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SUMMARY

HasLaM, RicHARD J. & RossoN, GILLIAN M. (1975) Effects of adenosine on levels of
adenosine cyclic 3',5'-monophosphate in human blood platelets in relation to adeno-
sine incorporation and platelet aggregation. Mol. Pharmacol., 11, 528-544.

Cyclic 3',5'-['*CIAMP was measured in platelets that had first been incubated with
[!“Cladenine. Maximum increases of 2—4-fold were observed 0.5 min after addition of 10—
40 pM adenosine. Smaller increases were obtained with higher concentrations of adeno-
sine. In 0.5-min incubations 2-chloroadenosine was less effective than adenosine at
concentrations below 20 M and more effective at concentrations above 100 pM. Incorpo-
ration of 1-10 uM adenosine into platelets was inhibited at least 96% by p-nitrobenzyl-
thioguanosine without any effect on the increase in cyclic [!“CJAMP caused by these
concentrations of adenosine, suggesting that adenosine acts at an extracellular site.
With higher adenosine concentrations, p-nitrobenzylthioguanosine was less effective in
inhibiting incorporation of adenosine but blocked the decline in cyclic [! “*CJAMP levels
observed on increasing the adenosine concentration above 40 M. This inhibitory effect
of high adenosine concentrations on the accumulation of cyclic [!*CJAMP was more
easily detected when adenosine was added with prostaglandin E; and represents a
second, possibly intracellular action of adenosine unrelated to its effect in increasing
cyclic AMP levels. Papaverine markedly potentiated the increase in platelet cyclic
['*CJAMP observed with all concentrations of adenosine, indicating that adenosine
activates platelet adenylate cyclase. The kinetics of this activation were studied in
intact platelets incubated for short intervals in the presence of papaverine. Adenosine
(K 4 =1 umM) activated platelet adenylate cyclase up to a maximum of 8-10-fold. This
action of adenosine was competitively inhibited by caffeine (K ; = 72 uM) or theophylline
(K = 25 uM). No inhibitory effect of high adenosine concentrations on cyclic [ ' *CIAMP
formation was observed in intact platelets in the presence of papaverine. The platelet-
aggregating agents ADP and epinephrine, but not vasopressin, markedly inhibited the
increase in platelet cyclic [ ! *CIAMP with adenosine. ADP was found to be a noncompeti-
tive inhibitor (K; = 0.9 uMm) of the effect of adenosine on adenylate cyclase in intact
platelets. Some close correlations were observed between the effects of adenosine on
platelet cyclic [ ! “CJAMP levels and on platelet aggregation. Caffeine partially blocked
the inhibition of aggregation by adenosine. As a whole the results show that platelets
possess a specific extracellular membrane receptor for adenosine, which is distinct from
that for ADP and which mediates the inhibition of platelet function by adenosine by
activating platelet adenylate cyclase.
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INTRODUCTION

Adenosine and some closely related com-
pounds, particularly 2-substituted adeno-
sines, are potent inhibitors of the aggrega-
tion of blood platelets induced by agonists
such as ADP, epinephrine, serotonin, and
vasopressin (1-5). The mechanism respon-
sible for this inhibition has been the sub-
ject of considerable controversy. Proposed
mechanisms have included antagonism by
adenosine of the action of ADP on its recep-
tor (6, 7), mechanisms dependent on the
uptake and metabolism of adenosine (8-
10), and, more recently, an increase in
platelet cyclic 3',5’-AMP as a result of inhi-
bition of cyclic AMP phosphodiesterase by
-adenosine (11, 12) or activation of adenyl-
ate cyclase by adenosine (13). In an investi-
gation of this problem it has already been
shown that adenosine activates adenylate
cyclase in a particulate fraction isolated
from platelets (14). We now present a de-
tailed study of the mechanisms by which
adenosine affects cyclic AMP levels in in-
tact platelets and of the relationships of
these effects to the uptake and metabolism
of adenosine by platelets in platelet-rich
plasma. In these experiments we have
used p-nitrobenzylthioguanosine, a com-
pound known to inhibit the transport of
nucleosides into red cells (15), to inhibit
uptake of adenosine by platelets. These
studies are relevant to an understanding
of the mechanism by which adenosine in-
creases cyclic AMP levels in brain slices
(16, 17) and in a variety of cells in tissue
culture (18-23). As suspensions of blood
platelets provide a homogeneous system in
which biochemical changes can readily be
related to pharmacological effects, we also
investigated the relationship between
platelet cyclic AMP levels and the inhibi-
tion of platelet aggregation by adenosine.
Some of our findings have been briefly
described (24).

MATERIALS AND METHODS

Materials. [8-!*C]Adenosine 47
mCi/mmole), [U-*Cladenine (287
mCi/mmole), and [*Hlinulin (300

mCi/mmole) were obtained from Amer-
sham/Searle Corporation, and cyclic [8-
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SHJAMP (28 Ci/mmole), from
Schwarz/Mann. These were used at the
specific activities at which they were ob-
tained unless stated otherwise. [U-
14CJAdenine was purified before use by
thin-layer chromatography in two dimen-
sicns on cellulose (50 wCi/plate), using
solvent systems described previously
(25). Heparin, adenosine, nucleotides,
l-epinephrine bitartrate, [8-argi-
nine}vasopressin, caffeine, theophylline,
and 3',5'-cyclic nucleotide phosphodiester-
ase were obtained from Sigma Chemical
Company. Papaverine was obtained from
BDH Chemicals. Cation-exchange resin
(AG 50W-X8, 200—400 mesh, H* form) was
obtained from Bio-Rad Laboratories, and
cellulose powder for thin-layer chromatog-
raphy (MN 300 HR), from Brinkmann In-
struments (Canada), Ltd. PGE, ! was very
kindly provided by Dr. J. Pike of the Up-
john Company; NBTGR, by Dr. R. K. Ro-
bins of the ICN Nucleic Acid Research In-
stitute; and 2-chloroadenosine, by Dr. S.
C. Smith of Imperial Chemical Industries,
Ltd., Pharmaceuticals Division. As
NBTGR was only sparingly soluble in
aqueous solutions it was dissolved in
DMSO, which was present at a final con-
centration of 0.2% in all experiments with
NBTGR and had no effect at this concentra-
tion on any of the parameters studied.
Heparinized @ human  platelet-rich
plasma containing more than 350,000 plate-
lets/mm ® was used throughout this study.
It was prepared as described previously
(5), stored at 37° in a closed, siliconized
flask, and used within 4 hr of preparacion.
Incorporation of [8-'‘Cladenosine into
platelets. Samples of platelet-rich plasma
(0.85 ml) were added to mixtures of 0.002
ml of DMSO with or without dissolved
NBTGR and 0.148 ml of 0.154 M NaCl con-
taining 0.25 wCi of [*Hlinulin and 0.047
pCi of [8- ! *Cladenosine. Unlabeled adeno-
sine was included with final adenosine con-
centrations above 1 uM. Incubations were
carried out at 37° and terminated by cen-
trifugation at 13,000 x g for 0.5 min in an

! The abbreviations used are: PGE ,, prostaglan-
din E,; NBTGR, p-nitrobenzylthioguanosine;
DMSO, dimethyl sulfoxide.
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Eppendorf 3200 centrifuge. The superna-
tant plasma was rapidly removed, and 0.05
ml was counted for '*‘C and H. The plate-
let pellet was disrupted by sonication in
0.5 ml of H,O and transferred quantita-
tively to liquid scintillation vials for count-
ing. The '*C in the platelet pellets was
corrected for extracellular !“C on the basis
of the [*H]inulin present and the '4C:’H
ratio in the plasma. The incorporation of
adenosine was calculated in terms of nano-
moles per 10° platelets, allowing for varia-
tions in its specific activity.

Metabolism of [8- ! *Cladenosine in plate-
let-rich plasma. Incubation mixtures were
similar to those used for measurement of
adenosine incorporation into platelets but
contained 0.5 uCi of [*Hlinulin and 0.47
uCi of [8-!*Cladenosine. After centrifuga-
tion the supernatants and pellets were sep-
arately extracted with ice-cold perchloric
acid (final concentration, 0.5 N) containing
unlabeled adenosine metabolites in
amounts giving final concentrations of 0.8
mM in the extract. The acid extracts were
neutralized with 2 N KOH, and, after re-
moval of KClO, by centrifugation at 0°,
0.02-ml samples were subjected to thin-
layer chromatography in two dimensions
on cellulose as described elsewhere (25).
The positions of individual metabolites
were identified under ultraviolet light,
and appropriate areas of cellulose were
scraped into liquid scintillation vials for
counting of '*C. Aliquots of neutralized ex-
tract were also counted directly and, from
the !“C:3H ratios obtained and the distribu-
tion of different metabolites in the superna-
tant plasma, the '‘C in each metabolite
measured in the platelet pellets was cor-
rected for contamination by extracellular
material. About 10% of the !*C chromato-
graphed was unaccounted for, either as a
result of handling losses or because of the
presence of unidentified metabolites. The
amounts of adenosine converted to each
compound isolated were determined from
the '*C in each, expressed as a percentage
of the plasma or platelet '*C chromato-
graphed, and the total ! “C in the plasma or
platelets (measured separately as de-
scribed above).

Measurement of platelet cyclic
['*CJAMP. To label platelet adenine nu-
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cleotides, platelet-rich plasma was incu-
bated at 37° with purified 2 um [U-
14Cladenine for 80-90 min before each ex-
periment, by which time the uptake of '4C
by platelets had reached a maximum of
about 90%. Samples (0.85-0.90 ml) were
then mixed with 0.15-0.10 ml of additions
and incubated at 37° for appropriate times.
Incubations were terminated by addition
of 0.2 ml of 3 N HCIO, with 0.01 uCi of
cyclic [8- SHJAMP, followed by cooling to 0°.
All incubations were performed during the
20-30-min period following labeling of the
platelets, to minimize any changes in the
specific activities of platelet adenine nu-
cleotides. The total '*C incorporated into
the platelets was measured immediately
before and after each experiment by count-
ing the !'*C in samples of platelet-rich
plasma and platelet-free plasma prepared
by centrifuging platelet-rich plasma for 1
min at 12,000 X g (Eppendorf centrifuge).
The mean value for the '*C incorporated
was used in calculating the percentage of
platelet '*C in cyclic [**C]JAMP. After ex-
traction for 20-30 min at 0°, the acidified
incubation mixtures were centrifuged for 4
min at 12,000 x g (Eppendorf centrifuge).
Two methods were used for isolation of
cyclic AMP from the supernatants. In
some experiments cyclic AMP was isolated
from columns of Bio-Rad AG 50W-X8 resin
(200400 mesh) by elution with water and
further purified by thin-layer chromatogra-
phy on cellulose (method 1), as fully de-
scribed elsewhere (26). In other experi-
ments (method 2) a minor modification of
the method of Krishna et al. (27) was used,
which gave the same results as method 1
provided that the [U-!*Cladenine used to
label the platelets was purified as de-
scribed above. In this procedure 1 ml of
acid extract was placed on a column con-
taining a packed volume of 1.5 ml of Bio-
Rad AG 50W-X8 resin (200-400 mesh, H*
form). Cyclic AMP was eluted in the 6-15-
ml fraction with 1 mm KH ;PO , adjusted to
pH 7.3 with KOH. The eluate was ad-
sorbed twice with nascent BaSO ,-Zn(OH),
[0.3 ml of 0.25 M Ba(OH); plus 0.3 ml of
0.25 M ZnSO ,]. The supernatant was lyoph-
ilized and counted for '*C and 3H. The
cyclic [**C]JAMP found by either method
was corrected for the recovery of cyclic
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[SH]JAMP (50-70%) and expressed as a per-
centage of the platelet-bound '*C. Except
when indicated otherwise, the statistical
significance of small differences in platelet
cyclic [**CJAMP levels was evaluated by
unpaired Student’s ¢-tests.

In some experiments the radiochemical
purity of material isolated as cyclic
[**CIAMP by method 2 was determined.
Platelet extract was neutralized with
KOH, incubated with cyclic nucleotide
phosphodiesterase (0.1 unit/ml) in the pres-
ence of 1.5 mMm MgSO , and 56 mM Tris-HCI
(pH 7.4), reacidified with perchloric acid
containing unlabeled cyclic AMP for deter-
mination of percentage recovery (from
E ;60), and finally subjected to the usual
isolation procedure for cyclic [**CJAMP
(method 2). Under conditions in which ex-
ogenous cyclic [SHJAMP was completely
degraded by the phosphodiesterase, the
presumptive cyclic [ ! “*CJAMP found in con-
trol samples of platelet-rich plasma was
degraded by 80-90% indicating the pres-
ence of a residual minor impurity. Other
experiments suggested that this had been
added with the [U-!'‘Cladenine and re-
mained in the plasma compartment,
which contained no true cyclic [! “CJAMP.
The increases in presumptive cyclic
[*“CJAMP observed in the presence of aden-
osine or PGE ; were completely degraded
by cyclic nucleotide phosphodiesterase.

Measurement of total cyclic AMP. Cyclic
AMP in perchloric acid extracts was par-
tially purified by elution from Bio-Rad AG
50W-X8 resin with water as in method 1.
The eluates were lyophilized. As described
elsewhere (28), the cyclic AMP was taken
up in a small volume of buffer, its recovery
was determined, and the remainder was
assayed by a modification of a specific pro-
tein binding method (29).

Liguid scintillation counting. H and
14C were counted in a Beckman LS 230
scintillation counter in a mixture compris-
ing 1.5 ml of aqueous solution (including
the radioactive sample) and 10.5 ml of a
1,4-dioxane-based phosphor (30). Thixo-
tropic gel powder (Packard, 50 g/liter) was
included when insoluble material (e.g., cel-
lulose) was present. Counting efficiencies
were approximately 33% and 50% for SH
and !4C, respectively, when single isotopes
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were counted, and 16% and 50%, respec-
tively, under dual-isotope counting condi-
tions. Results were corrected for back-
ground radioactivity, channel crossover
(when present), and variations in quench-
ing. .
Platelet aggregation studies. An aggre-
gation module (Payton Associates, Ltd.,
Scarborough, Ontario) was used in which
a 1-ml mixture of platelet-rich plasma
with additions could be maintained at 37°
and stirred magnetically at 1100 rpm with
a small, nickel-plated stir bar. Platelet ag-
gregation was recorded by this apparatus
as the decrease in light extinction by plate-
let-rich plasma after addition of an aggre-
gating agent. Superimposable aggregation
recordings were obtained with the same
additions when the same platelet-rich
plasma was used. With platelet-rich
plasma samples from different donors the
same qualitative effects were always ob-
tained, but quantitative variations in the
changes in extinction occurred which were
related to the initial platelet count. Each
experiment was repeated with platelet-
rich plasma from at least three different
donors. When quantitative results were
required, the decrease in extinction after
exactly 0.5 min was measured from the
recordings obtained.

RESULTS

Uptake and metabolism of adenosine by
Dlatelets in platelet-rich plasma in the pres-
ence and absence of NBTGR. Preliminary
experiments showed that 1 um NBTGR
inhibited incorporation of 1-10 uMm [8-

14Cladenosine into platelets by over 95%
and was more effective than either 0.1 um
NBTGR or 100 um papaverine. NBTGR
was no more effective at 10 um, but this
concentration was used in later experi-
ments to reduce any competitive effect of
high adenosine concentrations. The incor-
poration of [8-!*Cladenosine into platelets
during 10-min incubations was measured
over a concentration range of 1-400 um
adenosine in the presence and absence of
10 um NBTGR (Fig. 1). In the absence of
NBTGR a complex relationship between
adenosine concentration and incorpora-
tion, indicative of three separate processes
affecting incorporation, was observed. In-
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F1G6. 1. Incorporation of different concentrations of adenosine into platelets in the presence and absence of

NBTGR

Samples of platelet-rich plasma (0.85 ml; 557,000 platelets/mm %) were incubated for 10 min with 0.002 ml
of DMSO with or without NBTGR (final concentration, 10 um) and 0.148 ml of 0.154 M NaCl containing
[*Hlinulin and various concentrations of [8- ' ‘Cladenosine. Values for adenosine incorporated are means +
standard errors from three identical incubation mixtures.A, NBTGR absent;A, NBTGR present.

corporation reached a maximum of about
3.6 nmoles/10° platelets/10 min with 10 um
(8- “Cladenosine and then decreased about
45% to a minimum at 100 uM, above which
a secondary gradual increase occurred.
This complex pattern was not observed in
the presence of NBTGR, when incorpora-
tion increased approximately linearly with
increasing adenosine concentration to
reach roughly the same level as in the
absence of NBTGR with 400 M adenosine.
Thus the inhibitory effect of NBTGR on
incorporation was very marked with adeno-
sine concentrations up to 10 uM (96% inhi-
bition) but decreased rapidly with higher
concentrations. With short incubations,
such as were used in many of the experi-
ments on cyclic AMP formation, uptake of
adenosine could only be measured with
tolerable accuracy at low adenosine concen-
trations, because of the high proportion of
extracellular '*C in the platelet pellets.
Table 1 shows that, within the error of the
experiment, NBTGR completely pre-
vented incorporation of 1-10 um [8
14Cladenosine into platelets over 0.5 min.
Assuming that the total adenine nucleo-
tides in the metabolic pool of platelets
amounted to about 33 nmoles/10? platelets

(10), these results also indicate that incuba-

TasLE 1
Effect of 10 um NBTGR on incorporation of

adenosine into platelets during 0.5-min incubations

Samples of platelet-rich plasma (0.85 ml; 470,000
platelets /mm? were incubated for 0.5 min with
0.002 ml of DMSO with or without NBTGR and 0.148
ml of 0.154 M NaCl containing [ *Hlinulin and var-
ious concentrations of [8-! ‘Cladenosine. Values for
adenosine incorporated are means + standard errors
for the numbers of identical incubation mixtures
indicated in parentheses.

Adeno- Adenosine incorporated
sine
concen-
tration -NBTGR +NBTGR
nY nmole/10® platelets
1 0.044 + 0.002 (3) 0.002 + 0.005 (3)
3 0.119 = 0.006 (3) —0.008 * 0.011 (2)
10 0.143 = 0.013(3) —0.001 + 0.006 (2)

tion with 10 uM wunlabeled adenosine
would not dilute intracellular labeled ade-
nine nucleotides by more than about 1%/
min.

The metabolism of [8-!“Cladenosine in
platelet-rich plasma was also studied in
the presence and absence of NBTGR. In a
representative experiment (Table 2) ap-
proximately 75% and 60% of 10 uM and 40
uM adenosine, respectively, were metabo-
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TABLE 2
Metabolism of adenosine in platelet-rich plasma in the presence and absence of NBTGR

Incubation mixtures contained 0.85 ml of platelet-rich plasma (PRP) (485,000 platelets/mm %), 0.002 ml of
DMSO with or without NBTGR (final concentration, 10 uM), and 0.148 ml of 0.154 M NaCl containing
[*Hl}inulin and (8-'“Cladenosine. Each was incubated for 10 min. The total incorporation of '*C into the
platelets was measured, and the metabolism of [8-'“Cladenosine was studied in separate incubation mix-
tures in which, after centrifugation, supernatants (S) and platelets (P) were each extracted with perchloric
acid and the extracts chromatographed (see MATERIALS AND METHODS). For comparative purposes the
metabolism of (8- ! ‘Cladenogine was also studied in platelet-free plasma (PPP), prepared by centrifuging
platelet-rich plasma at 2000 x g for 15 min at room temperature.

Additions Fraction Final dis- Amounts of individual compounds Total
analyzed tribution of accounted
osine ATP ADP AMP IMP Adeno- Inosine Hypc for
+ me sine xan
lites
nmoles nmoles %
Adenosine PRP (P) 1.371 0.875 0.206 0.009 0.049 0 0 0.028 85.1
(10 pum) PRP (S) 8.63 0 0 0 0 2.48 390 139 90.0
PPP 10.0 0 0 0 0 3.50 5.23 0.30 90.3
Adenosine PRP (P) 0.050 0.032 0.006 0 0.005 0 0 0.002 90.0
(10 pM) PRP (S) 9.95 0 0 0 0 3.24 483 0.22 83.3
+ NBTGR
Adenosine PRP (P) 0.872 0.537 0.110 0 0.021 0 0 0.108 89.0
(40 um) PRP (S) 39.1 0 0 0 0 16.2 13.6 4.8 88.5
: PPP 40.0 0 0 0 0 19.5 15.8 1.1 91.0
Adenosine PRP (P) 0.169 0.135 0.014 0 0.010 0 0 0.003 95.8
(40 um) PRP (S) 39.8 0 0 0 0 20.2 15.9 0.6 92.2
+-NBTGR

lized in 10 min. Only slightly less was
removed in incubations of platelet-free
plasma or of platelet-rich plasma contain-
ing NBTGR, indicating that most of the
adenosine metabolism in platelet-rich
plasma occurs extracellularly. In the
plasma compartment of platelet-rich
plasma the only major metabolites were
inosine and hypoxanthine, as observed by
others (31). However, in platelet-free
plasma and in platelet-rich plasma con-
taining NBTGR, more inosine and much
less hypoxanthine were present, indicat-
ing that the platelets were largely responsi-
ble for converting the former into the lat-
ter and that NBTGR prevented this conver-
sion, probably by blocking membrane
transport of inosine (15) as well as of adeno-
sine. Within the platelets the principal
adenosine metabolites were ATP, ADP,
IMP, and hypoxanthine. As expected,
much less ATP, ADP, and IMP were
formed from 40 uM than from 10 uM adeno-

sine, but with the higher concentration the
amount of intracellular hypoxanthine was
increased about 4-fold, as were the extra-
cellular hypoxanthine and inosine. In the
presence of NBTGR the intracellular accu-
mulation of all these metabolites was in-
hibited. Neither adenosine nor inosine was
observed intracellularly, although very
small quantities metabolized during isola-
tion of the platelet pellets could have been
present. With extracellular adenosine con-
centrations above 40 uM, it was techni-
cally impossible to determine whether or
not some intracellular adenosine was pre-
sent. The results are consistent with pre-
vious evidence (31) that incorporation of
adenosine into platelet nucleotides de-
pends on rapid phosphorylation by adeno-
sine kinase of adenosine transported
across the platelet membrane. Only the
intracellular hypoxanthine would be
likely to be derived from extracellular ino-
sine. Most importantly, the results indi-
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cated that most of the added adenosine
would still be present as extracellular
adenosine throughout the 0.5-min incuba-
tions used in most of the succeeding stud-
ies on platelet cyclic AMP levels. The ma-
jor metabolites that could potentially af-
fect cyclic AMP levels, particularly in
longer incubations, were inosine and hypo-
xanthine.

Effects of adenosine and 2-chloroadeno-
sine on platelet cyclic ['*CIAMP in the ab-
sence of inhibitors of cyclic AMP phospho-
diesterase. Cyclic [ ' “CJAMP levels reached
a maximum about 0.5 min after addition of
10 uMm adenosine or 10 uM 2-chloroadeno-
sine, and then declined slowly (Fig. 2). The
decline was more pronounced with adeno-
sine than with 2-chloroadenosine, so that
although after 0.5 min adenosine had in-
creased cyclic [ ! *CJAMP more than 2-chlo-
roadenosine, in 10-min incubations there
was significantly less cyclic ['*CJAMP in
the presence of adenosine (2p < 0.05).
NBTGR had no effect on the increases in
cyclic ['*CIAMP with 10 uM adenosine in
incubations of 2 min or less. In a separate
experiment, when labeled platelet-rich
plasma was incubated for up to 2 min with

0.12r
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40 uM adenosine or 2-chloroadenosine, less
than 10% of the increase in cyclic
['*CJAMP was found in platelet-free
plasma prepared by rapid centrifugation
(20 sec at 12,000 x g).

The effects of different adenosine concen-
trations on cyclic [**CJAMP levels were
studied in 0.5-min incubations. A maxi-
mum increase in cyclic ['*CJAMP to 24
times the control level, depending on the
platelet-rich plasma preparation used, was
observed with 10-40 uM adenosine (e.g.,
Fig. 3). Higher concentrations of adeno-
sine caused slightly smaller increases in
cyclic ['*CJAMP. With 2-chloroadenosine
(Fig. 3) there was significantly less accum-
lation of cyclic [!*CJAMP at 10 uM and
below (2p < 0.05), and significantly more
at 200 uM (2p < 0.01; paired ¢-test).
NBTGR had no effect on either the basal
level of cyclic [ ' “CIAMP or the levels found
with adenosine concentrations up to 10
pM. Above this concentration the curves
diverged (Fig. 3), so that significantly
more cyclic [!*CJAMP was found with 100
or 200 uM adenosine in the presence than
in the absence of NBTGR (2p < 0.01;
paired t-test). No decrease in cyclic

0.080-0
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Cyclic[“CJAMP (% of platelet“C)

[} 2 4

(] 8 10

Incubation period (min)
F16. 2. Time course of effects of adenosine (with and without NBTGR) and 2-chloroadenosine on levels of

cyclic ['‘C1AMP in platelets

Incubation mixtures contained 0.9 ml of labeled platelet-rich plasma (400,000 platelets/mm %), 0.098 ml of
0.154 M NaCl with or without adenosine or 2-chloroadenosine (final concentration, 10 um), and 0.002 ml of
DMSO with or without NBTGR (final concentration, 10 um). Cyclic [ ' *CJAMP was isolated by method 1.
Mean values + standard errors from three identical incubation mixtures are given. O, controls without any
nucleoside;A, adenosine;A, adenosine plus NBTGR; O, 2-chloroadenosine.
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Fi1G. 3. Effects of different concentrations of aden-
osine (with and without NBTGR) and 2-chloroadeno-
sine on levels of cyclic ['*CJAMP in platelets

Incubation mixtures contained 0.9 ml of labeled
platelet-rich plasma (360,000 platelets/mm 3), 0.002
ml of DMSO with or without NBTGR (final concen-
tration, 10 um), and 0.098 ml of 0.164 M NaCl con-
taining any other additions. Each was incubated for
0.5 min. After initial processing according to method
1, the resin eluates were divided in two; half was
used for determination of cyclic [ ! ‘CJAMP by method
1, and half for measurement of total cyclic AMP
(Table 3). Values for cyclic [ *CJAMP are means +
standard errors from three identical incubation mix-
tures. O, no additions; ®, NBTGR;A, adenosine;A,
adenosine plus NBTGR; O, 2-chloroadenosine.

"
or2

['“CJAMP levels occurred as the adenosine
concentration was increased above 40 uMm
in the presence of NBTGR. The general
pattern of results obtained by measure-
ment of platelet cyclic [ ! “CJAMP shown in
Fig. 3 was confirmed by measurement of
total cyclic AMP levels in platelet-rich
plasma from the same experiment (Table
3). However, the increases in total cyclic
AMP with adenosine relative to the con-
trols, although highly significant (2p <
0.01), were proportionately smaller than
observed with the labeling technique, and
the differences between the effects of aden-
osine and 2-chloroadenosine and of 200 um
adenosine with and without NBTGR did
not reach statistical significance. These dif-
ferences in the results obtained may have
been due to the background of unlabeled
cyclic AMP in plasma.

The effects of increasing adenosine con-
centrations were also studied in the pres-
ence of 0.1 um PGE,, which by itself in-
creased the platelet cyclic [ “*CIAMP levels
about 8-fold in 0.5-min incubations. Figure
4 shows one of three such experiments, in

535

each of which the same effects were ob-
served. Addition of 4 uM adenosine with
PGE, caused a further increase in cyclic
[**CJAMP, which was about twice as large
as that caused by adenosine alone. With
concentrations of adenosine above 20 uM
this slight synergism disappeared, and
adenosine caused progressively smaller in-
creases in cyclic [ ! “*CJAMP, until at 400 uMm
it began to inhibit the effect of the PGE ,.
Thus the biphasic nature of the adenosine
effect was more pronounced and appeared
at lower concentrations of adenosine when
PGE, was present. NBTGR blocked the
inhibitory component of the action of aden-
osine in the presence as well as in the
absence of PGE,, but did not affect the
increase in cyclic ['*CJAMP with PGE,
alone or with PGE, and 4 uM adenosine
(Fig. 4).

Effects of adenosine on platelet cyclic
['4CJAMP in the presence of inhibitors of
cyclic AMP phosphodiesterase. Both 2 mm
papaverine and 20 mm caffeine increased

TABLE 3

Effects of adenosine (with and without NBTGR) and
2-chloroadenosine on total cyclic AMP in platelet-
rich plasma

This experiment was carried out as part of that
described in Fig. 3. Incubation mixtures contained
0.9 ml of labeled platelet-rich plasma, 0.002 ml of -
DMSO with or without NBTGR, and 0.098 ml of
0.154 M NaCl containing any other additions, and
were each incubated for 0.5 min. Resin eluates
(method 1) were divided in two; half was used for
determination of cyclic [ '*C]JAMP (Fig. 3), and the
total cyclic AMP was measured in the other half.
Values are means * standard errors from three
identical incubation mixtures.

Additions Cyclic AMP in
platelet-rich
plasma
pmoles/ml
None 13.1 = 1.3
NBTGR (10 uM) 13.1 £ 0.7
Adenosine (10 uMm) 32.2 = 0.8
Adenosine (10 uM) + NBTGR
(10 pum) 31.8 = 2.1
Adenosine (200 uM) 27.7 + 2.2
Adenosine (200 uM) + NBTGR
(10 pm) 35.4 + 2.3
2-Chloroadenosine (10 um) 26.5 + 2.4
2-Chloroadenosine (200 M) 29.4 + 4.9
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F1G. 4. Effects of different concentrations of adenosine (with and without NBTGR) on platelet cyclic

[*“CJAMP in the presence and absence of PGE ,

Incubation mixtures contained 0.85 ml of labeled platelet-rich plasma (400,000 platelets/mm 3), 0.002 ml of
DMSO with or without NBTGR (final concentration, 10 M), and 0.148 ml of 0.154 M NaCl containing, in
appropriate samples, PGE , (final concentration, 0.1 uM) and/or adenosine. Each was incubated for 0.5 min.
Cyclic ['*CJAMP was isolated by method 2. O, no additions;A, adenosine;A, adenosine plus NBTGR;V,
PGE ,;¥, PGE, plus NBTGR; O, PGE, plus adenosine; 8, PGE , plus adenosine and NBTGR.

platelet cyclic [ ! “*CIAMP levels about 2-fold
in 0.5 min (Table 4). When adenosine and
papaverine were added together, a mark-
edly synergistic rather than additive effect
on platelet cyclic [ “CJAMP levels was ob-
served with all concentrations of adeno-
sine tested (Table 4). The decline in cyclic
['“CJAMP observed with high adenosine
concentrations alone did not occur in the
presence of papaverine. The increase in
cyclic [**CJAMP with papaverine and 400
1M adenosine relative to that with papav-
erine alone indicated an almost 10-fold acti-
vation of platelet adenylate cyclase by the
adenosine. In contrast to these results, 14
M adenosine did not increase platelet
cyclic [ “*CJAMP at all in the presence of 20
mM caffeine, which markedly potentiates
the effects of PGE , (24). Higher adenosine
concentrations did increase cyclic
[**CJAMP in the presence of caffeine to

TABLE 4
Effects of inhibitors of cyclic AMP phosphodiesterase
on increases in platelet cyclic ['‘CIAMP at different
adenosine concentrations

Incubation mixtures contained 0.85 ml of labeled
platelet-rich plasma (400,000 platelets/mm? and
0.15 ml of additions dissolved in 0.154 M NaCl. Each
was incubated for 0.5 min. Cyclic [!*CIAMP was
isolated by method 2.

Adenosine Cyclic ['“CIAMP
o No phosph 2 mu papav- 20 m caf:
on o 0- V- -
diesterase erine feine
inhibitor
M % platelet '‘C
0 0.031 0.063 0.065
1 0.047 0.188 0.062
4 0.067 0.252 0.068
20 0.075 0.290 0.072
100 0.072 0.322 0.092
400 0.070 0.330 0.154
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some extent, but a synergistic effect was
observed only with 400 M adenosine (Ta-
ble 4). These results suggest that caffeine
competitively inhibits the action of adeno-
sine on adenylate cyclase, in addition to
inhibiting cyclic AMP phosphodiesterase.

The increase in cyclic [ ! “‘CJAMP in plate-
lets in the presence of 2 mM papaverine
was previously shown to be linear for
about 1 min and was assumed to reflect
endogenous adenylate cyclase activity
(24). In the present study the accumulation
of cyclic [ ! “CJAMP in the presence of 2 mm
papaverine and adenosine (0.5 or 100 um)
was also found to be linear for 1 min.
These results suggested that in the pres-
ence of 2 mM papaverine the residual
cyclic AMP phosphodiesterase activity was
sufficiently low to permit a kinetic study of
the activation of adenylate cyclase by aden-
osine in intact platelets, provided that
short incubation times were used. The
adenosine-activated adenylate cyclase ac-
tivity of platelets was calculated by sub-
traction of the cyclic [!*C]JAMP formed in
the presence of papaverine alone from that
formed with both papaverine and adeno-
sine present. Double-reciprocal plots of
adenosine-activated adenylate cyclase ac-
tivity against adenosine concentration
were linear and gave K , values for activa-
tion by adenosine of 0.9-1.3 uM (e.g., Figs.
5 and 7). Using this method, caffeine and
theophylline were each found to be compet-
itive inhibitors of the activation of adenyl-
ate cyclase by adenosine (Fig. 5). Theophyl-
line was more effective than caffeine (K ; =
25 and 72 pM, respectively). Inosine and
hypoxanthine at the concentrations tested
(40 and 400 M in each case) neither stimu-
lated platelet adenylate cyclase them-
selves nor inhibited the action of adeno-
sine.

To investigate whether or not adenosine
stimulates the same adenylate cyclase
as PGE,, the effect of 10 uM adenosine
in combination with different concentra-
tions of PGE, was measured in the pres-
ence of papaverine (Table 5). The increase
in cyclic [ ' *CJAMP with adenosine became
progressively smaller as the concentration
of PGE , was increased, and was insignifi-
cant with 4 uMm PGE ,. Neither synergism
between adenosine and PGE, nor inhibi-
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Fi1c. 5. Kinetic analysis of activation of platelet
adenylate cyclase by adenosine and of inhibition of
this effect by methylxanthines

Incubation mixtures contained 0.85 ml of labeled
platelet-rich plasma (850,000 platelets/smm? and
0.15 ml of 0.154 M NaCl containing papaverine (final
concentration, 2 mu) and a range of adenosine con-
centrations with or without a methylxanthine as
indicated. Each was incubated for 0.25 min. Cyclic
['“CJAMP was isolated by method 2. The adenosine-
activated formation of cyclic [!*CIAMP was calcu-
lated for each incubation mixture by subtracting the
corresponding cyclic {'*CJAMP level found in the
absence of adenosine and was expressed as cyclic
['*CJAMP (percentage of platelet '‘C) formed per
minute. The results are plotted in reciprocal form
against the reciprocal of the adenosine concentra-
tion. O, adenosine; O, adenosine plus 100 uM caf-
feine;A, adenosine plus 100 um theophylline. This
experiment gave a K , value for adenosine of 1.0 um
and K ; values for caffeine and theophylline of 72 and
25 uM, respectively.

tion of the action of PGE,; by adenosine
was observed in the presence of papaver-
ine. These results indicate that the adenyl-
ate cyclase activated by adenosine is also
activated by PGE ;.

Effects of agents that induce platelet ag-
gregation on increases in platelet cyclic
[ **C1AMP caused by adenosine. Concentra-
tions of ADP and of epinephrine that can
induce marked aggregation of platelets in
stirred platelet-rich plasma almost com-
pletely blocked the increases in cyclic
[**CJAMP caused by 1-400 uM adenosine
in the absence of papaverine, while a con-
centration of [8-argininelvasopressin at
least as effective in inducing aggregation
in the absence of adenosine had no effect
on cyclic [**C]JAMP levels (Fig. 6). As re-
ported previously (24, 32), these aggregat-
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TABLE 5
Effect of 10 um adenosine on platelet cyclic ['*CJAMP levels in the presence of papaverine and varying
concentrations of PGE ,
Incubation mixtures contained 0.85 ml of labeled platelet-rich plasma (360,000 platelets/mm ®) and 0.15 ml
of additions dissolved in 0.154 M NaCl and were incubated for 0.5 min. All contained 2 mM papaverine.
Cyclic [ ' *CIAMP was isolated by method 2. Values for cyclic [!*CJAMP are means + standard errors from

three identical incubation mixtures.

PGE, Cyclic ['*CIAMP

concentration
Adenosine absent Adenosine present Increase
uM % platelet '‘C

0 0.042 = 0.000 0.170 = 0.004 0.128 + 0.004

0.02 0.076 + 0.003 0.199 = 0.004 0.122 * 0.005

0.2 0.364 + 0.004 0.454 = 0.004 0.090 * 0.006

1 1.004 + 0.011 1.046 + 0.015 0.042 = 0.019

4 1.504 * 0.015 1.509 + 0.020 0.005 + 0.025
§ oo an additional, possibly competitive, ele-
3 ment to the inhibition (e.g., Fig. 7).
L If cyclic AMP mediates the inhibition of
3 ’ ADP-induced platelet aggregation by aden-
Y osine, there should be some correlation be-
2 oo} tween levels of platelet cyclic [!*CJAMP
? ._.‘—"‘Q//l: and the inhibtion of aggregation. This was
| 8 investigated in platelet-rich plasma to
© o002t + ¢ . v - —

- .
01 4 10 40 100 400
Adenosine concentration (uM)

Fi1c. 6. Effects of inducers of platelet aggregation
on increases in platelet cyclic ['*CIAMP caused by
adenosine

Incubation mixtures contained 0.85 ml of labeled
platelet-rich plasma (400,00 platelets/mm *) and 0.15
ml of 0.154 M NaCl containing the additions speci-
fied (final concentrations given). Each was incu-
bated for 0.5 min. Cyclic ['*CJAMP was isolated by
method 2. O, no additions; ®, adenosine; 0, 4 uM
ADP; B, adenosine plus 4 um ADP;V, 10 uM epi-
nephrine; V¥, adenosine plus 10 uM epinephrine;A,
[8-argininelvasopressin (100 milliunits/ml);A, aden-
osine plus [8-argininelvasopressin (100 milli-
units/ml).

ing agents did not affect the cyclic
['“CJAMP level in the absence of adeno-
sine. The mechanism of action of ADP was
investigated by kinetic studies in the pres-
ence of papaverine. Unlike the methylxan-
thines, ADP caused mainly noncompeti-
tive inhibition (K ; approximately 0.9 um)
of the activation of adenylate cyclase by
adenosine (Fig. 7). With adenosine concen-
trations of 100 uM and above, there was
some evidence in several experiments of

which 0.5 uM ADP and various concentra-
tions of adenosine with and without papav-
erine were added simultaneously. The in-
crease in cyclic ['*CJAMP and the associ-
ated inhibition of platelet aggregation
were measured after 0.5 min in labeled
and unlabeled samples of the same plate-
let-rich plasma. The results (Fig. 8) show
that under these conditions there was an
ordinal relationship between increasing
cyclic[!“CJAMP levels and increasing inhi-
bitions of aggregation in both the presence
and absence of papaverine. Papaverine
acted synergistically with adenosine with
respect to both the increases in cyclic
['“CJAMP and the inhibitions of platelet
aggregation. Very small increases in cyclic
['“CJAMP (to less than 160% of the level in
the absence of adenosine) were associated
with substantial (up to 40%) inhibition of
aggregation in the absence of papaverine,
while much larger increases in cyclic
['“CJAMP were associated with marked in-
hibition in the presence of papaverine.
Studies were carried out to see whether
some of the unexpected findings with re-
spect to changes in cyclic [ *CJAMP levels
would be reflected in effects on platelet
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F1G.- 7. Kinetic analysis of inhibition by ADP of activation of platelet adenylate cyclase by adenosine

Incubation mixtures contained 0.85 ml of labeled platelet-rich plasma (400,000 platelets/mm *) and 0.15 ml
of 0.154 M NaCl containing papaverine (final concentration, 2 mmM) and a range of adenosine concentrations
with or without ADP (final concentration, 2.0 uM). Each was incubated for 0.5 min. Cyclic [ ! ‘CIAMP was
isolated by method 2. The rate of adenosine-activated formation of cyclic [ ' “*CJAMP was calculated as for Fig.
5 and plotted in reciprocal form against the reciprocal of the adenosine concentration. O, adenosine; O,
adenosine plus ADP. This experiment gave aK , value for adenosine of 1.2 um and a K, value for ADP of 0.88
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Fic. 8. Relationships between inhibitions of
ADP-induced platelet aggregation by adenosine with
and without papaverine and iated incr in
platelet cyclic [' ‘CIAMP

For measurement of the inhibition of platelet ag-
gregation, 0.85 ml of unlabeled platelet-rich plasma
(395,000 platelets/mm ®) was stirred in an aggrega-
tion module with simultaneous additions of ADP

aggregation induced by ADP. As pre-
dicted, low concentrations (4-10 uMm) of
adenosine were found to inhibit aggrega-
tion more powerfully than the same con-

(final concentration, 0.5 M) and aggregation inhibi-
tors giving a final volume of 1 ml. Aggregation was
recorded for up to 1 min, and the change in extinc-
tion 0.5 min after addition’ of ADP was measured.
The percentage inhibition of aggregation was calcu-
lated relative to frequent controls without inhibi-
tors. For measurement of the increases in platelet
cyclic[ ! *CJAMP, incubation mixtures contained 0.85
ml of the same platelet-rich plasma, but labeled
with [ ‘Cladenine, and identical additions. Each was
incubated for 0.5 min but without continuous stir-
ring. Cyclic [ ! ‘CJAMP was isolated by method 2. The
cyclic [ ' *CJAMP present in controls without inhibi-
tors was subtracted from that in the incubations
with inhibitors to give the increase associated with
inhibition of platelet aggregation. x, 0.4 mm papav-
erine; O, adenosine; @, adenosine plus 0.4 mm pa-
paverine. The final micromolar concentrations of
adenosine used are indicated.
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centrations of 2-chloroadenosine, provided
that they were added with or only 0.5 min
before ADP, while with high concentra-
tions of the two compounds (200-400 M) 2-
chloroadenosine was the more effective
(Fig. 9). However, decreasing levels of inhi-
bition on increasing the adenosine concen-
tration to 100 uM or above were not ob-
served. NBTGR (10 uM) had no effect on
aggregation by itself or on the inhibition of
aggregation by 4-10 uM adenosine but did
slightly potentiate the action of 200 um
adenosine added 0.5 min before 4 uMm ADP.
Finally, 0.4 mM caffeine, which alone had
no effect on aggregation induced by 1 um
ADP, partially blocked inhibition of the
aggregation by 10 uM adenosine (Fig. 10).

DISCUSSION

Measurement of small changes in cyclic
AMP levels in functionally intact platelets
in plasma is difficult, as the proportion of
the total volume occupied by platelets is
small (less than 0.5%) while plasma itself
contains relatively large and variable
amounts of cyclic AMP (33). Isolation of
platelets by centrifugation tends to stimu-
late them and may release cyclic AMP
(34). We therefore used the method of first
labeling cells with [!“Cladenine, followed
by isolation of cyclic [ ! *CJAMP after addi-

0.7r a/cA

200uM CA

200uM A

Extinction

o 1 2 3 4 5
Time (min)

F1G. 9. Inhibition of ADP-induced platelet aggre-
gation by low and high concentrations of adenosine
and 2-chloroadenosine

Incubation mixtures containing 0.85 ml of plate-
let-rich plasma (450,000 platelets/mm?) and a final
total of 0.15 ml of additions in 0.154 M NaCl were
stirred in an aggregation module. Adenosine (A) or
2-chloroadenosine (CA) (final concentrations as indi-
cated) was added after 0.5 min (except in the con-
trol), and ADP (final concentration, 0.5 um) was
added after 1 min.
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F1c. 10. Antagonism by caffeine of inhibition of
ADP-induced platelet aggregation by adenosine

Incubation mixtures contained initially 0.92 ml of
platelet-rich plasma (400,000 platelets/mm?) and
0.03-0.07 ml of 0.154 M NaCl and were stirred in an
aggregation module for 1 min before simultaneous
addition in 0.154 M NaCl of final concentrations of 1
uM ADP, 10 uM adenosine, and 400 uM caffeine as
indicated (final volume, 1 ml).

tion of various stimuli (35). In the earliest
attempts to apply this method to platelets
(13, 36) approximately 0.1% of the platelet
14C was found in presumptive cyclic
['“CJAMP in the control samples of plate-
let-rich plasma. No increase in platelet
cyclic ['*C]JAMP was detected in the pres-
ence of theophylline alone (13, 36), and
only small, variable increases were ob-
served with adenosine alone (13). Our re-
sults suggest that these difficulties were
probably due to the presence of large, vari-
able proportions of impurities in the cyclic
['*CJAMP isolated. Thus, using purified
[U-'*Cladenine and improved methods for
isolation of cyclic ['*CJAMP, we found
highly reproducible control levels of cyclic
[**C]JAMP in individual experiments, the
values of which lay in the range of 0.028-
0.059% of the platelet !“C in all the experi-
ments on which this paper is based. Al-
though, as determined by susceptibility to
3',5'-cyclic nucleotide phosphodiesterase,
the radiochemical purity of this material
was still only 80-90%, the measured in-
creases in cyclic ['*CJAMP induced by
adenosine or PGE; were entirely due to
formation of authentic cyclic [! “*CJAMP.
No relationship between the incorpora-

S
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tion of adenosine and the accumulation of
cyclic ['“*CJAMP in platelets was found. In
the presence of 10 uM NBTGR, incorpora-
tion of 1-10 uM adenosine over 0.5 min
was reduced to unmeasurable levels and,
from results with 10-min incubations, was
inhibited by at least 96%. Despite this, the
accumulation of cyclic [ ! “‘CJAMP was unaf-
fected by NBTGR in short incubations
with these low adenosine concentrations.
Moreover, NBTGR did not increase cyclic
['*CJAMP levels by itself, nor did it in-
crease cyclic [1*CJAMP levels further in
the presence of PGE ,, indicating that the
compound did not inhibit cyclic AMP phos-
phodiesterase at the concentration used.
Thus it can be concluded that incorpora-
tion of adenosine is not required for an
increase in cyclic ['*CJAMP to occur and
that the site of action of adenosine is proba-
bly at an extracellular membrane recep-
tor. With inhibitors of adenosine transport
such as papaverine or pyrimidopyrimi-
dines, which also inhibit platelet cyclic
AMP phosphodiesterase and potentiate
the inhibition of aggregation by adenosine
(13, 37), such a firm conclusion is not possi-
ble. Related results have recently been re-
ported by Huang and Daly (38), who found
that NBTGR and other inhibitors of the
incorporation of adenosine into brain slices
did increase the cyclic AMP response of
the slices to adenosine. These authors sug-
gested that the drugs acted by increasing
the effective concentration of adenosine at
extracellular receptor sites. The differ-
ences between the effects of NBTGR in the
platelet and brain systems can be ex-
plained by the absence of a diffusion bar-
rier limiting access of adenosine to the cell
membrane in the former. The conclusion
that adenosine acts on a membrane recep-
tor at the outer surface of the platelet is
supported by the finding that adenosine
itself activates adenylate cyclase in broken
cell preparations from platelets (14) and by
our failure to detect unmetabolized adeno-
sine within the platelets.

On addition of adenosine with or with-
out NBTGR, platelet cyclic [!*CIAMP lev-
els reached a maximum after about 0.5
min and then declined. The results show
that this decline cannot be accounted for
by dilution of [ ! “CJATP by unlabeled ATP
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formed from the adenosine. In any case, a
similar early maximum level of cyclic
[**CJAMP has been seen after addition of
PGE , (24, 36) or isoproterenol (24) to plate-
lets. As formation of cyclic [ *CIAMP was
linear in the presence of adenosine and
papaverine for at least 1 min, an increased
cyclic AMP phosphodiesterase activity ap-
pears to be a possible explanation. In 0.5-
min incubations the optimal activity of
adenosine in increasing platelet cyclic
['*C]AMP levels was observed in the con-
centration range 10-40 uM, above which
less cyclic [ ' *CJAMP accumulated. A simi-
lar maximum, but around 200 uM, was
observed in the effect of adenosine on
cyclic AMP levels in brain slices (16, 38).
This apparent difference in optimal concen-
tration could reflect the diffusion gradient
of adenosine within brain slices. The inhib-
itory effect of high adenosine concentra-
tions on the accumulation of platelet cyclic
['*CIAMP was more pronounced in the
presence of PGE ;. NBTGR blocked the de-
cline in cyclic [!*CJAMP levels with high
adenosine concentrations in both the pres-
ence and absence of PGE ,, suggesting that
adenosine caused this effect at a site dis-
tinct from that involved in increasing
cyclic AMP levels. This biphasic action ef
adenosine in intact platelets closely paral-
lels the two independent and opposing ef-
fects of the compound on adenylate cyclase
previously observed in a platelet particu-
late fraction (14). Because of this, we con-
sider that inhibition of adenylate cyclase is
more likely to account for the second ac-
tion of adenosine in intact platelets than a
potentiation of cyclic AMP phosphodiester-
ase. Although papaverine blocked the in-
hibitory component of the action of adeno-
sine, this could be due to its NBTGR-like
effect on adenosine transport rather than
to inhibition of phosphodiesterase. Al-
though NBTGR did not significantly in-
hibit incorporation of adenosine above 200
pM into platelets in 10-min incubations, it
might do so in 0.5-min incubations, such
as were used in the studies on cyclic
[**CIAMP. Thus the anomalous decrease
in adenosine incorporation at concentra-
tions above 10 uM in the absence of
NBTGR, which has also been observed
with tissue culture cells (39), could in prin-
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ciple be due to the progressive extracellu-
lar accumulation of inhibitory metabolites
such as inosine and hypoxanthine (40). If
8o, inhibition of adenosine incorporation
by NBTGR could still account for the effect
of the latter in blocking the inhibitory ac-
tion of adenosine on cyclic [ * *CJAMP forma-
tion in 0.5-min incubations. Although no
adenosine was found intracellularly with
the extracellular concentrations examined
(up to 40 uM), significant amounts of intra-
cellular adenosine might be found with
higher extracellular adenosine concentra-
tions, as reported for erythrocyte ghosts
(41). Support for an intracellular site for
the inhibitory action of adenosine is pro-
vided by the observations that adenosine
inhibited platelet adenylate cyclase in a
broken cell preparation in the presence of
papaverine (14), whereas in intact plate-
lets papaverine prevented this effect. More-
over, NBTGR did not block the inhibition
of adenylate cyclase by adenosine in bro-
ken cell preparations. 2 Adenosine has also
been shown to inhibit adenylate cyclase in
broken cell preparations from a variety of
other tissues (42-44).

The marked synergism in increasing
cyclic ['*CJAMP levels between adenosine
and papaverine, a potent inhibitor of plate-
let and other cyclic AMP phosphodiester-
ases (13, 45), relative to the very weak
synergism with PGE ,, an activator of plate-
let adenylate cyclase (46), indicates that
the principal action of adenosine in plate-
lets is to stimulate adenylate cyclase
rather than to inhibit cyclic AMP phospho-
diesterase. Our failure to obtain syner-
gism between caffeine and adenosine, ex-
cept at very high concentrations of the
latter, is consistent with the evidence that
methylxanthines block the increase in
cyclic AMP levels with adenosine in brain
slices (16, 38). In the presence of 2 mm
papaverine the increase in cyclic[ ! “‘CJAMP
in both the presence and absence of adeno-
sine was linear for up to 1 min and thus
provided a method of measuring the activa-
tion of adenylate cyclase by adenosine in
intact platelets. Adenosine increased plate-
let adenylate cyclase activity by a maxi-
mum of 8-10-fold. Double-reciprocal plots

? Unpublished observations.
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of the effects of different adenosine concen-
trations of platelet adenylate cyclase were
linear, indicating that adenosine interacts
with a saturable site. Half-maximal activa-
tion of adenylate cyclase was achieved
with 0.9-1.3 uM adenosine, and both caf-
feine and theophylline were shown to be
competitive inhibitors of the action of aden-
osine, with K; values of 72 and 25 uM,
respectively. No comparable quantitative
data are yet available from other tissues,
but the evidence clearly indicates that
brain, at least, possesses specific adeno-
sine receptors with similar if not identical
properties (16, 38).

It has been shown in several laborato-
ries that ADP and epinephrine, which are
powerful inducers of platelet aggregation,
each markedly inhibits the increase in
platelet cyclic AMP caused by PGE, (32,
47, 48). On the other hand, vasopressin,
which causes as pronounced a platelet ag-
gregation as ADP, does not have this effect
(32). These three aggregating agents had
effects identical with those seen in the pres-
ence of PGE ;, when cyclic [ ! “CJAMP levels
in platelets were elevated with adenosine.
The difference between the effects of ADP
and of vasopressin suggests that the action
of ADP depends upon a specific receptor—
adenylate cyclase interaction and cannot
be secondary to aggregation or to those
aspects of the aggregation mechanism that
are common to the actions of both aggregat-
ing agents. The effect of ADP was ana-
lyzed in detail in the presence of papaver-
ine, and it was found to cause noncompeti-
tive inhibition (K ; approximately 0.9 um)
of the activation of adenylate cyclase by
adenosine concentrations below 100 um.
This establishes that the adenosine recep-
tor is distinct from the ADP receptor and
that adenosine concentrations below 100
uM do not inhibit platelet aggregation by
direct antagonism of the action of ADP, as
was initially believed (6, 7). Noncompeti-
tive inhibition by ADP with a very similar
K value has also been reported for the
effect of ADP on the activation of adenyl-
ate cyclase by PGE, (24), which suggests
that ADP acts by the same mechanism in
both cases. In this connection, our evi-
dence also suggests that adenosine and
PGE activate the same adenylate cyclase.
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With concentrations of adenosine above
100 uM some evidence of an additional,
possibly competitive interaction with ADP
was obtained. This could represent a weak
affinity of adenosine for the ADP receptor.

Our results strongly support the view
that the effects on platelet aggregation of
adenosine concentrations below 100 uMm
are mediated by cyclic AMP (13, 24), both
by demonstrating increases in platelet
cyclic AMP levels with adenosine more
clearly than has been done before and by
providing evidence of correlations between
cyclic AMP levels and the inhibition of
aggregation under a variety of conditions.
First, low concentrations of 2-chloroadeno-
sine both increased cyclic [**CJAMP and
inhibited aggregation by ADP less than
adenosine, provided that short incubation
times were used, while high concentra-
tions of 2-chloroadenosine both increased
cyclic[ ! *CJAMP and inhibited aggregation
more than adenosine. These different rela-
tive activities of the two nucleosides at
different concentrations have not previ-
ously been recognized (2). Second, caffeine
partially blocked the inhibition of ADP-
induced aggregation by adenosine, which
is in accord with its antagonism of the
effect of adenosine on platelet adenylate
cyclase. Third, the synergism between
adenosine and papaverine with respect to
the accumulation of cyclic [ '*C]JAMP was
also expressed in the inhibition of platelet
aggregation by the two compounds.
Fourth, the previous observation that
adenosine is a much more potent inhibitor
of vasopressin-induced platelet aggrega-
tion than of ADP-induced aggregation (5)
can now readily be explained by the differ-
ent cyclic [ ' *CJAMP levels observed in the
presence of adenosine and each of these
two aggregating agents. This last observa-
tion also emphasizes that it is the concen-
tration of cyclic AMP resulting from the
interaction of adenosine and the aggregat-
ing agent, rather than that produced by
adenosine alone, which determines the in-
hibition of aggregation. When cyclic
[*“C]JAMP levels were measured after the
simultaneous addition of ADP and adeno-
sine, the increases associated with a sub-
stantial inhibition of aggregation were
small relative to the control, unstimulated
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level of cyclic [**CJAMP. This suggests
that much of the cyclic [ ! *CIAMP present
in the absence of adenosine is not available
for inhibition of platelet function, possibly
as a result of being protein-bound. The
over-all relationship between the in-
creases in platelet cyclic [ ' “CIAMP and the
inhibition of platelet aggregation by adeno-
sine with and without papaverine was
roughly hyperbolic, which is consistent
with the view that cyclic AMP acts by
binding to a saturable site on the regula-
tory subunit of a protein kinase (34).

REFERENCES

1. Born, G. V. R. & Cross, M. J. (1963) J. Physiol.
(Lond.), 168, 178-195.
. Born, G. V. R. (1964) Nature, 202, 95-96.
. O'Brien, J. R. (1964) J. Clin. Pathol., 17, 275~
281.
4. Born, G. V. R., Haslam, R. J., Goldman, M. &
Lowe, R. D. (1965) Nature, 205, 678-680.
5. Haslam, R. J. & Rosson, G. M. (1972) Am. J.
Physiol., 223, 958-967.
6. Born, G. V. R. (1965) Nature, 206, 1121-1122.
7. Maguire, M. H. & Michal, F. (1968) Nature, 217,
571-573.
8. Salzman, E. W., Chambers, D. A. & Neri, L. L.
(1966) Nature 210, 167-169.
9. Rozenberg, M. C. & Holmsen, H.
Biochim. Biophys. Acta, 155, 342-352.
10. Holmsen, H. & Day, H. J. (1971) Ser. Haematol.,
4, 28-58.
11. Horlington, M. & Watson, P. A. (1970) Biochem.
Pharmacol., 19, 955-956.
12. Amer, M. S. & Marquis, N. R. (1972) in Prosta-
glandins in Cellular Biology (Ramwell, P. W.
& Pharris, B. B., eds.), pp. 93-110, Plenum
Press, New York.
13. Mills, D. C. B. & Smith, J. B. (1971) Biochem.
J., 121, 185-196.
14. Haslam, R. J. & Lynham, J. A. (1972) Life Sci.,
11, II, 1143-1154.
15. Paterson, A. R. P. & Oliver, J. M. (1971) Can. J.
Biochem., 42, 271-274.
16. Sattin, A. & Rall, T. W. (1970) Mol. Pharmacol.,
6, 13-23.
17. Shimizu, H. & Daly, J. (1970) Biochim. Biophys.
Acta, 222, 465-473.
18. Schrier, B. K. & Gilman, A. G. (1973) Fed.
Proc., 32, 680.
19. Blume, A. J., Dalton, C. & Sheppard, H. (1973)
Proc. Natl. Acad. Sci.U.S.A., 70, 3099-3102.
20. Schultz, J. & Hamprecht, B. (1973) Naunyn-
Schmiedebergs Arch. Pharmacol., 278, 215-
225.
21. Peck, W. A., Carpenter, J. & Messinger, K.
(1974) Endocrinology, 94, 148-154.

w N

(1968)



26.

27.

29.

30.

31.

32.

33.

35.

HASLAM AND ROSSON

. Kelly, L. A., Hall, M. S. & Bucher, R. W. (1974)

dJ. Biol. Chem., 249, 5182-5187.

. Clark, R. B., Gross, R., Su, Y.-F. & Perkins, J.

P. (1974) J. Biol. Chem., 249, 5296-5303.

. Haslam, R. J. (1973) Ser. Haematol., 6, 333-350.
. Haslam, R. J. & McClenaghan, M. D. (1974)

Biochem. J., 138, 317-320.

Haslam, R. J. & Taylor, A. (1971) Biochem. J.,
125, 377-3179.

Krishna, G., Weiss, B. & Brodie, B. B. (1968) J.
Pharmacol. Exp. Ther., 163, 379-385.

. Haslam, R. J. & Goldstein, S. (1974) Biochem.

J., 144, 253-263.

Brown, B. L., Albano, J. D. M., Ekins, R. P.,
Sgherzi, A. M. & Tampion, W. (1971)
Biochem. J., 121, 561-562.

Scales, B. (1967) Int. J. Appl. Radiat. Isot., 18,
1-6.

Holmsen, H. & Rozenberg, M. C.
Biochim. Biophys. Acta, 155, 326-341.

Haslam, R. J. & Taylor, A. (1971) in Platelet
Aggregation (Caen, J., ed.), pp. 85-93, Mas-
son, Paris.

Broadus, A. E., Kaminsky, N. I., Hardman, J.
G., Sutherland, E. W. & Liddle, G. W. (1970)
J. Clin. Invest., 49, 2222-2236.

(1968)

. Salzman, E. W. (1972) N. Engl. J. Med., 286,

358-363.
Humes, J. L., Rounbehler, M. & Kuehl, F. A.
(1969) Anal. Biochem., 32, 210-217.

36.

37.

38.

39.

40.

41.

42.

45.

46.

47.

48.

Ball, G., Brereton, G. G., Fulwood, M., Ireland,
D. M. & Yates, P. (1970) Biochem. J., 120,
709-718.

Mills, D. C. B., Smith, J. B. & Born, G. V. R.
(1970) Thromb. Diath. Haemorrh., Suppl. 42,
175-184.

Huang, M. & Daly, J. W. (1974) Life Sci., 14,
489-503.

Scholtissek, C. (1968) Biochim. Biophys. Acta.,
158, 435-447.

Jenkins, C. S. P., Caen, J. P., Vainer, H. &
Pokutecky, J. (1972) Nat. New Biol., 239, 210-
211.

Schrader, J., Berne, R. M. & Rubio, R. (1972)
Am. J. Physiol., 223, 159-166.

Moriwaki, K. & Foa, P. P. (1970) Experientia,
26, 22.

. Fain, J. N, Pointer, R. H. & Ward, W. F. (1972)

dJ. Biol. Chem., 247, 6866-6872.

. McKenzie, S. G. & B aar, H. P. (1973) Can. J.

Physiol. Pharmacol., 51, 190-196.

Kukovetz, W. R. & Pooch, G. (1970) Naunyn-
Schmiedebergs Arch. Pharmacol., 267, 189-
194.

Wolfe, S. M. & Shulman, N. R. (1969) Biochem.
Biophys. Res. Commun., 35, 265-272.

Cole, B., Robison, G. A. & Hartmann, R. C.
(1971) Ann. N. Y. Acad. Sci., 185, 477-487.
Mills, D. C. B. & Smith, J. B. (1972) Arnn. N. Y.

Acad. Sci., 201, 391-399.





