPA=(7)-PIA4NECA,

which is consistent with the receptor being of the A1-subtype in
these tissues (Dalziel & Westfall, 1994).

The left atrial negative inotropic response displayed a

potency order CPA=NECA4(7)-PIA which is not typical of
the adenosine A1-receptor. The equipotency of N6-substituted
adenosine analogues (CPA and (7)-PIA) and 5'-substituted
analogues (NECA) in guinea-pig atria led to the suggestion by
Ribeiro & Sebastiao (1986) of a unique adenosine A3 receptor.

This receptor was xanthine sensitive, not coupled to adenylyl
cyclase and produced e�ects by modulating calcium entry into
cells (Ribeiro & Sebastiao, 1986). Both K+ e�ux (Belardinelli

& Isenberg, 1983; Cerbai et al., 1988; Visentin et al., 1990;
Urquhart et al., 1991; 1993) and closure of L-type calcium
channels (DeBiasi et al., 1989; Fassina et al., 1991; Jahnel et
al., 1992) have been implicated in the negative inotropic e�ects

of adenosine analogues in the guinea-pig left atria.
A more recently de®ned A3 adenosine receptor has been

cloned from sheep and rat cDNA sequences and expressed in

Chinese hamster ovary cells (Zhou et al., 1992; Linden, 1994).
This receptor is thought to mediate hypotension in pithed rats
(Fozard & Carruthers, 1993) but is distinct from that proposed

by Ribeiro & Sebastiao (1986). This receptor displays (7)-PIA
and NECA equipotency, is insensitive to most methylxanthine

Table 2 Data from Schild plots for the antagonism by 8-SPT of guinea-pig left and right atria and ISO-stimulated papillary muscle
responses to CPA

Preparation Regression line Slope r2 pA2

Left atria

Right atria

ISO-stimulated left atria

ISO-stimulated papillary muscle

All points
Bottom 3 points
All points
Bottom 3 points
All points
Bottom 4 points
All points

0.90 (0.5 ± 1.2)
1.03 (70.12 ± 2.2)
0.80 (0.5 ± 1.10)
1.03 (1.03 ± 1.03)
0.85 (0.55 ± 1.2)
0.93 (0.5 ± 1.4)
0.90 (0.5 ± 1.3)

0.96
0.99
0.95
1
0.94
0.93
0.98

5.9 (6.1 ± 5.7)

6.1 (6.3 ± 5.9)

5.7 (5.9 ± 5.5)

7.0 (7.1 ± 6.9)

Slopes and regression co-e�cients (r2) were obtained from Schild plots of log (CR-1) against log concentration (M) of 8-SPT for the
antagonist shown in Figure 3. Regression lines were drawn through all points. If there was an apparent deviation of the upper points,
regression lines were redrawn omitting these points. pA2 values were obtained from the intercept of the log M axis. Values in
parenthesis are 95% con®dence limits.

Figure 3 Schild plots for the antagonism of CPA by 8-SPT in (A) left atria, (B) right atria, (C) ISO-stimulated left atria, (D) ISO-
stimulated papillary muscle. Mean (n44) concentration-ratio (CR) for the shift of individual concentration-response curves in the
presence of 8-SPT relative to the mean curve in its absence are plotted as log (CR-1) against log concentration (M) of 8-SPT. Vertical
bars represent s.e.mean, their absence indicating that they lie within the symbol. Linear regression for all points are indicated by solid
lines. Where the higher concentrations appear to deviate from this line, further regression lines are shown (dashed lines).
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antagonists (Linden, 1994) and the agonist potency order is
APNEA4(7)-PIA=NECA4CGS21680 (Collis & Hourani,
1993). In the present study, APNEA was the least potent
agonist at mediating any of the responses studied. Further-

more, the selective A3-agonist IB-MECA (Gallo-Rodriguez et
al., 1994) was inactive up to a concentration of 361077

M and
the responses were susceptible to blockade by 8-SPT. This A3

receptor is therefore unlikely to be responsible for the negative
inotropic responses in the left atria.

In ISO-stimulated papillary muscles, CPA, NECA and (7)-

PIA were less potent than in left and right atria. These agonists
operate as functional antagonists of the isoprenaline response
through modulation of cAMP (Dobson & Schrader, 1984).

This would require an additional level of e�cacy compared
with their direct negative inotropy through K+ e�ux, which
could explain their reduced potency.

Schild analysis of the antagonism of CPA by 8-SPT

revealed linear plots with slopes not di�ering signi®cantly
from unity, indicating competitive antagonism. Closer inspec-
tion of the data, however, suggests that the antagonism of

CPA by 8-SPT may be more complex. In naõÈ ve and ISO-
stimulated left atria and naõÈ ve right atria, there was a
plateauing of the Schild plot at higher concentrations of 8-

SPT (1074
M to 1073

M), which was not observed in the ISO-
stimulated papillary muscle. This observation con®rms our
earlier studies with guinea-pig atria showing a similar
limitation in the antagonism by 8-phenyltheophylline (8-PT)

(Urquhart, 1990) and cyclopentyltheophylline (CPT) (Ford &
Broadley, 1997). Previous pA2 determinations by others in
guinea-pig atria have not revealed such limits to the

antagonism (von der Leyen et al., 1989), possibly because
poor solubility of the antagonist, in this case DPCPX,
prevented the use of high concentrations. The primary concern

in studies with 8-PT was that the lack of progressive shifts at
higher concentrations of the antagonist could have been due to
its limited solubility (Bruns & Fergus, 1989). This question of

solubility is unlikely to account for the limit in the shift of the
CRCs in the present study because 8-SPT is soluble up to a
concentration of 2.461072

M in water and secondly, a linear
Schild plot was observed in ISO-stimulated papillary muscles

up to the highest concentration of 8-SPT used.
Thus, the limit in the antagonism of CPA produced by 8-

SPT could have a number of other possible explanations.

Firstly, if either 8-SPT or CPA were substrates for an uptake
process, this would prevent all the drug molecules from
competing at the receptor (Kenakin, 1987). However, no

uptake system for 8-SPT or CPA have been reported. A lack of

further antagonism at higher concentrations might also suggest
that the response is no longer mediated via an 8-SPT-sensitive
receptor and that another receptor or subtype is mediating the
negative inotropic and chronotropic responses. Indeed,

subtypes of the adenosine A1 receptor has been hypothesized
(Gustafsson et al., 1989). Identi®cation of a second phase to
the Schild plot would require further concentrations of 8-SPT

and this would only be seen if the second receptor was sensitive
to 8-SPT.

Another possible explanation for the plateauing of the

Schild plot is that 8-SPT is acting as an allosteric antagonist,
binding to a site distinct from where the agonist exerts its
action. Clark & Mitchelson (1976) showed a linear Schild

regression for the antagonism of carbachol or acetylcholine by
gallamine in guinea-pig left and right atria over a 30 fold
concentration range with a limit occurring at high concentra-
tions. This was attributed to gallamine binding entirely to an

allosteric site (i.e. no competitive antagonism), which saturates
at high concentrations. There are no reports, however, that 8-
SPT acts as anything other than a competitive antagonist of P1

adenosine receptors.
Hence, the most likely explanation for the plateauing of the

Schild plot is the presence of a second methylxanthine resistant

mechanism mediating the negative inotropy in naõÈ ve and ISO-
stimulated left atria and naõÈ ve right atria. This may involve a
distinct receptor type or subtype or a duality in the coupling of
the same receptor to di�erent second messenger systems. The

ability of a single receptor type to produce e�ects through two
pathways is referred to as receptor-transducer promiscuity
(Kenakin, 1993). With respect to the adenosine-receptors

mediating negative inotropy in guinea-pig left atria, it would
be expected that a single adenosine receptor (of the A1-
subtype) is capable of binding at least two G-proteins. The

involvement of a single adenosine-receptor mediating both
responses is suggested by the fact that only mRNA for one A1-
adenosine receptor has been detected (Linden et al., 1993).

There is biochemical evidence that the A1-adenosine receptor
can bind with more than one G-protein, since the A1-adenosine
receptor from bovine brain co-puri®es on an agonist a�nity
column with three G-proteins, Gi1, Gi2 and Go (Munshi et al.,

1991). Alternatively, the single receptor may couple to a
common G-protein, which upon receptor activation cleaves
into its Ga and Gbg components. It now appears that it is the

Gbg subunit that directly opens the acetylcholine-gated K+

channel (IKACh) (Clapham & Neer, 1997). In the case of the
atrial (but not ventricular) A1 receptor, it is therefore

conceivable that the Ga subunit is involved in Ca2+ channel

Table 3 pA2 values estimated by the method of Mackay (1978) for the antagonism of CPA by 8-SPT, in various guinea-pig isolated
cardiac preparations

Left atria Right atria Papillary muscle
8-SPT Naive ISO-stimulated ISO-stimulated
concn (M) log10(CR-1) pA2 log10(CR-1) pA2 log10(CR-1) pA2 log10(CR-1) pA2

161076 70.34+0.39 6.04+0.21 70.24+0.07 6.07+0.15 70.04+0.08 5.96+0.08 0.89+0.20 6.9+0.2
361076

161075

161074

361074

161073

0.84+0.31
1.71+0.07
2.10+0.12
2.10+0.15n/s

5.87+0.31
5.72+0.07
5.63+0.12
5.11+0.15

0.18+0.12
0.16+0.35
1.43+0.03
2.18+0.09
2.38+0.06n/s

5.84+0.16
5.24+0.37
5.47+0.03
5.72+0.09
5.08+0.15

1.01+0.10
2.02+0.17
2.21+0.27
2.38+0.06n/s

6.03+0.08
6.02+0.17
5.63+0.12
5.23+0.06

1.96+0.06
2.47+0.28

3.7+0.36

7.0+0.1
6.5+0.3

6.7+0.4

Mean estimated
pA2

5.7+0.1 (n=20) 5.7+0.1 (n=24) 5.8+0.1 (n=20) 6.8+0.1* (n=16)

Results are reported as means+s.e.mean. All values quoted are the means of four experiments unless otherwise stated. *Denotes
signi®cant di�erence (P50.05) from all other preparations. n/s=log10(CR-1) not signi®cantly di�erent from that of the preceding
concentration of antagonist (unpaired Student's t-test).
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closure possibly via cAMP inhibition, whereas the Gbg subunit
opens the K+ channel.

Di�erent agonists could produce activated receptors with

dissimilar ability to activate G-proteins and second messenger
pathways. Thus, some agonists may activate both K+ e�ux
and Ca2+ channel closure, whereas others may only activate
one of these second messengers. The ability of di�erent

agonists to stimulate di�erent transduction pathways to
varying degrees is known as agonist tra�cking (Kenakin,
1993). Recently, the traditional model of agonist action has

been extended to explain why the same receptor can exhibit
di�erent pharmacology when coupled to di�erent e�ector
pathways i.e. promiscuous receptors (Le� et al., 1997; Clarke

& Bond, 1998). Two- or three-state receptor models of agonist
action may help explain the di�erent agonist potency orders
obtained at A1-adenosine receptors in the atria where they

appear to be coupled to calcium and potassium channels. The
same receptor may exist in di�erent conformational states for
which agonists can display di�erent a�nities. Only further
studies of the molecular nature of the atrial adenosine

receptors and their binding of antagonist and agonist would
clarify this question.

A second anomoly was that the pA2 values di�ered between
tissue preparations. Although the pA2 values for the atrial
preparations did not di�er signi®cantly (P40.05) from each

other, that for the ISO-stimulated papillary muscle was
signi®cantly (P50.05) lower than for all the atrial prepara-
tions. If the responses of all these preparations were mediated
via a single identical receptor, then identical pA2 values would

be predicted for all preparations. This evidence and the fact
that the antagonism of CPA by 8-SPT produces a linear Schild
regression with no plateauing and a unit slope, is indicative of

the negative inotropy in papillary muscles being mediated by
an adenosine receptor distinct from that in atrial tissue.
Binding studies, along with molecular sequencing of the

receptor would be required to allow the proposal of a unique
class of adenosine receptor (Fredholm et al., 1994).
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