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Adenosine inhibits the positive inotropic effect of
3-isobutyl-1-methylxanthine in papillary muscles
without effect on cyclic AMP or cyclic GMP
1 Michael Bohm, Reinhard Bruckner, Joachim Neumann, Monika Nose,
2 Wilhelm Schmitz & Hasso Scholz

Abteilung Allgemeine Pharmakologie, Universitats-Krankenhaus Eppendorf, Universitdt Hamburg,
Martinistrasse 52, D-2000 Hamburg 20, F.R.G.

1 Adenosine and the adenosine receptor agonist (-)-N6-phenylisopropyladenosine (PIA) produc-
ed a small positive and negative inotropic effect, respectively, in isolated electrically driven papillary
muscles of guinea-pigs.
2 Adenosine (100 pmol -') had no effect on cyclic AMP or cyclic GMP content. PIA
(1 00 Ymol I1) slightly increased cyclic AMP.
3 In the presence of 3-isobutyl-1-methylxanthine (IBMX; 6OPmollP1), which increased force of
contraction 2 fold, adenosine and PIA exerted strong negative inotropic effects. PIA was more

potent than adenosine (mean IC25 2.1 and 168 pmol -1
, respectively).

4 In contrast, the nucleosides did not affect the increase in force of contraction produced by
elevating extracellular Ca2+ concentration.
5 The IBMX-antagonistic effects of adenosine and PIA were not accompanied by modification of
the IBMX-induced increase in cyclic AMP and cyclic GMP.
6 The effects of adenosine and PIA on force of contraction were accompanied by a partial reversal
of the IBMX-induced increase in the maximal rate of depolarization of slow action potentials.
7 It is concluded that adenosine and PIA are able to attenuate the positive inotropic effect of a

phosphodiesterase inhibitor. This effect is unlikely to be due to a reduction of the IBMX-induced
increase in cyclic AMP content. It is conceivably due to an inhibition of the stimulant action of
cyclic AMP on slow Ca2+ channels leading to the reduction of the slow inward current which in
turn reduces force of contraction.

Introduction

Adenosine has been shown to antagonize the posi-
tive inotropic effects of f-sympathomimetic agents,
e.g. of isoprenaline in various heart preparations
(Schrader et al., 1977; Dobson, 1978; 1983; Hughes
& Stone, 1983; Bohm et al., 1984; 1985a, b, c). Since
increased amounts of adenosine are released from
the heart during isoprenaline stimulation it has been
suggested that adenosine may play a physiological
role as a negative feed-back regulator protecting the
heart against excessive sympathetic stimulation
(Schrader et al., 1977; Dobson, 1978). The mecha-
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nism of the interaction between adenosine and iso-
prenaline is still a matter of debate. Some workers
have attributed it to an inhibition of the
isoprenaline-stimulated adenylate cyclase activity
with a subsequent reduction of the myocardial cyclic
AMP content (Schrader et al., 1977; Dobson, 1978).
However, an additive stimulatory effect of adenosine
on the cyclic AMP content (Huang & Drummond,
1978) as well as no effect of adenosine on cyclic
AMP levels (Schmitz et al., 1981; Bohm et al., 1984)
have also been reported. In addition, adenosine has
as yet been reported to elicit negative inotropic
effects in ventricular preparations only if force of
contraction has been increased by agents that stimu-
late adenylate cyclase activity and hence increase
myocardial cyclic AMP content (Baumann et al.,
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1981). For instance the effects of the adenylate
cyclase stimulating agents dopamine and histamine,
like the effects of isoprenaline, are also antagonized,
while the Ca2"-induced positive inotropic effect is
not affected by adenosine (Dobson et al., 1980;
Baumann et al., 1981; Bohm et al., 1984). Therefore,
it has been proposed that adenosine may exert its
negative inotropic effect by inhibiting a late step in
the series of events by which hormones induce acti-
vation of adenylate cyclase (Baumann et al., 1981).
The present experiments were performed to inves-

tigate whether or not a positive inotropic effect
evoked by phosphodiesterase inhibition (and not by
adenylate cyclase stimulation) can also be antago-
nized by adenosine. Therefore, we investigated the
effects of adenosine on the positive inotropic and
cyclic AMP elevating effects of the phosphodiester-
ase inhibitor 3-isobutyl-1-methylxanthine (IBMX) in
isolated electrically driven papillary muscles from
guinea-pig hearts. Cyclic GMP content was also
measured because negative inotropic effects have
been attributed to increased cyclic GMP levels (see
Goldberg et al., 1975; Nawrath et al., 1981). Further-
more, the effects of the drugs on normal and slow
action potentials were also investigated. In order
to characterize further the cardiac effects of adeno-
sine the adenosine derivative (-)-N6-phenyl-
isopropyladenosine (PIA) which is an agonist at
cardiac adenosine receptors located at the external
surface of the cell membrane (Hosey et al., 1984;
Lohse et al., 1985; Bohm et al., 1985a; Bruckner et
al., 1985a; Schmitz et al., 1985) was also studied.
Parts of the results have been reported in a prelimi-
nary communication (Neumann et al., 1984).

Methods

Contractileforce and action potential measurements

These experiments were performed on electrically
driven papillary muscles isolated from the right ven-
tricles of guinea-pig hearts. In order to exclude any
interference from endogenous catecholamines the
animals were pretreated with reserpine (5mgkg-1,
i.p., 16-18h before they were killed). The animals
(either sex; 250-360g) were killed by a blow on the
head and bled from the carotid arteries. Their hearts
were quickly excised and the papillary muscles
(diameter <1.0 mm, length 3-6mm) were dissected
from the hearts in aerated bathing solution
(composition see below) at room temperature. The
preparations were attached to a bipolar platinum
stimulating electrode and suspended individually in
glass tissue chambers for recording isometric con-
tractions (for further details see Bohm et al., 1984).
The bathing solution (10ml) was a modified Tyrode

solution containing (mmol I 1): NaCl 119.8, KCl 5.4,
CaC12 1.8, MgCl2 1.05, NaH2PO4 0.42, NaHCO3
22.6, Na2EDTA 0.05, ascorbic acid 0.28, glucose 5.0.
It was continuously gassed with 95% 2 :5% CO2
and maintained at 35°C; the pH was 7.4. The force
of contraction was measured with an inductive force
transducer (W. Fleck, Mainz, FRG) attached to a
Hellige Helco Scriptor recorder. Each muscle was
stretched to the length at which force of contraction
was maximal. The resting force (approximately
5 mN) was kept constant throughout the experiment.
The preparations were electrically paced at 1 Hz with
rectangular pulses of 5 ms duration (Grass stimulator
SD 9); the voltage was about 20% greater than
threshold.

All preparations were allowed to equilibrate in
drug-free bathing solution until complete mechanical
stabilization had been achieved. All drugs were
freshly dissolved in pre-warmed and pre-aerated
bathing solution. Concentration-dependent mechani-
cal effects of adenosine or PIA in the presence of
IBMX were obtained in the following manner. First
the muscle preparations were exposed to IBMX for
15 min. Maintaining the concentration of IBMX
constant, adenosine or PIA were added cumula-
tively. The time of exposure to each drug concentra-
tion was 5 min. The time points were chosen so that
the force of contraction had reached equilibrium at
each concentration.
For recording transmembrane potentials, guinea-

pig papillary muscles were mounted horizontally
in a 2 ml chamber continuously perfused with
pre-warmed and pre-aerated bathing solution.
The resting and evoked action potentials were mea-
sured in a conventional way (Bruckner et al.,
1980) between an intracellular glass microelectrode
filled with 3 mol l-1 KC1 and an extracellular
Ag-AgCl electrode. For recording slow action poten-
tials the potassium concentration was increased to
22 mmol l-1 without isotonic compensation in order
to inactivate the fast sodium channels. The force of
contraction, was simultaneously monitored, and the
transmembrane potentials (displayed on a Tektronix
model 5103 N oscilloscope) were recorded with a
high speed camera (Grass C-4).

Determination of cyclic nucleotide levels

Papillary muscles were prepared and mounted indi-
vidually in the organ bath as described for the con-
traction experiments. At the end of the incubation
time with IBMX, adenosine, PIA or drug-free solu-
tion they were quickly frozen in liquid nitrogen (for
details see Donges et al., 1977). Cyclic AMP and
cyclic GMP were measured by radioimmunoassay
according to the method of Harper & Brooker
(1975) as described by Bohm et al. (1984). Recoveries,
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run with each experiment, were not altered by the
substances under investigation; the average recovery
of 5pmol non-radioactive cyclic AMP and cyclic
GMP added to 500j4 of trichloroacetic acid homog-
enate was 108 + 5.5% (n = 40) and 65.2 + 5.2%
(n = 97), respectively. The values shown were cor-
rected for recoveries. All measurable material was
destroyed by treatment with phosphodiesterase.

Drugs and solvents

Drugs used were adenosine, (-N)N6-phenyl-
isopropyladenosine (PIA) (both from Boehringer
Mannheim, FRG), 3-isobutyl-1-methyl-xanthine
(IBMX; EGA-Chemie, Steinheim/Albuch, FRG),
atropine sulphate (Merck, Darmstadt, FRG), cyclic
adenosine 3',5'-monophosphate, cyclic guanosine
3',5'-monophosphate (both from Boehringer Mann-
heim, FRG), adenosine-5'-triphosphate (Serva, Hei-
delberg, FRG), 2'-0-succinyl adenosine 3',5'-
monophosphate tyrosine methyl ester and 2'-0-
succinyl guanosine 3',5'-monophosphate tyrosine
methyl ester (both from Sigma Chem. Co., Munchen,
FRG) were iodinated using Na125I (Amersham-
Buchler, Braunschweig, FRG) as described by Struck
et al. (1977). All other chemicals were of analytical or
best commercial grade available. Deionized and
twice-distilled water was used throughout.

Statistical methods

Values presented are means + s.e. mean. Statistical
significance was estimated by Student's t test for
paired or unpaired observations. A P value of less
than 0.05 was considered significant. Concentrations
of drugs which produced 25% inhibition (IC25
values) were determined graphically in each experi-
ment.

Results

Effects ofadenosine and PIA onforce of contraction
and cyclic nucleotide content

Adenosine alone had a small positive inotropic effect
at high concentrations (100-10OOpmoll1-; Figure
la). In contrast, PIA had a small negative inotropic
effect amounting to less than 10% at the high con-
centration of 100pmollP1 (Figure lb). The limited
solubility prevented the testing of higher concentra-
tions than 300 pmol 1-. The inotropic effects of
adenosine and PIA were not affected by lOymoll-'
atropine (data not shown).

In the presence of IBMX (601pmoll-1) the effects
of adenosine and PIA on force of contraction were
quite different from those of adenosine (Figure la)
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Figure 1 Concentration-response curves for the effects
of adenosine (a) and (-)-N6-phenylisopropyladenosine
(PIA; b) on force of contraction in isolated electrically
driven papillary muscles from guinea-pigs. Ordinates:
Force of contraction in % predrug value. Abscissae:
drug concentration in ymol l-1. (a) Effects of adenosine
alone (0. n = 6), adenosine in the presence of
60,umolP 1 IBMX (A, n = 7) and adenosine in the pre-
sence of 3.6mmolI-1 Ca2" (, n = 11). (b) Effects of
PIA alone (O. n = 8), PIA in the presence of
60umolI` IBMX (O, n = 7), and PIA in the presence
of 3.6mmolP 1 Ca2l ('V n = 8). The predrug value of
force of contraction before any drug addition was
1.1i± 0.2mN (n = 47). IBMX increased force of con-
traction to 2.5 ± 0.3mN (n = 14) and 3.6mmol l-
Ca2l to 2.9 ± 0.5mN (n = 19). The normal Ca21 con-
centration was 1.8 mmol I1. Asterisks denote signifi-
cant differences from predrug values.

and PIA applied alone (Figure lb). IBMX itself
increased force of contraction by about 190%. Addi-
tionally administered adenosine had a con-
centration-dependent (10-1000mol l-1) negative
inotropic effect, reducing force of contraction by
about 50% of the IBMX value at the highest con-
centration tested. The negative inotropic effect of
PIA started at 0.lymollP' and reduced force
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of contration maximally to about 50% at
100 pmol 1-'. The IC25 values for adenosine and
PIA in the presence of IBMX were 168 + 25.5
(n = 7) and 2.1 + 0.7 pmol 1- ' (n = 7), respectively.
The effects of both substances were not affected by
10 moll-1 atropine (data not shown) and hence
were not due to a stimulation of muscarinic cholino-
ceptors.
The positive inotropic effect of an increased extra-

cellular Ca2 + concentration is known to occur
without changes in cyclic AMP content (Watanabe
& Besch, 1974; D8nges et al., 1977). Therefore, the
influence of adenosine and PIA on the positive ino-
tropic effect of Ca2+ was investigated to find out
whether the adenosine- and PIA-induced decrease in
force of contraction could only be observed after the
cyclic AMP content had been increased. Doubling
the Ca2 + concentration from 1.8 to 3.6 mmol 1-'
increased force of contraction to about 280%. Addi-
tionally applied adenosine (Figure la) or PIA
(Figure lb) had the same effect as adenosine and
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PIA alone, i.e. adenosine had a small positive inotro-
pic and PIA only a marginal negative inotropic effect
at high concentrations. Thus, the positive inotropic
effect of Ca2", in contrast to that of IBMX, was not
antagonized by adenosine or PIA.

In the following experiments we investigated
whether or not changes in cyclic nucleotide content
are involved in the mechanical effects of adenosine
and PIA. In these experiments cyclic AMP and
cyclic GMP content and force of contraction were
determined in the same muscle preparations. Figure
2 (left panel) shows that the small positive inotropic
effect of adenosine (100pmoll-) was not accompa-
nied by a significant change in cyclic AMP or cyclic
GMP content either at 1 min or at 5 min. PIA
(100pmol-1') slightly increased the cyclic AMP
content after 5min (Figure 2, right panel). Cyclic
GMP content was not significantly altered.

Figure 3 shows the results obtained in the pre-
sence of IBMX (60pmoll-'). It is evident that the
positive inotropic effect of IBMX 15min (b), 16 min
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Figure 2 Effects of adenosine (100pmollP; left panel) and (-)-N6-phenylisopropyladenosine (PIA; 100 moll-1;
right panel) on cyclic AMP content (A), cyclic GMP content (B) and force of contraction (C) in electrically driven
papillary muscles from guinea pigs. (a) Control in drug-free bathing solution; (b and c) after 1 and 5 min incubation
time with adenosine and PIA, respectively. The numbers in the columns denote the numbers of experiments.
Predrug values of force of contraction were 1.1 + 0.1 mN (n = 91). Asterisks denote significant differences from
control.
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Figure 3 Cyclic AMP content (A), cyclic GMP
content (B) and force of contraction (C) of electrically
driven papillary muscles from guinea-pigs in drug-free
bathing solution as control (Con) (a; see also schematic
inset) and 15min (b), 16min (c) and 20min (e) after
addition of 60gmoll 3-isobutyl-l-methylxanthine
(IBMX). Fifteen min after incubation with IBMX, aden-
osine (Ad; 100pmoll-1) was applied additionally for
min (d) or 5min (0. The numbers in the columns

denote the numbers of experiments. The predrug value
of force of contraction was 1.4 + 0.1 mN (n = 60).
*P < 0.05 vs. (a); tP < 0.05 (d) vs. (c); (f) vs. (e).

(c) and 20min (e) after drug addition was accompa-
nied by a doubling of the cyclic AMP content and
by an about 3 fold increase in cyclic GMP content.
Adenosine (100 pmol 1 1), additionally applied for
1 min (d) or 5 min (f), partially antagonized the posi-
tive inotropic effect of IBMX. However, the cyclic
AMP and cyclic GMP content of the papillary
muscles remained elevated, i.e. the cyclic nucleotide
contents in the presence of adenosine did not differ
from the corresponding values obtained with IBMX
alone (d vs. c and f vs. e). Similar results were

obtained with the adenosine receptor agonist PIA
(Figure 4). PIA also antagonized the IBMX-induced

*] -c IBMX

# do f IBMX+PIA
rrr.., r, -rrra,

15 16 20 min

Figure 4 Cyclic AMP content (A), cyclic GMP
content (B) and force of contraction (C) of electrically
driven guinea-pig papillary muscles in drug-free bathing
solution as control (Con) (a; see also schematic inset)
and 15min (b), 16min (c) and 20min (e) after addition
of 60pmoll-1 3-isobutyl-1-methylxanthine (IBMX).
Fifteen min after incubation with IBMX, (-)-N6-
phenylisopropyladenosine (PIA; 60pmollP') was

applied additionally for 1 min (d) or 5min (f). The
numbers in the columns denote the numbers of experi-
ments. The predrug value of force of contraction was

1.0 + 0.1 mN (n = 89). *P < 0.05 vs. (a), tP < 0.05 (d)
vs. (c); (f) vs. (e).

increase in force of contraction without affecting the
IBMX-induced increase in cyclic AMP and cyclic
GMP content.

Effects ofadenosine and PIA on normal and slow
action potentials

In order to find out whether the mechanical effects of
adenosine and PIA can be attributed to correspond-
ing electrophysiological changes, we studied the
effects of adenosine and PIA alone and in the pre-
sence of IBMX on normal and slow action poten-
tials. The data are summarized in Table 1. The small
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Table 1 Effect of adenosine (Ad; 100jmol ) or (-)-N6-phenylisopropyladenosine (PIA; 100lumol- 1), 3-
isobutyl-l-methylxanthine (IBMX; 60pmoll-1) or Ca2l (3.6mmoll-1) and Ad or PIA plus IBMX or Ca2l on
APD90 and APD20 (action potential duration measured at 90% and 20% repolarization) of normal action poten-
tials and on dV/dt. (maximal rate of depolanzation) of slow action potentials

Normal action potential Slow action potential
APD90 (ms) APD20 (ins) dV/dt., (Vs-')

Control 223.0 ± 31.9 (4) 118.3 ± 6.5 (4) 4.6 + 0.5 (4)
Ad 221.0 28.7 (4) 117.1 5.6 (4) 4.7 0.6 (4)
Control 230.5 ± 5.4 (6) 115.8 ± 6.3 (6) 3.9 0.3 (4)
IBMX 207.2 4.1 (6r 121.8 ± 7.8 (6) 11.0 ± 0.5 (4r
IBMX + Ad 211.5 ± 4.0 (6) 120.7 ± 8.4 (6) 7.1 ± 0.5 (4r. b
Control 249.0 ± 10.8 (4) 131.3 ± 9.6 (4) 4.3 0.5 (4)
PIA 251.5 ± 16.5 (4) 131.2 ± 11.3 (4) 4.2 ± 0.6 (4)
Control 223.9 + 9.0 (5) 119.3 ± 6.6 (5) 3.2 ± 0.3 (4)
IBMX 199.9 ± 9.9 (5)8 117.4 ± 3.5 (5) 9.4 ± 1.1 (4)8
IBMX + PIA 206.4 + 9.5 (5)8 112.9 ± 4.5 (5) 5.1 ± 0.6 (4)' b

Control 3.6 ± 0.3 (6)
Ca2+ 5.8 ± 0.3 (6)8
Ca2+ + PIA - 5.7 ± 0.4 (6r

Action potentials were measured before (Control) and 15 min after addition of IBMX or Ca24 and 5min after
addition of Ad or PIA in the continued presence of IBMX. The numbers in parentheses denote the numbers of
experiments.
* P < 0.05 vs. Control; b p < 0.05 vs. IBMX

not determined

a Control IBMX IBMX 60 ,umol L-1 +
60 ,mol 1-1 Adenosine 100 ,umol -1

0 mV-

-85 mV- - 4= - -/--10.5mN

100 ms
APD20 81 ms 141 ms 125 ms
APD90 217ms 194ms 202ms

b Control IBMX IBMX 60,mol 1-1 +
60 pLmol 1-1 Adenosine 100 ,umol 1-

0 mV-

-53mV- 1'I0.2mN
5 Vs-1I_ _ J_

100 ms

Figure 5 Effect of 3-isobutyl-1-methylxanthine (IBMX) and IBMX plus adenosine on normal (a) and slow action
potentials (b) in electrically driven (1 Hz) papillary muscles from guinea-pigs. Force of contraction was measured
simultaneously. (a) Normal action potentials (mV; upper traces) and force of contraction (mN; lower traces). (b)
Slow action potentials (mV) and force of contraction (mN; upper traces); maximal rate of depolarization (Vs-',
lower traces). Slow action potentials were elicited after raising the potassium concentration from 5.4 to 22mmol 1-1.
Recordings were performed before (control), 15 min after addition ofIBMX and 5 min after addition of adenosine in
the continued presence of IBMX.
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a Control IBMX IBMX 60 Amol I1- +
60 timol I-1 PIA 100 pmol 1-'

0 mV-

-83 mV- - -.5mN

100 ms
APD20 107 ms 120 ms
APD90 225 ms 196 ms

112 ms
213 ms

b Control IBMX IBMX 60 iimol l-1 +
60 rmol V-1 PIA 100 rmol V-1

0 mV-

-52 mV- I0.2 mN
5 V s-1 I_ L_1 _

100 ms

Figure 6 Effects of 3-isobutyl-l-methylxanthine
(IBMX) and IBMX plus (-)-N6-phenyl-
isopropyladenosine (PIA) on normal (a) and slow
action potential (b) in electrically driven (1 Hz) papillary
muscles from guinea-pigs. Force of contraction was

measured simultaneously. (a) Normal action potentials
(mV; upper traces) and force of contraction (mN; lower
traces). (b) Slow action potentials (mV) and force of
contraction (mN; upper traces); maximal rate of depo-
larization (Vs-1; lower traces). Slow action potentials
were elicited after raising the potassium concentration
from 5.4 to 22 mmolPI. Recordings were performed
before (Control), 15 min after addition of IBMX and
5 min after the addition of adenosine or PIA in the con-
tinued presence of IBMX.

positive inotropic effect of adenosine alone
(100ypmoll-P) was not accompanied by detectable
changes in the shape of the normal action potential
or of the slow action potential. PIA (100.umollP)
also failed to produce significant changes in the
shape of the normal and slow action potential.
The IBMX-induced increase in force of contrac-

tion was accompanied by a shortening of the normal
action potential at the end of the repolarization
phase (APD90; Figure 5a and 6a). The decrease in
force of contraction 5 min after the additional appli-
cation of adenosine (100 ymol P1- ) was not accompa-
nied by significant changes of the IBMX-induced
electrophysiological changes (Figure 5a).
IBMX (60jmol P`) increased the maximal rate of

depolarization (dV/dtl..) of slow action potentials
(Figure 5b) evoked in potassium depolarized papil-
lary muscles. In this case adenosine (100 jmoll-')
partially reversed not only the mechanical but also
the electrophysiological effects of IBMX. Similar
results were obtained with PIA (lOOumol I-; Figure
6). In contrast, the increase in dV/dt,,.. induced by
increasing the Ca2 + concentration from 1.8 to
3.6mmol - ' was not affected by PIA (Table 1).

Discussion

In isolated electrically driven guinea-pig papillary
muscles, adenosine produced a small positive inotro-
pic effect while the adenosine receptor agonist PIA
produced a small negative inotropic effect at high
concentrations (100 pmol I-). As all the animals had
been pretreated with reserpine the positive inotropic
effect of adenosine cannot be explained by a release
of endogenous catecholamines. Since propranolol
(lymollP') and phentolamine (51imoll-') did not
influence the positive inotropic effect of adenosine
(data not shown) it is also unlikely to be due to a
stimulation of fi- or a-adrenoceptors. Furthermore,
changes in cyclic AMP or cyclic GMP content are
not involved because the content of the cyclic
nucleotides remain unchanged. Burnstock & Meghji
(1981) did not observe an effect of adenosine in
guinea-pig ventricles but in contrast to this study
they used ventricular strips and a higher rate of
stimulation (2.5 Hz) which could account for the
divergent results (see Dobson et al., 1980). Further-
more, in rat ventricle they describe a slightly
enhanced contractile force in the presence of aden-
osine (0.3mmol- 1), although this effect was not sig-
nificant (Burnstock & Meghji, 1983). In the present
study the small negative inotropic effect of PIA alone
was not influenced by atropine and hence was not
due to stimulation of muscarinic cholinoceptors. The
small increase in cyclic AMP after PIA can probably
be explained by an inhibition of phosphodiesterase
activity described for high concentrations of PIA
(Meyer et al., 1984). Since neither adenosine nor PIA
produced a detectable change in the shape of the
normal and slow action potential the mechanism(s)
of the small direct inotropic effects of these drugs
remain to be elucidated.

Quite different results were obtained in the
presence of IBMX, which is known to be a potent
inhibitor of cyclic AMP and cyclic GMP phos-
phodiesterase activity in guinea-pig ventricular prep-
arations (Berger et al., 1985). In the presence of
IBMX, adenosine exerted a negative inotropic effect,
i.e., it partially reversed the positive inotropic effect
of IBMX. PIA had a similar negative inotropic effect
but its potency was greater than that of adenosine.
The lower potency of adenosine is probably not the
result of rapid breakdown of adenosine by endoge-
nous adenosine deaminase, because treatment with
the adenosine deaminase inhibitor deoxycoformycin
does not increase the potency of adenosine
(unpublished experiments). Adenosine and PIA also
reduced the positive inotropic effect of the non-
xanthine phosphodiesterase inhibitor amrinone
(Bohm et al., 1985b; Schmitz et al., 1985). Judged
from IC2. values adenosine and PIA were 2 and 10
times more potent, respectively in the presence of
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amrinone than in the presence of IBMX. This may
indicate that IBMX also exerts a small adenosine-
antagonistic effect.
The present data and the results of other studies

suggest that adenosine and PIA antagonize not only
the positive inotropic effect of substances stimulating
adenylate cyclase activity and hence enhancing the
formation of cyclic AMP (see Baumann et al., 1981;
Dobson, 1983; Bohm et al., 1984), but also of sub-
stances which inhibit cyclic AMP breakdown. An
increased cyclic AMP content seems to be a pre-
requisite for demonstrating the negative inotropic
effects of adenosine and its derivative in ventricular
heart preparations. For example, the increase in
force of contraction due to an increase in extracellu-
lar Ca2 + concentration was not antagonized by
adenosine or PIA. Similarly the cyclic AMP-
independent positive inotropic effects of the so-called
Ca2+ agonist Bay K 8644 (Bohm et al., 1985b), the
cardiac glycoside dihydro-ouabain (Bohm et al.,
1985a; Schmitz et al., 1985) and the a-adrenoceptor
agonist phenylephrine (Endoh & Yamashita, 1980)
are not reduced by adenosine.

It is noteworthy that the negative inotropic effect
of adenosine was mimicked by PIA. PIA is an aden-
osine derivative known to act selectively at aden-
osine receptors located at the external surface of the
cell membrane (see Londos et al., 1980). Thus, it is
likely that the negative inotropic effects of adenosine
and PIA involve activation of cardiac adenosine
receptors. The existence of these receptors has been
shown by radioligand binding as well as functional
studies (Hughes & Stone, 1983; Hosey et al., 1984;
Lohse et al., 1985; Bruckner et al., 1985a; Bohm et
al., 1985a).

Since adenosine and PIA inhibit the positive ino-
tropic effect only of substances which increase myo-
cardial cyclic AMP levels, either by stimulation of
adenylate cyclase activity (see Baumann et al., 1981)
or by inhibition of phosphodiesterase activity (this
paper), one would expect the mechanical effects of
these agents to be accompanied by changes in cyclic
AMP content. In agreement with previous work
(Biegon et al., 1980; Brown et al., 1980; Bruckner et
al., 1985b) the positive inotropic effect of IBMX was
accompanied by a marked increase in cyclic AMP-
and cyclic GMP-content. However, the negative ino-
tropic effects of additionally applied adenosine or
PIA were not accompanied by changes of the
IBMX-induced increase in cyclic AMP and cyclic
GMP content and hence cannot be attributed to a
decrease in cyclic AMP or an increase in cyclic
GMP. Concerning the effect of adenosine on the
isoprenaline-induced increase of the cyclic AMP
content confficting results have been obtained.
Huang & Drummond (1978) found a further increase
in cyclic AMP content; their experiments were per-

formed on guinea-pig ventricular slice preparations
which did not contract, whereas in the present study
cyclic AMP content and force of contraction were
measured in the same intact contracting prep-
arations. On the other hand Schrader et al. (1977)
found a decrease of the isoprenaline-induced ele-
vation of the cyclic AMP content in isolated sponta-
neously beating guinea-pig hearts (Langendorff
technique). Furthermore, no change of the isoprena-
line elevated cyclic AMP content in intact contract-
ing papillary muscles from guinea-pigs has been
reported (Schmitz et al., 1982; Bohm et al., 1984).
Although the reason for the discrepancies concerning
the effects of adenosine on cyclic AMP content
remain obscure, the different preparations used may
play a role. However, it has been shown that the
adenosine receptor agonists PIA and 5'-N-
ethylcarboxamideadenosine (NECA) do not inhibit
(Schutz & Tuisl, 1981; Bohm et al., 1985a) or only
slightly inhibit (LaMonica et al., 1985; Linden et al.,
1985) adenylate cyclase activity in cardiac particulate
membrane preparations suggesting that the cardiac
adenosine receptor is not coupled to adenylate
cyclase. This view is supported by the fact that PIA
and NECA are equipotent in reducing force of con-
traction (Bruckner et al., 1985a; Bohm et al., 1985a).
In contrast, in tissues in which adenosine receptors
mediate inhibition of adenylate cyclase the potency
ranking PIA > NECA is characteristic (see Londos
et al., 1980).

It should be noted that PIA is more potent than
adenosine at reducing the force of contraction than
the parent compound adenosine. This may be due to
the fact that these analogues are poor substrates for
the adenosine transporter as indicated by the failure
of transport inhibitors to potentiate their effects
(Bohm et al., 1985a). In addition, PIA is not
degraded to metabolites by adenosine deaminase
which converts adenosine to inotropically inactive
inosine. From previous studies (Bohm et al., 1984)
and the present work it can be concluded that the
reduction in force of contraction produced by aden-
osine and PIA is not due to corresponding changes
in cyclic nucleotide content. In contrast, the effects
on force of contraction may be explained by corre-
sponding electrophysiological effects. The negative
inotropic effects of adenosine and PIA were accom-
panied by a partial reversal of the IBMX-induced
increase of dV/dtmx of the slow action potential.
Since dV/dt,, of slow action potentials can be taken
as a measure of the slow Ca2 + inward current
(Cranefield, 1975; Carmeliet, 1980) it is concluded
that adenosine and PIA reduced the IBMX-induced
increase in slow inward current. The reduced Ca2+
inward current during excitation in turn leads to a
decrease in force of contraction. Similarly it has been
shown that adenosine reduces the isoprenaline-
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induced increase in slow inward current in bovine
and guinea-pig ventricular myocytes (Isenberg &
Belardinelli, 1984) as well as in guinea-pig papillary
muscles (Schmitz et al., 1985).
The lack of effect of PIA on the Ca2 -induced

increase in force of contraction as well as the
increase in dV/dt,. of the slow action potential
support the conclusion that the negative inotropic
effects of adenosine and PIA in the presence of
IBMX are indeed due to a decrease in slow Ca2+
inward current.
Although the IBMX-antagonistic effects of aden-

osine and PIA occurred without a reduction of the
cyclic AMP content, the negative inotropic effects of
these substances in ventricular heart preparations
can be evoked only in the presence of positive ino-
tropic agents which elevate cyclic AMP (Endoh &
Yamashita, 1980; Baumann et al., 1981; Dobson,
1983; Bohm et al., 1984; 1985b). Thus, the IBMX-

antagonistic effects of adenosine and PIA may be
explained by an inhibition of a step beyond cyclic
AMP accumulation. For instance, the nucleosides
may interact with the phosphorylation of the sarco-
lemmal Ca2+ channel and thereby reduce the Ca2+
influx during excitation.

In summary, adenosine and the adenosine recep-
tor agonist PIA are able to antagonize the positive
inotropic effect of the phosphodiesterase inhibitor
IBMX. This negative inotropic effect is not due to
changes in the cyclic AMP or cyclic GMP content.
It may, however, be due to an inhibition of the
action of cyclic AMP which leads to the observed
reduction of the IBMX-induced increase in slow
inward current.

This work was supported by the Deutsche For-
schungsgemeinschaft.
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