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Abstract—Adenosine stimulated cyclic AMP accumulation in guinea pig ventricular slice preparations.
The response to adenosine was dose-dependent over the range 0.1 to 100 uM; half-maximal stimulation
occurred at 25 uM. The response to the nucleoside was rapid; maximum levels of cyclic AMP were
obtained in 3 min. Examination of a variety of adenosine analogues revealed that the 2'-, 3'-, and
5-hydroxyl groups of the ribose moiety were important for activity. Agonist activity also required
an amino group in the 6-position. Substitution of one hydrogen atom on the primary amino nitrogen
did not alter activity, but substitution of both hydrogens abolished activity. Replacement of the N
in position 7 of the purine ring with a C atom, or substitution of the hydrogen atom on position
8 with either an amino group or bromine atom abolished activity. Examination of the effect of several
agents, papaverine, 5'-deoxyadenosine, 6-chloropurine riboside and 6-N[(p-nitrobenzyl)thio]-9-3-D-ribo-
furanosyl purine, which inhibited adenosine uptake into cardiac cells, provided evidence which suggested
that the action of the nucleoside was mediated via interaction with a receptor on the external cell
surface. Several phosphodiesterase inhibitors (papaverine, SQ 20009, RO-20-1724 and 3-isobutyl-1-meth-
ylxanthine} potentiated the effect of adenosine; theophylline, on the other hand, antagonized adenosine
stimulation of cyclic AMP levels. Hexobendine potentiated the stimulatory action of low (10 uM)
concentrations of adenosine, and seemed to do so by preventing adenosine uptake. Lidoflazine poten-
tiated the action of both low (10 #M) and high (100 uM) concentrations of adenosine and appeared
to act primarily as a phosphodiesterase inhibitor. Dipyridamole potentiated the actions of both low
and high concentrations of adenosine probably by blocking adenosine uptake and by ichibiting phos-

phodiesterase.

Adenosine has been shown to stimulate accumulation
of cyclic AMP in brain slices [1, 2], platelets [3] and
in a variety of cultured cells of both neuronal and
non-neuronal origins [4-6]. This action seems to be
effected by interaction of the nucleoside with an extra-
cellular receptor [6-9]. Adenosine has a number of
actions on the cardiovascular system. It relaxes
smooth muscle resulting in dilation of coronary
arteries, and much evidence suggests that the nucleo-
side is a physiological regulator of coronary blood
flow during hypoxia or increased myocardial oxygen
demand [10, 11]. The vasodilators, dipyridamole, hex-
obendine and lidofiazine, potentiate the effect of exo-
genously applied adenosine on coronary blood flow;
this action is attributed to inhibition of nucleoside
uptake into blood cells and tissues [12-14]. These
coronary dilators are also potent inhibitors of cyclic
nucleotide phosphodiesterases from a variety of tis-
sues including heart and coronary arteries and could
potentially affect cyclic AMP levels in these tis-
sues [15,16]. The negative chronotropic action of
adenosine on the heart has been recognized for some

*The following abbreviations have been used: pNBTRP,
6-N[(p-nitrobenzyl)thio]-9-f-p-ribofuranosyl purine; SQ
20009,  1-ethyl-4-(iso-propylidenehydrazino-1H-pyrazolo-
34-b)-pyridine-5-carboxylic  acid ethyl ester HCI;
RO-20-1724, pL-4~(3-butoxy-4-methoxy-benzyl)-2-imidazo-

lidinone; IBMX, 3-isobutyl-1-methylxanthine; and
AMP-PNP, 5-adenylyl imidodiphosphate tetrasodium
salt.

time [17]; both rate and force of contraction of iso-
lated atria are reduced by this nucleoside [18]. The
above-mentioned coronary dilators potentiate these
actions of adenosine on the intact heart [17], and in
isolated atria[18,19]. From these observations it
seemed possible that adenosine might affect cyclic
AMP levels in cardiovascular tissues. In this study,
we report the effects of adenosine and agents which
affect its metabolism on cyclic AMP levels in ventri-
cular slice preparations.

MATERIALS AND METHODS

5-Deoxyadenosine, ethyl adenosine 5'-carboxylate,
dipyridamole, hexobendine and lidoflazine were gifts
from Dr. J. W. Daly, National Institutes of Health,
Bethesda, Md., U.S.A. 2-Fluoroadenosine, N°-phenyl-
adenosine, N%-(3-methyl-2-butenyl)-adenosine, N°-
hydroxyadenosine, and pNBTRP* were provided by
Dr. A. R. P. Paterson, McEachern Laboratory for
Cancer Research, University of Alberta; 6-mercapto,
6-methoxy- and  6-chloropurine riboside and
NS.dimethyladenosine were obtained from Terochem
Laboratories Ltd., Edmonton, Canada. Other nucleo-
sides were obtained from Sigma Chemical Co., St.
Louis, Mo. 3-Isobutyl-1-methyl-xanthine was pur-
chased from Aldrich Chemicals. RO-20-1724 was
obtained through the courtesy of Dr. H. Sheppard,
Hoffmann-La Roche Inc., Nutley, N.J., and SQ 20009
through Dr. S, Hess, Squibb & Sons, Inc., Princeton,
N.J, USA.
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The medium used for perfusion and for all incuba-
tions was (concentrations in mM) NaCl, 122; KCi,
3; MgSO,, 1.2; CaCl,, 1.3; KH,PO,, 04; NaHCOQ;,
25; and glucose, 10, gassed continuously with 95%
0,-5% CO,.

Preparation of tissue slices. Hearts were removed
from female guinea pigs (350-500 g); each heart was
perfused with 40 ml fluid at 37°, then placed on ice,
and the atria and large vessels were removed. Slices
(0.5 mm thick) were prepared from the ventricles
using a Stadie-Riggs tissue slicer. Slices were further
subdivided on a Mcllwain tissue chopper set at 500
um, giving tissue cubes of approximately (0.5 mm)*.

Incubation and measurement of cyclic AMP. Al in-
cubations were conducted at 37° in a Dubnoff meta-
bolic shaker. Slices prepared from three ventricles
were incubated in 30 ml medium for 15 min, washed
three times with 30 ml of fresh medium by decan-
tation, collected on fine nylon mesh and immediately
dispersed in 24 ml medium. After 40 min of incuba-
tion,* slices were washed as described above, trans-
ferred to 60 ml medium and incubated for 10 min
before being collected on a nylon mesh. Portions of
the slice preparation, representing about 10 mg pro-
tein, were equilibrated for 3 min in 5 ml medium
in 25-mi beakers before the test substances {in 50 pul
solution} were added. Preparations were then incu-
bated for 3-5 min unless otherwise indicated. The
reaction was terminated by collecting the slices on
nylon mesh, transferring them rapidly to a glass hom-
ogenizer tube containing 1 ml of ice-cold 8%

trichloroacetic acid and homogenizing with a Teflon
pestle. ["*Clcyclic AMP (2000 dis./min) was added
to each extract to monitor recovery. After separation
of denatured protein by centrifugation, the superna-
tant was extracted four times with 1.5 vol. ether and
subjected to chromatography on Dowex 1-x8
(100-200 mesh, C1~ form) as described by Schultz and

*This procedure was used because in some parallel ex-
periments slices were prelabeled by incubation with
[®Hladenine for 40 min, and [*Hlcyclic AMP was
measured chromatographically (see Ref. 2). Data from such
experiments are not reported in this paper.
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Daly [20]. Cyclic AMP was determined in quadrupli-
cate samples of each lyophyllized column effluent by
the method of Gilman {217 using binding protein pre-
pared from beef ventricle and inhibitor protein from
rabbit leg muscle. Cyclic AMP content was expressed
on the basis of tissue protein. Protein was determined
from the trichloroacetic acid-precipitated residue after
solubilization in 1 N NaOH using the method of
Lowry et al. [22].

Measurement of uptake of [**CJadenosine by ventri-
cular slices. The procedure was similar to that used
by Huang and Daly [7] for brain slices. Ventricular
slices were incubated for 15 min and washed as de-
scribed above. After incubation in fresh medium (20
mi/g wet wt) for 10 min, slices were collected on nylon
mesh and were divided into portions containing 4-5
mg protein. Each portion was dispersed in 3.5 ml
medium containing the test substance and 10 uM
[**CJadenosine (16 mCi/m-mole). After 20 or 40 min
of incubation at 37°, the medium was decanted and
12 ml of fresh medium was added to quench further
uptake. The slices were rapidly washed two more
times, collected on nylon mesh and homogenized in
1 ml of 8% trichloroacetic acid. Denatured protein
was separated by centrifugation, and 0.1-ml aliquots
of the supernatant fluid were added to 10 ml Aquasol
containing 2 ml of 50% ethanol and 15 ul of 10 N
H,S0,, and radioactivity was determined by liquid
scintillation spectrometry.

RESULTS

Effect of adenosine on cyclic AMP levels. The basal
level of cyclic AMP in guinea pig ventricular slices
was 1.4 + 0.1 pmoles/mg of protein. When 0.1 mM
adenosine was present in the medium, cyclic AMP
levels rose rapidly to a maximum in 3 min and
remained at this level for at least 12 min (Fig. 1A).
Response to adenosine was dose-dependent between
0.1 and 100 M (Fig. 1B). The effect of several phos-
phodiesterase inhibitors on the adenosine-elicited in-
crease in cyclic AMP levels was examined (Table 1).
Papaverine (0.5 mM), SQ 20009 (0.5 mM),
RO-20-1724 (0.1 mM) and IBMX (1.0 mM) increased
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Fig. 1. Effect of adenosine on cyclic AMP accumulation in guinea pig ventricular slices. Conditions

are as described in Materials and Methods. Panel A: Time course of action of 100 uM adenosine;

panel B: dose dependency of adenosine-elicited stimulation of cyclic AMP levels. Vertical bars represent
S.E.M. of the number of experiments shown in parentheses.
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Table 1. Effect of phosphodiesterase inhibitors on adenosine-mediated accumulation
of cyclic AMP in guinea pig ventricular slices®

Phosphodiesterase Concn Adenosine Cyclic AMP
inhibitor (mM) (0.1 mM) (pmoles/mg protein)

None - 14 +£0.1(5)
None + 45 4+ 03(5)
Papaverine 0.5 - 6.8 + 0.6(3)
+ 16.0 + 0.7(3)

SQ 20009 0.5 - 24 +£0.1(3)
+ 10.5 + 1.9(3)

RO-20-1724 0.1 - 3.0 +£03(6)
+ 133 + 08(5)

IBMX 1.0 - 123 4 1.0(3)
+ 228 + 1L1(3)

Theophylline 1.0 - 1.5+ 02(9
+ 28 +03(%

* Slices were incubated in the presence of SQ 20009, IBMX or theophylline for
3 min before addition of adenosine; papaverine or RO-20-1724 was added together
with adenosine to slices which had been pre-incubated for 3 min, Otherwise, conditions
are as described in Materials and Methods. Values are means from the number of
experiments shown in parentheses +S.E.M.

basal levels of cyclic AMP by 5-, 2-, 2.5- and 10-fold not affect basal levels of cyclic AMP and partially
respectively. When 0.1 mM adenosine was present, inhibited the effect of adenosine.

these compounds appeared to potentiate the effect of Structure—activity relationships of adenosine ana-
the nucleoside. In contrast, theophylline (I mM) did  logues. Adenosine analogues modified in either the

Table 2. Structure-activity relationships of adenosine analogues®

Cyclic AMP
(pmoles/mg protein)
Concn
Analogue (mM) - Adenosine + Adenosine (0.1 mM)
None 14 +0.10(12) 42 + 0.19(14)
Analogues with modified ribose moiety
2’-Deoxyadenosine 0.5 2.5 + 031 4) 54 4+ 031 (3)
3-Deoxyadenosine 0.5 1.6 + 0.1§ (4) 44 4 048 (3)
Isopropylidine adenosine 0.1 20+ 0.1 (4 S8+ 0.7) (3)
5-Deoxyadenosine 0.1 1.5 +0.1§ (4 19+ 0274
Ethyl adenosine 5'-carboxylate 0.1 1.6 +0.28(5) 32 £ 035 (5
AMP-PNP 0.1 28 + 021 (4) 45 + 0.5§ (4)
Analogues with modified purine moiety
Adenosine N'-oxide 0.1 36 + 041(4) 40+ 03803
2-Chloroadenosine Q.5 4.5 + 0.3%4(3) 45 +0383)
2-Fluoroadenosine 0.1 1.8 +0.21(6) 26 +0.27(5)
Isoadenosine 0.1 22 4+ 011(5) 34 £ 0.11(5)
N®-methyladenosine 0.1 4.1 1 03%(3) 4.5 + 0.6§ (3)
N°®-phenyladenosine 0.1 38,4.6 42,54
N®-benzyladenosine 0.1 5.1 + 0.4t 4) 50 + 0.39(3)
N®-(3-methyl-2-butenyl)-adenosine 0.1 5.1 +051(3) 59 +031(3)
N®-dimethyladenosine 0.1 1.8 + 0.29(5) 43 + 0.48 (4)
N®-hydroxyadenosine 0.1 7.1 + 0.5 (4) 10.5 + 1.01(3)
6-Methoxypurine riboside 0.1 23 + 051 (3) S+ 0.61(3)
6-Mercaptopurine riboside 0.1 1.6 + 02§ (4) 4.1 +03§(3)
6-Chloropurine riboside 0.5 1740184 370184
Inosine 0.5 1.6 +0.1§ (3) 48 + 0.1 (4)
Tubercidin 0.1 L5 + 01§ (5) 32 £ 0315
8-Aminoadenosine 0.1 23 + 0274 39 +04§(3)
8-Bromoadenosine 0.1 1.8 + 0.031(3) 43 +£02§8(3)

* Conditions are as described in Materials and Methods. Values are means +S.E.M. for the number of experiments
indicated in parentheses. The significance of differences from basal levels (+ or — adenosine as appropriate) was
determined by Student’s ¢-test and is indicated by the probabilities shown in the subsequent footnotes.

+P < 0.001,

1P <005

§ P> 0l

| P <001

P < Q1.
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purine ring or sugar moiety were examined for poss-
ible effects on cyclic AMP accumulation (Table 2).
Modification of the ribose moiety greatly reduced
agonist activity; 3'-deoxyadenosine, 5'-deoxyadeno-
sine and ethyl adenosine 5'-carboxylate were inactive
at the concentrations used. 2'-Deoxyadenosine,
AMP-PNP and isopropylidine adenosine were weak
agonists. Of these, 5-deoxyadenosine (100 uM)
strongly antagonized the stimulatory action of 100
uM adenosine; ethyl adenosine 5'-carboxylate slightly
decreased the effect of the nucleoside; the remainder
were without significant effect. Modification of the
purine moiety at N' did not significantly alter agonist
activity; 100 uM adenosine N'-oxide was almost as
effective as 100 uM adenosine. When present together,
the effect was not greater than that of adenosine
alone. 2-Chloroadenosine was an effective agonist and
when present with adenosine, cyclic AMP levels were
equivalent to those produced by adenosine alone. In
contrast, 2-fluoroadenosine (100 M) had virtually no
agonist activity and antagonized the effect of adeno-
sine. Isoadenosine behaved similarly. Analogues in
which a single H on the amino nitrogen was substi-
tuted retained agonist activity. Activity was not signi-
ficantly different from that of adenosine whether the
substituent was aliphatic (methyl- or 3-methyl-2-
butenyl-) or aromatic (phenyl- or benzyl-), nor did
these analogues affect the stimulation produced by
100 uM adenosine. In contrast, N°-dimethyladenosine
had no agonist action and did not affect the stimula-
tory action of adenosine. N°-hydroxyadenosine at 100

Table 3. Effect of various agents on uptake
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#M was a more potent agonist than adenosine, and
the effects of the two together were additive. With
the exception of 6-methoxypurine riboside, which had
marginal agonist activity, replacement of the 6-amino
group with a mercapto-, chloro-, or hydroxyl group
rendered the compound inactive at the concentrations
examined and none of these affected the stimulatory
action of adenosine. Similarly, at the concentration
used, tubercidin (7-deazaadenosine) was devoid of
agonist activity; 8-aminoadenosine had marginal
agonist activity, 8-bromoadenosine was virtually inac-
tive and neither of the two latter compounds affected
the action of adenosine.

Uptake of ['*Cladenosine by ventricular slices. Evi-
dence from studies on brain slices [7] and plate-
lets [9] suggested that adenosine stimulates cyclic
AMP formation by interaction with a receptor on
the exterior cell surface. The effect of phosphodiester-
ase inhibitors, adenosine analogues and coronary
dilators on uptake of 10 uM [*CJadenosine into ven-
tricular slices is shown in Table 3. Theophylline at
1 mM and IBMX at 100 gM had no significant effect
on uptake; IBMX at | mM produced a small but
significant inhibition (~ 25 per cent). SQ 20009 was
more potent, producing 47 per cent inhibition of
uptake at 0.5 mM; papaverine was the most potent
agent in this category, producing 68 and 80 per cent
inhibition at 0.1 and 0.5 mM respectively. The potent
phosphodiesterase inhibitor, RO-20-1724, had no sig-
nificant effect. The adenosine analogues, 5-deoxya-
denosine and 6-chloropurine riboside, at 100 uM pro-

of ['*Cladenosine by ventricular slices*

Concn Per cent inhibition
Compound (uM) of adenosine uptake
Phosphodiesterase inhibitors
Theophylline 1000 <4(3)
IBMX 100 <5(2)
1000 246 + 1.9(5)
SQ 20009 500 472 +34(3)
Papaverine 100 679 + 1.2(3)
500 79.6 + 2.8(3)
RO-20-1724 100 <6(4)
Adenosine analogues
2-Chloroadenosine 500 24.3,26.6
6-Chloropurine riboside 100 759 + 3.8(3)
2’-Deoxyadenosine 500 143,154
3’-Deoxyadenosine 500 <6(2)
5’-Deoxyadenosine 100 76.0 + 0.7 (4)
Ethyl adenosine 5'-carboxylate 10 <9(2)
100 <10(2)
pNBTRP 1 67.1 £09(3)
: 10 86.5, 86.0
Coronary dilators :
Dipyridamole 1 36.3 + 0.8(3)
10 80,75.3
Hexobendine 1 53.6,52.4
10 88.0 + 1.0(3)
Lidoflazine 1 <12(3)
10 <14(4)

* ['*CJadenosine (10 uM) (sp. act. 16 uCi/umole) was used and incubations were
for 20 or 40 min as described in Materials and Methods. Values are means +S.E.M.
from the number of experiments shown in parentheses; where only two expertments
were performed, both values are given. Total incorporation of radioactivity under
control conditions was 7 to 9 x 10* and 15 to 16 x 10* dis./min/mg of protein at

20 and 40 min respectively.
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duced 76 per cent inhibition; 2-chloroadenosine and
2’-deoxyadenosine were less effective inhibitors while
3'-deoxyadenosine and ethyl adenosine 5'-carboxylate
were virtually inactive. By far the most potent agent
was pNBTRP, which produced 67 per cent inhibition
at 1 uM and 86 per cent at 10 uM. The coronary
dilators dipyridamole and hexobendine at 100 uM
strongly inhibited adenosine uptake (75 and 86 per
cent respectively). Lidoflazine, on the other hand, had
only marginal effects. When adenosine concentration
was increased to 100 uM, dipyridamole (100 pM),
hexobendine (10 uM), papaverine (0.5 mM), IBMX
(1.0 mM), 6-chloropurine riboside (100 pM) and
pNBTRP (10 uM) did not significantly affect uptake
of the radioactive nucleoside (data not shown).
Effects of vasodilators on adenosine-mediated ac-
cumulation of cyclic AMP. The effects of hexobendine,
dipyridamole and lidoflazine on myocardial cyclic
AMP levels were examined in the absence and pres-
ence of 10 and 100 uM adenosine. In additional ex-
periments, RO-20-1724, a phosphodiesterase inhibitor
which did not affect adenosine uptake, and/or
pNBTRP, a potent inhibitor of adenosine uptake
(Table 3) which does not inhibit phosphodiesterase,
were present in the incubaticn mixture. The results
are shown in Table 4. Dipyridamole at 10 and 100
uM elevated cyclic AMP 2-fold and 4-fold, respect-
ively, above the basal level. Hexobendine at 10 uM
produced a smaller increase (1.5-fold). Dipyridamole
(10 and 100 uM) potentiated the stimulatory effects
of both 10 and 100 uM adenosine. At both concen-
trations of dipyridamole, the degree of potentiation
was greater with 10 uM adenosine than with the
higher concentration (100 uM). Hexobendine at both
10 and 100 uM stimulated the level of cyclic AMP
elicited by 10 uM adenosine to that caused by 100
uM adenosine alone and did not increase cyclic AMP
levels further in the presence of the higher concen-
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tration of the nucleoside. Lidoflazine potentiated the
action of both concentrations of adenosine to a simi-
lar extent. This latter agent also potentiated the
adenosine effect when present at 1 uM. pNBTRP had
little effect on basal levels of cyclic AMP; it increased
the response elicited by 10 yM adenosine but had
a lesser effect on the response produced by 100 M
nucleoside. RO-20-1724 increased the basal levels of
cyclic AMP and potentiated the action of both con-
centrations of adenosine to a similar degree. A com-
bination of pPNBTRP and RO-20-1724 elevated the
basal levels of cyclic AMP as well as the responses
of both 10 and 100 uM adenosine; the degree of
potentiation was greater with 10 uM adenosine.

DISCUSSION

The data presented demonstrate that adenosine can
augment intracellular cyclic AMP levels in ventricular
myocardium. The phosphodiesterase inhibitors, papa-
verine, SQ 20009, RO-20-1724 and IBMX, poten-
tiated the effect of adenosine, but theophylline pro-
duced inhibition. Inhibition by methylxanthines of
either adenosine-mediated increases in cyclic AMP or
adenosine-induced physiological responses has been
observed in a number of systems [1,23-26]. The
studies with adenosine analogues provide some infor-
mation on structural requirements for nucleoside
action. In general, these requirements bear many simi-
larities to those of brain preparations [7, 23]. Modifi-
cations of the ribosyl moiety caused partial or com-
plete loss of agonist activity. Thus, 2'-deoxyadenosine
had only low activity at 0.5 mM (it was without acti-
vity at 100 gM); the 3’-deoxy-, 5-deoxy, and isopro-
pylidine analogues and ethyl adenosine 5'-carboxylate
were virtually inactive. Free hydroxyl groups in the
2'-, 3’- and S'-positions, therefore, seem necessary for
agonist activity; AMP-PNP (which is resistant to

Table 4. Effect of dipyridamole. hexobendine and lidoflazine on adenosine-mediated accumulation of cyclic AMP*

Cyclic AMP
(pmoles/mg protein)
Concn
Agent(s) (uM) — Adenosine + Adenosine (10 uM) + Adenosine (100 uM)

None 12 +0.109) 23 + 0.1F(11) 3.7 +02(11)
Dipyridamole 10 2.6,2.7 8.6,7.0 89,80

100 5.1,4.5 14.2 11.6,15.5
Hexobendine 10 1.8 + 021 (4) 32+ 02§ (3) 3.4 + 049(3)

100 1.7 £ 0.1§(4) 3.5+ 05§, (3) 3.7 +£049(3)
Lidoflazine 10 1.5+ 0.19(3) 5.1 + 04**11(3) 8.2 + 0.8**(3)
pNBTRP l 1.6 + 0.1 (6) 3.8 + 0.2%* 11 (4) 43 + 0.1§(6)
RO-20-1724 100 3.1 £02*%* Q) 8.4 £ 0.5%,** (5) 129 + 0.6**(7)
RO-20-1724 100

plus pPNBTRP 1 4.7,49 10.3,9.3 11.4,10.8

* Values are means +S.E.M. from the number of experiments indicated in parentheses. Where only two experiments
were performed, both values are given. Significance of differences from basal levels (+ or — adenosine as appropriate)
was determined by Student’s t-test and is indicated by the probabilities shown in footnotes 1, §, 9 and **. Significance
of differences from the levels in the presence of 0.1 mM adenosine is indicated by the probabilities shown in footnotes
1. |l and t1.

P < 0.001.

1P < 0.05.

§ P <001.

I P>01.

P> 0.1.

** P < 0.001.

1P < 0.05.
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phosphatase), however, possessed activity. From the
data presented, it is also possible to suggest that on
the purine ring, a 6-amino group is important for
activity. Thus, 6-methoxy-, 6-hydroxy-, 6-chloro-, and
6-mercaptopurine riboside possessed very low acti-
vity. One of the protons of the amino nitrogen could
be substituted with either an aliphatic or an aromatic
residue. However, N®-dimethyladenosine, in which
both protons are substituted, was virtually inactive.
Thus, either one exchangeable proton on the 6-amino
group, or the proper exposure of the N atom is im-
portant. The N atom at position 7 also appeared
essential for activity; in addition, substitution at C-8
greatly impaired agonist activity. 2-Chloroadenosine
and 2-fluoroadenosine, which have similar negative
chronotropic actions on the beating heart [27], had
opposite effects on cyclic AMP formation in the slice
preparation. The 2-chloro analogue, a potent vasodi-
lator [28] and stimulator of cyclic AMP formation
in brain slices [7, 23] and human fibroblasts [8], pos-
sessed agonist activity in heart slices while 2-fluoro-
adenosine was inactive and actually inhibited adeno-
sine-stimulated cyclic AMP formation. The two ana-
logues, N°®-hydroxyadenosine and ethyl adenosine
5'-carboxylate, exhibited especially interesting actions.
The former seemed to be a more potent agonist than
adenosine and the combined actions of this analogue
and adenosine were additive. This might imply differ-
ent receptors for each. However, the action of the
N®-hydroxy compound was antagonized by theophyl-
line (data not shown) as was adenosine (see Table
1). They might, of course, be acting on different cell
types. Ethyl adenosine 5-carboxylate has been
reported to be a potent vasodilator [29]; however,
unlike the other vasoactive agents examined, it did
not stimulate cyclic AMP accumulation in ventricular
slices. We considered it possible that the source of
substrate for cyclic AMP formation by this analogue
might be a discrete and minor component of the total
adenine nucleotide pool, and thus small amounts of
the cyclic nucleotide formed might escape detection
when assaying for total tissue cyclic AMP. However,
in experiments in which slices were prelabeled with
[*H]adenosine and the accumulation of labeled cyclic
AMP measured by the chromatographic technique of
Shimizu et al. [2], we were unable to detect radioac-
tive cyclic nucleotide, although it was readily demon-
strated using adenosine, 2-chloroadenosine or
N®-hydroxyadenosine. Recently it has been reported
that the vasodilator action of ethyl adenosine 5'-car-
boxylate appears different from adenosine in that it
is not potentiated by dipyridamole [30].

Uptake of 10 uM ['*CJadenosine was inhibited by
dipyridamole, hexobendine, papaverine, 5'-deoxya-
denosine, 6-chloropurine riboside and pNBTRP while
uptake of 100 uM adenosine was virtually unaffected
by these agents. This could mean that different
mechanisms might be involved in the uptake of high
and low concentrations of this nucleoside analogous
to those found in erythrocyte[31] and brain
slices [7]. It could also mean that the uptake
mechanism was saturated at 100 uM nucleoside so
that the effect of these agents would not be apparent.
PNBTRP (1 M), which inhibited adenosine uptake
by 67 per cent, potentiated the accumulation of cyclic
AMP in response to 10 uM adenosine but did not
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substantially augment the action of 100 uM nucleo-
side. 6-Chloropurine riboside acted similarly (data not
shown). If inhibition of adenosine uptake increases
the effective concentration of nucleoside at a surface
membrane site, the expected response would be no
greater than the maximum response of adenosine. The
observations with pNBTRP and 6-chloropurine ribo-
side, therefore, are consistent with the idea that the
site of adenosine action is at the external cell surface.
The possibility can be considered, however, that these
agents may be acting to inhibit the metabolism of
adenosine intracellularly. In support of our feeling
that their main action is to prevent entry of adenosine
into the cell, it has been clearly shown that pNBTRP
specifically blocks nucleoside transport [32, 33]. 1t is
unlikely that the action of any of these agents could
be accounted for by inhibition of adenosine de-
aminase which might have leached from cells into the
incubation medium, since this activity could not be
detected in the media of control experiments after
removal of the slices.

Different mechanisms seemed to be involved in the
potentiative action of hexobendine, lidoflazine and
dipyridamole on adenosine-elicited cyclic AMP ac-
cumulation in guinea pig ventricular slices, although
all three compounds are known to inhibit phospho-
diesterase [15, 16]. Hexobendine appeared to act by
inhibiting adenosine uptake rather than by phospho-
diesterase inhibition. Thus at 10 gM, this compound,
which inhibited the uptake of 10 uM adenosine by
88 per cent (see Table 3), potentiated the accumu-
lation of cyclic AMP in response to 10 M adenosine
to a level equivalent to that caused by 100 uM nuc-
leoside alone (see Table 4). This action is unlikely
to be due to inhibition of phosphodiesterase because
the drug did not potentiate the effect of 100 uM
adenosine. Indeed, the action of hexobendine is simi-
lar to that of pNBTRP, which inhibited adenosine
uptake but did not inhibit phosphodiesterase at the
concentration used. Lidoflazine did not significantly
affect the uptake of adenosine but potentiated the cyc-
lic AMP-accumulating action of both 10 and 100 uM
adenosine to the same extent. This would be consis-
tent with an inhibitory action on phosphodiesterase.
In agreement with this, the potent phosphodiesterase
inhibitor, RO-20-1724, which had virtually no effect
on adenosine uptake, potentiated the effects of both
concentrations of adenosine to a similar extent.
Dipyridamole seemed to exert its action by inhibiting
both phosphodiesterase and adenosine uptake. Thus
it potentiated the cyclic AMP-accumulating action of
100 uM adenosine but had no significant effect on
uptake of the nucleoside at this concentration. This
would be consistent with an inhibitory action on
phosphodiesterase. However, the degree of potentia-
tion of the effect of 10 uM adenosine was greater
than that of 100 uM adenosine. This could result from
inhibition of uptake since dipyridamole inhibited
uptake of 10 uM adenosine by about 80 per cent.
Indeed, the effects of dipyridamole could be mimicked
by a combination of the phosphodiesterase inhibitor,
RO-20-1724, and the nucleoside uptake inhibitor,
pNBTRP; the two potentiated the effect of 10 uM
adenosine to a greater extent than that of 100 uM
nucleoside. It has been shown [18] that the potentia-
tive effects of dipyridamole and hexobendine on the
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action of adenosine on guinea pig heart could be cor-
related with their actions on uptake of the nucleoside,
but the action of lidoflazine could not be explained
on the same basis. The present study confirms that
lidoflazine is unlikely to inhibit adenosine uptake;
however, all three vasodilators could potentiate the
adenosine-elicited cyclic AMP accumulation in
guinea pig heart slices but by apparently different
mechanisms.

Whether the actions of adenosine and vasodilators
described here are related to the cardiovascular
actions of these agents cannot be determined from
this study. Nor has it been determined what contribu-
tion to cyclic AMP levels was made by the smooth
muscle cells of the coronary vasculature. In recent
experiments we have shown that adenosine stimulates
cyclic AMP formation in atrial slices, but we have
not examined coronary vasculature as yet. Adenosine
“receptors” in both coronary vasculature and myocar-
dial cells seem to share certain basic features. Thus,
both adenosine-induced vascdilation and negative
chronotropism are potentiated by dipyridamole, hex-
obendine and lidoflazine and inhibited by methylxan-
thines. In a recent study, Kalsrer [34] has shown that
dipyridamole potentiated adenosine-induced relaxa-
tion of beef coronary artery strips. Uptake of radioac-
tive adenosine into isolated arterial strips was inhi-
bited by dipyridamole. Thus there may be similarities
between the cardiac and vascular systems. Studies
similar to those reported here on the coronary arterial
system could be of some value.

In the presence of 0.1 mM IBMX or RO-20-1724,
epinephrine and isoproterenol (10 uM) increased cyc-
lic AMP levels in the ventricular slice preparation
approximately 3-fold. Propranolol (10 uM) abolished
the stimulatory action of the catecholamines. It will
be of interest to determine what relationship, if any,
exists between the catecholamine receptor and the sti-
mulatory action of adenosine.
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