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SUMMARY

Although adenosine is known to activate K� conduction in atrial
tissue, there is still debate as to the involvement of cAMP-
dependent mechanisms. In isolated adult guinea pig atrial myo-
cytes, we demonstrate that the highly A1-selective adenosine
receptor agonist 2-chloro-N�-cyclopentyladenosine reduced
basal cAMP levels by 30-40% in the absence and presence of
the nonxanthine phosphodiesterase inhibitor Ro 20-1 724. Iso-
prenaline caused a concentration-dependent increase in cAMP
levels, which was more pronounced in the presence of the
phosphodiesterase inhibitor. Several adenosine derivatives sup-
pressed the isoprenaline-induced cAMP increase by approxi-
mately 80%. The rank order of potency was 2-chloro-N�-cydo-
pentyladenosine(lC50, 93 nM)> (R)-N�-phenylisopropyladenosine
(IC50, 309 nM) > 5’-N-ethylcarboxamidoadenosine (IC50, 813 nM)
>> (S)-N6-phenylisopropyladenosine (IC50, 26,300 nM). A similar

but complete suppression of the isoprenaline-induced cAMP
increase was produced by the muscarinic receptor agonist car-
bachol (IC50, 398 nM), which like adenosine is known to activate
atrial K� channels. The A1-adenosine receptor-selective antago-
nist 8-cyclopentyl-1 ,3-dipropylxanthine antagonized the effect of
2-chloro-N�-cyclopentyladenosine concentration-dependently,
with a K8 value of 9.6 flM. In atrial myocytes isolated from guinea
pigs pretreated with pertussis toxin, the inhibitory effects of
adenosine analogs on basal and isoprenaline-stimulated cAMP
accumulation were markedly attenuated. It is concluded that the
adenosine receptor in guinea pig atrial myocytes, which is known
to be linked to K� channels, is also coupled to adenylate cyclase
via a pertussis toxin-sensitive guanine nucleotide-binding protein
and shows the characteristics of the A1-adenosine receptor
subtype.

Adenosine has a number of cardiac effects, which generally

are inhibitory. In ventricular tissue, it has little direct effect on

contractility or electrical activity, but it antagonizes positive

inotropic effects elicited by cAMP-increasing agents (1-3). The

ionic basis for these indirect adenosine actions has been pro-

posed to be a decrease in catecholamine-stimulated Ca2� con-

ductance (4, 5). Controversial findings have been made con-

cerning the contribution of changes in adenylate cyclase activ-

ity to these effects, i.e., stimulation (6), no effect (3), or

inhibition (7). However, it has been shown in ventricular myo-

cytes that the cAMP increase induced by compounds such as

isoprenaline and forskolin, which enhance the activity of aden-

ylate cyclase, is reduced by several adenosine derivatives (8-
11).

In the atrium, adenosine exerts direct inhibitory effects,

which are suggested to be mediated by A1-adenosine receptors

This study was supported by the Deutsche Forschungsgemeinschaft.

(12-14). Regarding the underlying mechanism, major impor-

tance has been ascribed to the role of K� channels. In atrial

myocytes, adenosine increases a K� conductance of the cell

membrane (15-17), causing hyperpolarization aiid, hence,

shortening of the action potential duration. This effect is

mediated via a GTP-dependent regulatory protein that is in-

hibited by pertussis toxin (18).

Although A1 receptors appear to mediate the negative mo-
tropic effects of adenosine in atrial tissue, it is still subject to

debate whether changes in adenylate cyclase activity are in-
volved. While Endoh et al. (19) reported that in atrial prepa-

rations the antagonism by adenosine of fl-adrenergic effects

was accompanied by decreases in elevated cAMP levels, others

failed to observe concomitant reductions of cAMP content (3,

20).
These divergent results might be related to the cellular

heterogeneity of cardiac tissue. Therefore, we used a unicellular

preparation of guinea pig atria and studied the inhibitory effects

ABBREVIATIONS: PIA, N�-phenylisopropyladenosine; CCPA, 2-chloro-N�-cyclopentyIadenosine; DPCPX, 8-cyclopentyl-1 ,3-dipropylxanthine;
HEPES, N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid; NECA, 5’-N-ethylcarboxamidoadenosine; Ro 20-1724, 4-(3-butoxy-4-methoxybenzyl)-
2-imidazolidinone; ScAMPTME, 2’-O-monosuccinyladenosine-3’,5’.cyclic monophosphate tyrosyl methyl ester; EGTA, ethylene glycol bis(�-amino-
ethyl ether)-N,N,N’ ,N’-tetraacetic acid; G protein, guanine nucleotide-binding protein.
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of different adenosine analogs on cAMP levels in isolated adult

guinea pig atrial myocytes. Furthermore, we examined the

effect of a pretreatment with pertussis toxin on the action of

the adenosine derivatives.

Experimental Procedures

Materials. Carrier-free Na’25! was purchased from Amersham-

Buchler (Braunschweig, FRG). Adenosine deaminase (200 units/mg),

(R)-PIA, (S)-PIA, and NECA were obtained from Boehringer Mann-

heim GmbH (Mannheim, FRG). DPCPX and CCPA were synthesized

according to the method of Lohse et at. (21, 22). Ro 20-1724 was a gift

from Dr. W. E. Scott (Hoffmann-La Roche, Nutley, NJ). Isoprenaline,

ScAMPTME, bovine serum albumin fraction V, crude collagenase
(C2139), deoxyribonuclease I, protease type XIV, and pertussis toxin

(islet-activating protein) were from Sigma (Deisenhofen, FRG). Elas-

tase 20931 was purchased from Serva (Heidelberg, FRG). All chemicals
were of analytical grade or the best commercial grade available.

Preparation of ‘251-ScAMPTME. ‘251-ScAMPTME was prepared
by the chloramine-T method (23), and the reaction product was sepa-

rated by gel filtration on Sephadex G-25 superfine and stored at -25’.

Isolation of atrial myocytes. Atrial myocytes were isolated from
hearts of adult male guinea pigs (300-350 g). For some experiments,

guinea pigs were pretreated with pertussis toxin (180 �tg/kg intrave-

nously) 27 hr before the experiments, during brief ether anesthesia.

Control animals were treated in the same way with the solvent alone

(sodium phosphate, pH 7.5, 0.5 M NaC1; 750 �zl/100 g of body weight).

Dispersed atrial cells were obtained according to the method of Bechem

et at. (24), with minor modifications. The animals were injected with
500 units of sodium heparin intraperitoneally and killed 20 mm later

by a blow on the neck. They were bled from the carotid arteries, and

the hearts were rapidly excised and mounted on a cannula of a Lan-
gendorff perfusion system. The isolated hearts were perfused for 5-10

mm, at a pressure of 50 cm of water, with a calcium-free perfusion

solution (solution A) consisting of (mM): NaCl, 140; KC1, 5.4; MgCl2,

1.0; glucose, 5.0; and HEPES-NaOH, 10; pH 7.4, which was continu-

ously gassed with 02 and maintained at 37’. All following steps were
done at 37’ . The hearts were subsequently perfused in a recirculating

manner with a solution of the same composition containing 0.5 mM

EGTA and supplemented with collagenase (1 mg/ml), elastase (10 zl

of suspension/ml), deoxyribonuclease (0.3 mg/ml), protease (0.1 mg/

ml), and bovine serum albumin (0.5 mg/ml). After 20 mm, the hearts

were removed from the perfusion apparatus and the atria were trans-

ferred into Petri dishes containing 2 ml of solution A with added bovine
serum albumin (0.5 mg/ml) and deoxyribonuclease (0.3 mg/ml). The

atria were cut into three or four pieces and dissolved by gently moving

the pieces of tissue through the solution. The resulting cell suspension
was transferred into solution A and passed through 150-�tm mesh nylon

gauze. Calcium was gradually increased to 1.0 mM. Myocyte yield (about

1.2 x i0� cells/heart) and viability (about 65-80%) were determined by

microscopic examination. Noncardiomyocyte cell contributions were
negligible. Cells were considered viable when they were spindle-shaped

TABLE 1
Effect of Isoprenaline, CCPA, and Ro 20-1724 on cAMP levels of
isolated guinea pig atrial myocytes
CAMP was measured after 15-mm incubation of myocytes with adenosine deami-
nase (0.5 units/mI) and the indicated additions. Data are means ± standard errors
of six experiments.

Additions
CAMP

Control + Ro 20-1724(0.5 mM)

pmol/106 cells

None 7.1 ± 1.2 11.8 ± 1.0

CCPA (1 �tM) 4.2 ± 0.6 8.4 ± 0.9�
Isoprenaline (1 zM) 25.5 ± 2.7 62.7 ± 3.7

+ CCPA (1 MM) 8.6 ± 1 4& 22.0 ± 2.61

a � < 0.05 versus preceeding value (t test).

1o�a 10 � lO� 10�

CONCENTRATION OF ISOPRENALINE (mol/1)

Fig. 1. Effect of isoprenaline on cAMP levels ofguinea pig atrial myocytes.
The cAMP content was measured 1 5 mm after addition of increasing
concentrations of isoprenaline, in the presence of Ro 20-1 724 (0.5 mM)
and adenosine deaminase (0.5 units/mI), as described in Experimental
Procedures. The basal value was 8.4 ± 2.8 pmol of cAMP/i 0� cells.
Values are means ± standard errors of three experiments.

TIME Iran)

Fig. 2. Time course of the effects of isoprenaline and CCPA on cAMP
levels. Myocytes were incubated either in the absence (0) or in the
presence (C) of 1 �sM isoprenaline. The basal value was 1 4.0 pmol of
cAMP/i 0#{176}cells. After 5 mm, CCPA (1 MM) was added to the isoprenaline-
stimulated cells (5). Data are from one representative experiment.

or beginning to round up but showed no blebs or granulation. Isolated

atrial myocytes remained viable for at least 60 mm in solution A

supplemented with bovine serum albumin and deoxyribonuclease.

Measurement of cAMP. cAMP content of freshly isolated atrial
myocytes (7,000-10,000 cells/tube) was measured at 37’ in a total

volume of 100 �l of solution A (pH 7.4) supplemented with 1.0 mM

CaCI2. Substances routinely added were 0.5 units/ml adenosine deam-
inase to remove endogeneous adenosine, 0.5 mM Ro 20-1724 to inhibit

phosphodiesterase activity, and 1 �M isoprenaline to stimulate cAMP
formation. The incubation was started by the addition of 70 �zl of the
cell suspension and was terminated after 15 mm by the addition of 900

�l of 0.2 M sodium acetate buffer (95’; pH 6.0). cAMP was determined

by a sensitive radioimmunoassay, using ‘9-ScAMPTME as labeled

tracer (25).

Data analysis. Concentration-response curves were fitted to the

Hill equation by a nonweighted nonlinear curve-fitting program, as

described earlier (26).

Results

Incubation of isolated adult guinea pig atrial myocytes with

1 �tM CCPA resulted in a 40% decrease in basal cAMP levels
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Fig. 3. Effect of adenosine analogs on cAMP levels of guinea pig atrial
myocytes. Myocytes were incubated with 1 �M isoprenaline and increas-
ing concentrations of CCPA (#{149}),(R)-PIA (U), NECA (#{149}),or (S)-PIA (A),
for 15 mm. The basal value (mean ± standard error) was 1 1.6 ± 3.2
pmol of cAMP/i 0#{176}cells. Data are means of four experiments.
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were reduced in a concentration-dependent manner, with a

10_s � 10_s ��_5 1O’

CONCENTRATION OF CCPA (mol/1)

Fig. 4. Effect of the adenosine antagonist DPCPX on the CCPA-induced
reduction of cAMP levels in guinea pig atrial myocytes. cAMP levels were
raised by 1 �sM isoprenaline. The basal value (mean ± standard error)
was 9.6 ± 2.5 pmol of cAMP/i 0� cells. Myocytes were incubated for 15
mm before the CAMP content was measured as described in Experimen-
tal Procedures. The effect of CCPA was examined in the absence (#{149})
and in the presence of 10 flM (Y), 100 n�i (#{149}),and 1000 nM (R) DPCPX.
Inset, Schild plot of the data. C, concentration of DPCPX (in M); CR, ratio
of the lC� values of CCPA in the presence and absence of DPCPX. Data
are means of three experiments.

(Table 1). Isoprenaline (1 �M) caused a 3-fold increase in cAMP

content, which was almost completely suppressed by 1 �tM

CCPA.

In the presence of the nonxanthine phosphodiesterase inhib-

itor Ro 20-1724 (0.5 mM), basal cAMP levels were elevated by

70%. Under these conditions, 1 �M CCPA produced a 30%

reduction in basal cAMP levels, whereas 1 MM isoprenaline

induced an almost 6-fold increase in cAMP accumulation (Ta-

ble 1). CCPA (1 �M) reduced isoprenaline-enhanced cAMP

levels by 80%. The isoprenaline-induced cAMP increase was
larger in the presence of the phosphodiesterase inhibitor, and

the inhibitory effect of CCPA was more easily detectable.

Therefore, all other experiments were performed in the pres-

ence of 0.5 mM Ro 20-1724.

Fig. 1 shows the concentration-response curve for isoprena-

40

20

oL�

10�B � 10_I

CONCENTRATION OF CARBACHOL (mol/1)

Fig. 5. Effect of carbachol on cAMP levels of guinea pig atrial myocytes.
CAMP levels were enhanced by 1 �zM isoprenaline. The basal value (mean
± standard error) was 1 1.8 ± 1 .7 pmol of cAMP/i 0� cells. Myocytes
were incubated for 15 mm before the cAMP content was measured as
described in Experimental Procedures. Data are means of three experi-
ments.

line. The maximally effective concentration of isoprenaline (1

�tM) produced a pronounced increase in cAMP levels. The ECse

value for this effect was 37 nM.
A time course ofthe effects of isoprenaline (1 �tM) and CCPA

(1 �tM) on cAMP formation is illustrated in Fig. 2. The rise in

cAMP was rapid, being about 4-fold after 1 mm and maximal

after 5 mm. Addition of the adenosine receptor agonist CCPA

resulted in a rapid decrease of isoprenaline-stimulated cAMP

levels.

The following set of experiments was done to study the effects

of various adenosine derivatives on isoprenaline-stimulated

cAMP formation. In Fig. 3, the concentration-response curves
for agonists are shown. All agonists reduced cAMP levels in a

concentration-dependent manner. CCPA was the most potent

agonist, with an ICIIO value of 93 nM, being about 3-fold more

potent than (R)-PIA and about 9-fold more potent than NECA

(Table 2). (R)-PIA was about 85 times more potent than (S)-

PIA in reducing the isoprenaline-mediated cAMP increase

(Table 2), indicating the stereospecific action of the PIA dias-

tereomers.

The influence of pertussis toxin on the effects of adenosine

analogs on basal and isoprenaline-stimulated cAMP accumu-
lation is shown in Table 3. The reduction of basal cAMP levels

by CCPA was abolished by pretreatment of guinea pigs with
pertussis toxin before the isolation of atrial myocytes. The

inhibitory effects of several adenosine derivatives on isopren-

aline-induced cAMP increases were partially reversed by pre-
treatment with pertussis toxin.

The A1 receptor-selective antagonist DPCPX reversed the
inhibitory effect of CCPA (Fig. 4). DPCPX shifted the concen-

tration-response curve of CCPA to the right, in a concentration-

dependent manner. A Schild plot of the data gave a line with a

slope near unity and a K� value of 9.6 nM. Isoprenaline-

stimulated cAMP levels were not substantially altered by
DPCPX, confirming that DPCPX has no inhibitory effect on

phosphodiesterase activity (21).

Furthermore, the effect of the muscarinic receptor agonist

carbachol on the cAMP content of guinea pig atrial myocytes

was examined (Fig. 5). The isoprenaline-elevated cAMP levels
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cc��
(R)-PIA
NECA
(S)-PIA

Carbachol
1 Data from Ref. 29.
bp < 0.05 versus preceeding substance (t test).

C ND, not determined.

TABLE 3
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TABLE 2
Effect of different adenosine analogs and the muscarinic receptor
agonist carbachol on cAMP accumulation in guinea pig atrial
myocytes, on the binding of (3H]DPCPX to guinea pig atrial
membranes, and on “Rb� efflux rate in isolated left guinea pig atria
Values presented are geometric means of three to six experiments. The 95%
confidence limits are given in parentheses.

R�dd �
cAMP �i ii ‘Rb� efflux #{225}iatria

Compounds atrial myocytes mem��ranes E
IC50

K5 KL

flM

93 (57-154) 1 .2 62 103 (37-290)
3�9b (245-389) 1 .4 61 #{149} 137 (85-222)
813w (562-1 202) 1 .8 68 217 (157-301)
26,300k 331 .0 1 ,786 12,905

(17,378-41 686) (6,336-26,286)
398(133-1,183) ND’ ND ND

Influence of pertussis toxin on the effects of isoprenaline and
different adenosine analogs on cAMP levels of Isolated guinea pig
atrial myocytes
Animals were pretreated with pertussis toxin or the solvent alone, as described in
Experimental Procedures. CAMP was measured after 15-mm incubation of myo-
cytes with adenosine deaminase (0.5 units/mI), Ro 20-1724 (0.5 mM), and the
indicated additions. Data are means ± standard errors of three experiments.

CAMP

Ad�tions P�treaUnent with

pertussistom

�/1O’ce#s

None 14.4±3.7 14.9 ±4.1
CCPA(1O�iM) 9.5±2.5 16.3±1.6
Isoprenaline (1 tiM) 74.0 ± 2.1 69.6 ± 8.8

+ CCPA (10 �sM) 16.8 ± #{216}7 32.4 ± 2.9
+ (R)-PIA (10 sM) 22.8 ± 0.61 39.3 ± 46’
+ NECA (10 �M) 22.1 ± 09’ 38.0 ± 3.3’
+ (S)-PIA (300 tiM) 28.3 ± 04’ 48.2 ± 4.7

I p < 0.05 versus corresponding isoprenaline-stimulated value (t test).

half-maximal inhibition at a concentration of 398 nM (Table

2). Maximally effective concentrations of carbachol completely

suppressed isoprenaline-stimulated cAMP levels.

Discussion

Similar to earlier studies with ventricular myocytes, the

present study shows that, in guinea pig atrial myocytes, differ-

ent adenosine analogs caused concentration-dependent de-
creases in isoprenaline-stimulated cAMP levels.

In atrial myocytes, two major findings were obtained sug-

gesting the involvement of an A1 adenosine receptor in the
mediation of these effects. Firstly, the rank order of potency

for adenosine analogs was CCPA > (R)-PIA > NECA >> (S)-

PIA. Thus, including the marked stereoselectivity between (R)-

and (S)-PIA, it closely resembles the pharmacological profile

of cardiac A1 receptors described in ventricular preparations.

This has been demonstrated in functional studies on the inhi-
bition of cAMP accumulation in rat ventricular myocytes (10,

11) and in radioligand binding experiments in bovine myocar-

dium (27) or in rat ventricular myocytes (28). Secondly, the

inhibitory effect of the adenosine derivatives on isoprenaline-
stimulated cAMP accumulation in atrial myocytes was antag-

onized by the A1 receptor-selective antagonist DPCPX.

The agonist profile in this study differs somewhat from our

recent report (29), which, by means of �Rb� efflux measure-
ments, demonstrated a K� channel-coupled adenosine receptor

of the A1 receptor family in guinea pig atria. Contrary to the

present work, only small differences in the potencies of CCPA,

(R)-PIA, and NECA were observed (Table 2). In radioligand

binding studies, these differences were virtually absent, because
almost identical K1 values for the agonists were obtained (Table

2). The reason for this discrepancy remains to be elucidated.

One possibility is a heterogeneity of A1 receptors, although the

results obtained in binding experiments do not favor this hy-

pothesis. Another explanation for the divergent results would
be that two different G proteins are involved in the atrial
effects of adenosine, which are coupled to a homogeneous A1

receptor population. The G proteins involved in these proc-

esses, mediating the activation of K� channels and the inhibi-

tion of adenylate cyclase activity, have been termed GK and G,,

respectively. Their identities remain to be established (30). It
is even unknown whether Gk and G, represent distinct G

proteins. Recently, it has been reported that G subunits had

Gk activity in guinea pig atrial cells (31). Previously, it has been

demonstrated that pertussis toxin-sensitive G proteins are in-
volved in the activation of K� channels in guinea pig atrial
myocytes (18). Similarly, the present results indicate the exist-

ence of a pertussis toxin-sensitive G protein that mediates the
inhibitory effects of the atrial A1 receptor on adenylate cyclase

activity. Yet, it cannot be distinguished at present whether the

above-mentioned differences in the pharmacological profiles of
atrial A1-adenosine receptors are due to a heterogeneity of A1

receptors, G proteins, or the involvement of additional factors.

Inconsistent results have been obtained in previous studies

on the effect of adenosine on cAMP levels in isolated atria (3,

19, 20). The interpretation of these results might be compli-

cated by the fact that isolated atria contain a mixture of cell
types. An A1 receptor-mediated decrease of cAMP in myocytes

might, therefore, be masked by a concomitant activation of A2

receptors of endothelial cells (32). By the use of isolated atrial

myocytes, the disadvantages of whole organ preparations can

be excluded.

Additional support for the assumption that atrial adenosine

receptors are of the A1 subtype has been provided recently.

Radioligand binding studies showed the presence of an A1-

adenosine receptor in porcine atrium (33, 34). Furthermore, in

cultured embryonic chick atrial myocytes, the existence of A1-
adenosine receptors, which are coupled to adenylate cyclase
and to the contractile state in an inhibitory pertussis toxin-

sensitive manner, was demonstrated. (35). This study also

showed that adenosine analogs were capable of inhibiting both

the basal and isoprenaline-stimulated adenylate cyclase activ-

ity, although the extent of the inhibitory effect was much less

than in the present study. In all of the studies cited, somewhat

different agonist profiles were obtained but the involvement of
the A1 receptor subtype was suggested, because the highly A1-

selective antagonist DPCPX showed the expected properties.

It should be considered that deviations from the prototypical

A1 profile for agonists might partly be due to species differences.
The extent of inhibition of isoprenaline-induced cAMP ac-

cumulation by adenosine was different in atrial and ventricular

cellular preparations. In our present study on guinea pig atrial

myocytes, adenosine analogs caused a marked reduction (80-

90%) of isoprenaline-stimulated cAMP formation, whereas in
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rat ventricular myocytes (10, 11) and in guinea pig ventricular

myocytes (36) only a 40-50% inhibition of isoprenaline-en-

hanced cAMP content was observed. This difference in efficacy

may be explained by a higher adenosine receptor density in

atrial than in ventricular myocardium (14, 37).

It is generally accepted that adenosine and acetylcholine

exert similar actions via different receptors but common mech-

anisms. These include stimulation of K� conductance (15, 18,

38) and inhibition of adenylate cyclase (39, 40). Thus, in

comparison with adenosine analogs, the muscarinic receptor

agonist carbachol showed a similar but even more effective

inhibition of isoprenaline-stimulated cAMP accumulation. The

greater efficacy of carbachol might be related to the greater

density of muscarinic receptors than adenosine receptors in

atrial tissue (37).

In summary, our results suggest that the adenylate cyclase-

coupled adenosine receptor present in isolated adult guinea pig

atrial myocytes has the characteristics of the A, subtype. To-

gether with the data from previous studies, atrial adenosine

receptors in guinea pig heart appear to be linked to K� channels,

as well as to adenylate cyclase, in a pertussis toxin-sensitive

manner.
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