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Abstract—Adenosine has a biphasic, [Mg’*]-dependent effect on the catalytic activity of dog heart
adenylate cyclase. In the presence of 0.5 mM Mg**, adenosine stimulated cyclic AMP formation, but
when the cyclase was activated with 4 mM Mg”* plus 0.5 mM Mn?*, adenosine inhibited catalytic activity
in a dose-dependent fashion. Adenine, 3'-deoxyadenosine, and selected purine-modified adenosine
analogs stimulated the enzyme, whereas 2'-deoxyadenosine, 5 ’-deox;fadenosine and adenine-a-L-lyxo-
furanoside mimicked the inhibitory effect of adenosine on the Mg™* plus Mn®* stimulated enzyme.
These results are consistent with the ‘two receptor’ model of Londos and Wolff [C. Londos and J.
Wolff, Proc. natn. Acad. Sci. U.S.A. 74, 5482 (1978)], but they raise the possibility of subtle organ and
species differences in the chemical determinants of adenosine binding. Adenosine in both intracellular
and extracellular compartments may modulate adenylate cyclase activity in the beating heart, in addition
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to its putative role in the regulation of coronary vascular resistance.

Adenosine exerts a biphasic, Mg?*-dependent effect
on the catalytic activity of adenylate cyclase* in
several types of cells. At low [Mg?*] this nucleoside
stimulates the enzyme, but at higher [Mg?*], which
by itself enhances cyclase activity, adenosine inhibits
the enzyme. Some base-modified ribosides mimic
the stimulatory effect of adenosine, whereas several
sugar-modified adenine nucleosides mimic the
inhibitory effect of adenosine. This pattern is typical
of the adenylate cyclase of platelets, Leydig cells and
brain, whereas the adenylate cyclase of liver and
adipocytes is only inhibited by adenosine. The chem-
ical specificity, sensitivity to [Mg**], and tissue dis-
tribution of these responses are interpreted as evi-
dence that adenylate cyclase has two adenosine
binding sites. According to this hypothesis, the
stimulatory site resides on the cell surface, while the
inhibitory site is accessible to the cell interior [1].
Adenylate cyclase has an important influence on
cardiac performance and metabolism. Cyclic AMP-
dependent protein kinases appear to modulate the
response of the heart to stimuli such as B-adrenergic
activation by catalyzing protein phosphorylation at
the level of the contractile apparatus (troponin I)
[2], of the sarcoplasmic reticulum (phospholamban)
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[3], and also of the sarcolemma [4]. Cyclic AMP also
enhances substrate availability—for example, by
stimulating the activation of phosphorylase b kinase
[5]-

Since adenosine is continuously released into the
cardiac extracellular space [6] and, according to
recent evidence, may exist in an intracellular com-
partment as well [7, 8], this nucleoside is potentially
able to both stimulate and inhibit cardiac adenylate
cyclase. Studies employing a guinea pig heart micro-
somal fraction, however, suggest that the effect of
adenosine on adenylate cyclase is solely inhibitory
[9]. Because the evidence on this point is incomplete,
we have examined the effects of [Mg?*], adenosine,
and certain adenosine analogs on the adenylate
cyclase activity of dog cardiac cell fragments.

MATERIALS AND METHODS

Cardiac cell fragments. Hearts removed from pen-
tobarbital-anesthetized dogs were rinsed and
trimmed of fat and epicardial vessels. All subsequent
steps were performed at 4°. Portions of muscle (10 g)
were homogenized for 1 min in a Waring Blender
with 200 m! of 50 mM Tris-HCI, pH 7.5. The hom-
ogenate was filtered through six layers of cheese-
cloth, and aliquots of the filtrate were further com-
minuted by five strokes in a Dounce homogenizer
having a loose-fitting teflon pestle. The precipitate
that collected during 15min of centrifugation at
2000g was washed once with, and finally resus-
pended in, S0m! of 50 mM Tris-HCI, pH 7.5, per
g original tissue weight.

Adenylate cyclase assay. The assay mixture con-
sisted of 1 mM ATP, 60 mM KCl to activate pyruvate
kinase, 1 mM MIX, 0.01 mM GMPPNHP, 0.02 mM
EHNA, and 50 mM Tris-HCl, pH 7.5, in a total
volume of 0.2 ml. The concentrations of adenosine,
its analogs, and of Mg** and Mn?* were adjusted as
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described below. The suspension of washed cell frag-
ments was diluted so that cAMP production was
linear for at least Smin and was proportional to
protein concentration. The protein concentrations
varied between 16 and 87 ug/ml. The assay began
with the addition of 50 ul of membrane fragments
and after 5min at 37° the reaction was stopped by
adlding 50yl of 0.1 M EDTA. The tubes were then
placed in a boiling water bath for 3 min and cooled,
and the cAMP formed was estimated by the method
of Gilman [10] as madified by Beck er al. [11]. Protein
was estimated by the method of Lowry er al. [12].

Adenosine deaminase assay. The extent of adeno-
sine deamination under the conditions of the cyclase
assay was assessed in reaction mixtures containing
0.1 mM [2,8.5'-*H]adenosine (sp. act. 2.25 Ci/mole).
The mixtures were incubated. treated with EDTA,
and boiled exactly as in the cyclase assay. Coagulated
protein was separated by centrifugation, and aliquots
of the supernatant fraction were spotted on silica gel
t.l.c. plates with adenosine, inosine, and hypoxan-
thine standards. These plates were developed in 1-
butanol-methanol-ethyl acetate—-NH,OH (7:3:4:4,
by vol.). The spots corresponding to each purine
were cut out and counted in a mixture of 8g
Omnifluour and 60 g naphthalene per liter of p-
dioxane.

cAMP phosphodiesterase assay. Reaction mixtures
for the assessment of cAMP degradation under the
conditions of the adenylate cyclase assay contained
all the components of the cyclase assay plus 10 M
[*H]JcAMP (28 Ci/mmole) and 0.1 unit of snake
venom 5'-nucleotidase. The reaction was started by
adding membrane fragments and was stopped with
EDTA and boiling. Purines were separated by t.l.c.
as in the adenosine deaminase assay. and were eluted
from the silica gel with 0.5 ml glacial acetic acid; *H-
activity in the cAMP and adenosine spots was
counted. The percentage of cAMP degradation was
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calculated by the formula 100 X adenosine
(adenosine + cAMP).

The Sigma Chemical Co. (St. Louis. MO) supplied
snake venom 5'-nucleotidase. PK, PEP and. except
as noted, the purines used in this study. CalBiochem
(La Jolla, CA) supplied 6-thioinosine: 5'-deoxy-
adenosine and adenine-a-1.-lyxofuranoside were pur-
chased from Terra Marine (La Jolla, CA). EHNA
was a gift from Dr. James M. Downey, University
of South Alabama, Mobile, AL. and RO-20.1724
was a gift from Hoffmann-LaRoche, Inc. (Nutley,
NJ). All radiolabeled purines were purchased from
the New England Nuclear Corp. (Boston. MA). I.
T. Baker silica gel 1 B-F sheets were used for t.l.c.

Unless noted otherwise, data are presented as
means = S_.E.M. The statistical significances of the
differences were evaluated by the Student’s r-test for
paired samples or by analysis of variance.

RESULTS

In the absence of added divalent cation, adenylate
cyclase activity in cell fragment suspensions from
nine hearts averaged 4.1= 1.1pmoles cAMP
formed-min~'-(mg protein) . The adenosine deami-
nase activity of these preparations was high. but the
addition of EHNA to the reaction mixtures reduced
the degradation rate of 10 M ['H]adenosine from
a high of 26 per cent per 5 min to <0.7 per cent per
Smin. These fragments also contained significant
cAMP phosphodiesterase activity, having hydro-
lysed between 16 and 33 per cent of added 10nM
['H] cAMP under the conditions of the cyclase assay.
Including 1 mM MIX reduced degradation to < 9
per cent. Although MIX significantly (though only
modestly) antagonized adenosine activation of the
cyclase (see below), this effect was balanced by an
effect of MIX on the phosphodiesterase. For this
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Fig. 1. Interagtion of adenosine and divalent cations on adenylate cyclase activity of washed dog heart
particles. See text for details. Note the different ordinate scales for the two panels.



Adenosine and cardiac adenylate cyclase

n

Table 1. Effects of divalent cations and adenosine on cardiac adenylate cyclase*

Adenosine
Cation 0 0.001 mM 0.0l mM 0.1 mM 1mM
Mg?* (0.5 mM) 37204 35+0.6 6.5+13 9.9+22 131233
Mg (2 mM) 16.6+12 192+1.4 18.1+1.4 185+ 1.6 19.1 0.4
Mg?* (4 mM) 259+14 23128 245+6.3 16.4 £2.4 15.0x0.7
Mg** (4 mM) plus
Mn (0.5 mM) 244 + 53 233+53 245 + 57 195 = 43 108 = 22

* Data represent adenylate cyclase activity [pmoles cAMP formed -min™'-(mg protein) '} expressed

as mean *+ 8. E.M. of preparations from nine hearts,

reason, and because the supply of RO-20,1724 was
limited, MIX was used routinely.

In the presence of 0.5 mM Mg**, cAMP formation
was stimulated 1.7- to 2.5-fold by 10 uM isoproter-
enol and 7- to 9-fold by 10 mM NaF.

Effects of divalent cations and adenosine on adeny-
late cyclase activity. Mg** produced a concentration-
dependent enhancement of cyclase activity (Fig. 1
and Table 1). In the example shown in Fig. 1, a
combination of 4 mM Mg** plus 0.5 mM Mn?" raised
catalytic activity an average of 29-fold, to 153 pmoles
cAMP formed-min~!- (mg protein)™'. The require-
ment for the divalent cation was absolute; 25 mM
EDTA completely inhibited cyclase activity.

Adenosine exerted a biphasic effect on cyclase
activity which depended on divalent cation concen-
tration. In the presence of 0.5 mM Mg’*, adenosine
(1 mM) caused an average 3.5-fold concentration-
dependent enhancement of cyclase activity. Stimu-
lation by this concentration of adenosine varied con-
siderably from one preparation to another from lev-
els as low as 1.3-fold to as high as 7.3-fold, probably
reflecting the effects of endogenous adenosine,
divalent cations, and perhaps degradation of the
enzyme during preparation. In the presence of 2mM
Mg, adenosine neither stimulated nor inhibited the
cyclase, but at 4 mM Mg**, with or without 0.5 mM
Mn?*, 1 mM adenosine invariably produced concen-
tration-dependent inhibition of cyclase activity.

To determine whether alkylxanthines antagonize
the stimulatory and inhibitory effects of adenosine,
additional experiments employing three cell frag-
ment preparations were performed to compare the
effects of adenosine on cyclase activity in the pres-
ence of 1 mM RO-20,1724, a non-xanthine cAMP
phosphodiesterase inhibitor, with those in the pres-
ence of this inhibitor plus 1 mM MIX. These experi-
ments showed that MIX significantly inhibited basal
cyclase activity (probably reflecting antagonism of
endogenous adenosine), as well as the stimulatory
effect of 1-100 uM adenosine in the presence of
0.5mM Mg** (Fig. 2). Although in each individual
experiment the effect of MIX at each adenosine
concentration was statistically significant (P < 0.01),
it was not large. The reductions in cyclase activity
in the presence of 0, 1,10 and 100 uM exogenous
adenosine averaged 24,18, 13 and 7 per cent. MIX
did not influence the inhibitory effect of adenosine
elicited by 4 mM Mg** plus 0.5 mM Mn**.

Influence of adenosine analogs on adenylate
cyclase. The effects of purine- and ribose-modified
adenosine analogs on adenylate cyclase activity were

examined at low and high divalent cation concen-
trations (Table 2). At 0.5mM Mg**, N°methylad-
enosine and 2-chloradenosine produced dose-depen-
dent activation of the cyclase, as did both adenine
and 8-bromoadenosine. Because stimulation by
adenine and 8-bromoadenosine was unexpected, the
effects of these purines were tested in three addi-
tional membrane preparations; each time they stimu-
lated cAMP production. At a purine concentration
of 0.1 mM, the cyclase activity in the four experi-
ments averaged 144 =31 per cent of control for
adenine and 157 = 48 per cent for 8-bromoadeno-
sine. In one of these experiments, alkylxanthine
inhibition also was evaluated by comparing catalytic
activity in the presence of 1 mM MIX plus 0.1 mM
R(O-20,1724 with that in the presence of RO-20,1724
alone. MIX inhibited adenine stimulation by 17 per
cent and 8-bromoadenosine stimulation by 24 per
cent. Inosine, guanosine, and 2-aminoadenosine had
no effect on cAMP accumulation, but 6-thioinosine
significantly inhibited the enzyme. Of the ribose-
modified analogs, 3’- and 5’-deoxyadenosine sig-
nificantly stimulated the enzyme.

At 4mM Mg?" plus 0.5 mM Mn?*, the inhibitory
effect of adenosine was mimicked by 2’-deoxyaden-
osine, 5'-deoxyadenosine and adenine-a-t-lyxofur-
anoside, whereas 3'-deoxyadenosine slightly, though
not significantly, stimulated activity. The stimulation
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Fig. 2. Effect of MIX on adenosine stimulation of cardiac
adenylate cyclase. Reaction mixtures contained 0.5 mM
Mg™ and 1mM RO-20,1724. Curves represent cyclase
activity in the presence (O) and the absence (@) of addi-
tional 1mM MIX. B is the activity in the absence of
exogenous adenosine. See text for additional discussion.
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Table 2. Effect of adenosine analogs and metal ions on dog cardiac adenylate cyclase

Percentage of control activity

Test compound, log M 0.5 mM Mg”* 4mM Mg plus 0.5 mM Mn**
Adenosine -5 131 4

-4 158 = 12 119 = 12

-3 772
Adenine -5 132 = 16

-4 1585 146 + 6

-3 230 = 43
2-Aminoadenosine =5 98 =3

—4 1113 115+ 7

-3 123+ 4
2-Chloroadenosine -5 108 £3

-4 117 =1 134 = 16

-3 142 +3
NS-Methyladenosine -5 1026

—4 117x6 111 =7

-3 126 = 13
Inosine -5 97 + 4

-4 101 £2 932

-3 101 = 15
Guanosine -5 93+5
Guanosine -4 99 + 1 101 £5

-3 100 5
6-Thioinosine -5 915

—4 85+ 2 92 x5

-3 92=+5
8-Bromoadenosine -5 1377

—4 159 = 26 148 = 4
2'-Deoxyadenosine -5 95+ 4

—4 933 41+ 3

-3 28+ 4
3'-Deoxyadenosine -5 137 £ 11

-4 118 = 8
5’-Deoxyadenosine -5 1131

—4 129+9 69+ 1
2',3'-O-Isopro-
pylideneadenosine -4 93+4 103+3

-3 85+3
Adenine-a-L-lyxofuranoside -5 106 + 12 75+ 4

-4 105+4 54 +26

-3 26 =4

* Adenylate cyclase activity in the absence of adenosine analogs ranged between 6.2 + 0.2 and
7.2+ 0.4 pmoles cAMP/min per mg protein at 0.5mM Mg”" and 208 = 15 to 260 + 8 pmoles
cAMP/min per mg protein at 4 mM Mg”>*, 0.5 mM Mn**.

of cyclase activity by adenine, 8-bromoadenosine,
NS-methyladenosine, and 2-chloroadenosine
observed at 0.5 mM Mg** persisted, and inosine and
2-aminoadenosine, which were inactive at 0.5 mM
Mg?*, then significantly enhanced activity. Guano-
sine and 6-thicinosine were neither stimulatory nor
inhibitory.

DISCUSSION

This study complements the observations of
Huang and Drummond [13] on guinea pig heart
slices, which show that adenosine and many of its
analogs stimulate cAMP accummulation. They did
not observe inhibition of cyclase activity, but several
adenosine analogs did inhibit the extent of adenosine
activation. The lack of an inhibitory effect on cyclase
activity could have been due to poor penetration of
the nucleoside into the tissue, to its metabolism after
its entry into cells, or to an intracellular [Mg?*] too

low to support an inhibitory effect. Our results are
also consistent with the observations that intraco-
ronary adenosine infusions in open-chest dogs
increase myocardial cAMP levels and the release of
this nucleotide into the coronary venous effluent
[14, 15].

The present study demonstrates in dog heart mus-
cle the same Mg’ -dependent biphasic effects of
adenosine on adenylate cyclase that have been
observed in a number of other tissues. Adenosine
stimulated cyclase activity at low [Mg>"] but inhibited
the enzyme at high divalent cation concentrations.
Moreover, a dialkylxanthine inhibited the stimula-
tory effect but had no influence on inhibition. These
results are compatible with the ‘two receptor’
hypothesis advanced by Londos and Wolff [1] to
explain the biphasic effect of adenosine. The most
recent refinement of this hypotheses [16] describes
two types of cell surface ‘R’ receptors that bind
adenosine and similar ligands having an intact ribose
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moiety and are relatively tolerant of base modifi-
cations. Stimulatory R, receptors are found in tissues
such as adrenal cells, erythrocytes, and Leydig and
neural tumor cells. Inhibitory R, receptors are found,
e.g. in adipocytes. Alkylxanthines antagonize the
effects of adenosine acting through these receptors.
A second class of adenosine receptors, whose affinity
for ligand tolerates ribose but not base modifications,
mediates inhibition of the cyclase. The influence of
this receptor is evident at higher [Mg?*] and is insen-
sitive to alkylxanthine antagonism {1]. Since inhi-
bition via the R, receptor has an absolute require-
ment for GTP, which cannot be met by GMPPNHP
[17,18], the inhibitory effect of adenosine found in
the present study, which employed GMPPNHP to
activate the cyclase, is probably an expression of P
receptors.

The pattern of chemical specificity of the R, and
P receptors observed in the present study and by
Huang and Drummond [13] differs in some details
from the general rule proposed by Londos and Wolff
{1], i.e. that the ribose moiety determines a stimu-
latory effect, whereas inhibition depends on the
adenine base. Several purine-modified ribosides
failed to stimulate adenylate cyclase activity at low
{Mg®*], whereas all but guanosine and 6-thioinosine
stimulated the enzyme at high divalent cation con-
centrations. Although 3'-deoxyadenosine activates
the Leydig cell cyclase and inhibits the platelet
enzyme [1], it stimulated the dog heart enzyme at
both low and high [Mg”*]. Further, both adenine
and 8-bromoadenosine, which are inactive in other
cell types, stimulated the cardiac enzyme. These
exceptions to general rules do not seriously challenge
the ‘two receptor’ hypothesis. Rather, we interpret
them as evidence of more subtle differences in the
determinants of ligand affinity that may exist
between tissues and perhaps also between species.
A detailed test of this hypothesis is beyond the scope
of the present study.

An earlier report that adenosine only inhibits the
adenylate cyclase of guinea pig heart [9] is nonethe-
less consistent with our results. The experiment cited
employed buffers containing 15mM Mg?*, condi-
tions which our experiments show would elicit only
an inhibitory response. Adenosine also antagonizes
the beta adrenergic activation of adenylate cyclase
in guinea pig hearts perfused by the Langendorf
technique and in rat heart slices [9, 19]. Since these
experiments concern the modulatory effect of adeno-
sine on the action of a cyclase-stimulating hormone,
rather than the direct effects of adenosine itself, they
are not comparable to our study. It is not clear
whether this antagonistic effect of adenosine on adre-
nergic activation of cardiac cyclase is mediated by
P receptors or by R, receptors, which seem to coexist
with R, receptors in cultured neuroglial cells [20].
Comparisons of the relative potencies of adenosine
and its congeners may reveal the existence of all
three types of receptors in heart muscle.

Our observations and those cited previously [13~

15} support the notion that adenosine may regulate
adenylate cyclase activity and thereby cardiac per-
formance via both stimulatory and inhibitory recep-
tors. Adenosine is released continuously into the
cardiac interstitial space [6] and by gaining access
to R, receptors on the cell surface could support
basal cyclase activity. Adenosine levels rise rapidly
during cardiac ischemia [21]; the rate is rapid enough
to explain the 3-fold rise in cardiac cAMP levels
found after only 5 sec of ischemia [22], presumably
reflecting activation of R, receptors. Emerging evi-
dence for an intracellular compartment of the adeno-
sine pool [7, 8] admits the possibility that this adeno-
sine, in concert with Mg?*, may also modulate cyclase
activity through the P receptor. The possibility that
adenosine may attenuat® beta adrenergic activation
of the cardiac cyclase {? via R, receptors) is yet a
third way that this nucleoside could influence cardiac
performance. Thus, adenosine may have cardiac
metabolic effects in addition to its well-known effect
on coronary vasomotion.

REFERENCES

1. C. Londos and J. Wolff, Proc. natn. Acad. Sci. U.S. A,
74, 5482 (1977).
2. P. 1. England, Biochem. J. 160, 295 (1976).
3. M. Tada, M. A. Kirchberger, D. 1. Repke and A. M.
Katz, J. biol. Chem. 249, 6174 (1974).
4. D. A. Walsh, M. S. Clippinger, S. Sivarmakrishnan
and T. E. McCullough, Biochemistry 18, 871 (1979).
5. 8. R. Gross and S. E. Mayer, Life Sci. 14, 401 (1974).
6. R. Rubio and R. M. Berne, Circulation Res. 28, 407
(1969).
7. J. Schrader and E. Gerlach, Pfliigers Archs. 367, 125
(1976).
8. R. A, Olsson, R. B. Vomacka and D. G. Nixon, Fedn.
Proc. 37, 418 (1978).
9. J. Schrader, G. Baumann and E. Gerlach, Pfligers
Archs. 372, 29 (1977).
10. A. G. Gilman, Proc. namn. Acad. Sci. U.S.A. 67, 305
(1970).
11. N. Beck, H. Singh, S. W. Reed and B. B. Davis, J.
clin. Invest. 53, 717 (1974).
12. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R.
J. Randall, J. biol. Chem. 193, 256 (1951).
13. M. Huang and G. 1. Drummond, Biochem. Pharmac.
25, 2713 (1976).
14. T. Huynh-Thu and J. Lammerant, J. Physiol., Lond.
279, 641 (1978).
15. T. Huynh-Thu and J. Lammerant, Archs. int. Phar-
macodyn. Thé. 243, 74 (1980).
16. C. Londos, D. M. F. Cooper and J. Wolff, Proc. nain.
Acad. Sci. U.S.A. 77, 2551 (1980).
17. D. M. F. Cooper, W. Schlegel, M. C. Lin and M.
Rodbell, J. biol. Chem. 254, 8927 (1979).
18. S. L. Sabol and M. Nirenberg, J. biol. Chem. 254, 1913
(1979).
19. J. M. Dobson, Jr., Circulation Res. 43, 785 (1978).
20. D. van Calker, M. Miiller and B. Hamprecht, J. Neu-
rochem. 33, 999 {1979).
21. R. A. Olsson, Circulation Res. 26, 301 (1970).
22. A. Wollenberger, E. G. Krause and G. Heier,
Biochem. biophys. Res. Commun. 36, 644 (1969).



