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SUMMARY

Platelet aggregation and secretion are associated with a rise in
intracellular calcium concentration ([Ca?*]). Adenosine has been
postulated as an endogenous inhibitor of platelet aggregation.
The antiaggregatory effects of adenosine are related to activation
of adenylate cyclase. We studied the effect of adenosine on the
rise in [Ca®*}, and platelet aggregation produced by thrombin.
Human platelets were obtained from dextrose/citrate-treated
plasma. [Ca?*], was determined by fluorescence-dye techniques
(fura-2). Adenosine inhibited the slope of the first phase of
aggregation and the rise in [Ca®*], produced by thrombin, in a
dose-dependent manner. The dose that produced 50% inhibition
of both aggregation and the rise in [Ca®*], was approximately
500 nM. The effects of adenosine on [Ca?*], were shared by its

stable analogs, 5'-N-ethyicarboxamidoadenosine being approx-
imately 10-fold more potent than (—)N°-phenylisopropyladeno-
sine, suggesting that these effects were mediated through aden-
osine A2 receptors. Furthermore, caffeine antagonized the inhib-
itory effects of adenosine on platelet aggregation and [Ca®*}.
The effects of adenosine on [Ca®*], appear to be mediated
through a rise in intracellular cAMP, because they were pre-
vented by the adenylate cyclase inhibitor 2’ ,5’-dideoxyadenosine
(1 mm) and were potentiated by phosphodiesterase inhibition
with papaverine (1 uM). Adenosine also inhibits the rise in [Ca?*]
1 produced by thrombin in a calcium-free medium, suggesting
that adenosine inhibits both calcium influx and the release of
calcium from intracellular stores.

Platelet activation plays a vital role in hemostasis. It is
initiated by disruption of vascular endothelium, which results
in the generation of thrombin and other mediators. Thrombin
is a potent aggregatory agent of human platelets (1), and growth
of a thrombus appears to depend largely upon the generation
of thrombin at the injury site and around the aggregatory mass.

Adenosine has been postulated as an endogenous inhibitor
of platelet aggregation and secretion (2). The putative efficacy
of dipyridamole as an antiaggregatory agent could be explained
by its ability to block the nucleoside transport system, thus
increasing extracellular concentrations of adenosine and poten-
tiating its effect on membrane receptors (3). The antiaggrega-
tory effects of adenosine are mediated through activation of
cell surface membrane A2 (Ra) receptors (4) and are associated
with an increase in cyclic AMP (5). On the other hand, a rise
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in the intracellular ionic calcium concentration appears to be
essential in the development of platelet aggregation and secre-
tion induced by thrombin (4, 6) and other aggregating agents
(7). Although the effects of adenosine on platelet aggregation,
secretion, and adenylate cyclase are well established, the effects
of adenosine on platelet intracellular calcium and other intra-
cellular signaling mechanisms are not known. The role of
adenylate cyclase and/or intracellular calcium as second mes-
sengers for the actions of adenosine in other secretory cells is
also unclear (8-10). Therefore, we sought to determine whether
adenosine would modulate platelet [Ca®*];. We also wanted to
determine whether this action was mediated by activation of
cell surface A2 receptors and was coupled to a subsequent rise
in cyclic AMP.

Materials and Methods

Preparation of platelets. Blood was obtained from healthy, med-
ication-free volunteers who abstained from methylxanthine-containing
beverages for at least 12 hr before the study. After the first milliliter of
blood was discarded, blood was drawn into ACD solution (9:1, v/v;

ABBREVIATIONS: PRP, platelet-rich plasma; HEPES, 4-(2-hydroxyethyi)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis-(8-aminoethyl
ether)-N,N,N’ N’-tetraacetic acid; NECA, 5’-N-ethylcarboxamidoadenosine; L-PIA, (—)N‘-phenyhsopropyiadenosine DPSPX, 1,3-dipropyl-8«p-sutfo-
phenyi)xanthine; PPP, platelet-poor plasma; [Ca?*], intracellular calcium concentration.
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composition, 25 g/liter dextrose, 22 g/liter Na citrate, 8 g/liter citric
acid, in water, pH 5) at room temperature and in the presence of 5 ug/
ml indomethacin. In preliminary studies, we showed that cyclooxygen-
ase inhibition had no effect on adenosine actions on aggregation or
intracellular calcium. PRP was obtained by centrifugation of whole
blood at 200 X g for 20 min at room temperature. PPP was obtained
by spinning the remaining blood at 1000 X g for 10 min.

For intracellular calcium determinations, PRP was mixed with ACD
(9:1, v/v), placed over 50% albumin, and centrifuged at 1000 X g for 10
min (11). The platelet layer was resuspended in a buffer containing
150 mM NaCl, 2.7 mM KCI, 0.37 mm NaH;PO,, 1 mM MgSO,, 5 mM
D-glucose, 10 mM HEPES-NaOH, 50 units/ml heparin, 0.35% bovine
serum albumin, 4 mM phosphocreatinine, and 8 units/ml creatinine
phosphokinase, pH 6.55. Platelets were loaded with fura-2 by incuba-
tion of this platelet suspension for 30 min at 37° with 1 uM fura-2/
acetoxymethyl ester. Cells were then centrifuged over 50% albumin at
1000 X g for 10 min. The platelet layer was resuspended in the same
buffer, except that the pH was 7.4 and the buffer contained 2 mM CaCl,
and no heparin. Some experiments were done in calcium-free buffer,
as indicated.

Platelet aggregation. Aggregation was assessed by the principle
of light transmission (660 Platelet Calcium Ionized Aggregometer;
Chronolog Co., Havertown, PA). Drugs (5 ul) were added to 300 ul of
PRP, which was continuously stirred at 37°. PPP was used as blank.
The slope of the primary phase of aggregation was taken as the response
parameter for agonist-stimulated platelet aggregation and was ex-
pressed in arbitrary units.

Cyclic AMP measurements. cAMP levels were determined in
PRP by radioimmunoassay (12). Samples of 0.3 ml of PRP were
incubated at 37° for 1 min in the aggregometer. Then, 5 ul of either
buffer or drug as indicated were added to the PRP. After addition of
0.3 unit/ml thrombin, PRP was incubated for 1 min and then the
reaction was stopped by addition of trichloracetic acid (final volume,
6%). The mixtures were centrifuged for 10 min at 12,000 X g, at 4°.
The supernatant was extracted five times with 4 volumes of water-
saturated ether, and the aqueous phase was lyophilized and solubilized
in 500 ul of water. Fifty microliters were used for cCAMP determination
after acetylation. Cyclic AMP levels were expressed in fmol/10° plate-
lets. Cells were counted in an automated cell counter (Coulter Counter
Model ZM; Coulter Electronics, Inc., Hialeah, FL).

Intracellular calcium measurements. Cytosolic free calcium con-
centrations were determined by the fura-2 technique. Fluorescence was
measured in 1-cm plastic cuvettes containing 1800 ul of buffer and 200
ul of platelet suspension, at room temperature. The emission wave-
length was 510 nm and the excitation wavelengths were 340 and 380
nm. Maximal fluorescence was determined at the end of each incuba-
tion by addition of 40 ul of 2% Triton X-100. Minimal fluorescence
was then determined by addition of 40 ul of 1 mM EGTA. Intracellular
calcium was calculated using previously described formulas, using a K,
of 135 nM and an Sp/S,; of 15.3 (13). Fluorescence was measured either
in a SPF-500 spectrofluorometer (American Instrument Co., Silver
Spring, MD) or in a CM1T11I cation measurement system (Spex
Industries Inc., Edison, NJ).

Drugs. The stable adenosine analogs L-PIA and NECA were pur-
chased from Research Biochemicals, Inc. (Natick, MA). The effects of
these analogs on platelet function and cAMP levels have been reported
previously (14). 2’,5’-Dideoxyadenosine was a generous gift from Dr.
Roger Johnson, Department of Biochemistry, Stony Brook University,
NY. DPSPX was synthesized using a variation (15) of a previously
described method (16). All other drugs were purchased from Sigma
Chemical Company (St. Louis, MO).

Calculation of ECy, values from dose-response curves was done with
a microcomputer, using ALLFIT software. Results are presented as a
mean + standard error.

Effects of adenosine on platelet aggregation and intra-
cellular calcium. Thrombin produced platelet aggregation in

Adenosine and Platelet intracellular Caicium 871

association with a rise in intracellular calcium. The rise in
intracellular calcium reached a peak at approximately 30 sec
and was stable for at least 2 min. Calcium measurements were
done at baseline (227 + 66 nM) and at peak response to
thrombin (1920 + 273 nM; 12 experiments). Adenosine, added
immediately before thrombin, inhibited platelet aggregation
and the rise in intracellular calcium induced by thrombin. The
inhibitory actions of adenosine were dose dependent (Fig. 1).
The dose of adenosine that produced 50% inhibition (ECy, was
virtually identical for inhibition of aggregation (510 + 43 nMm)
and for inhibition of the rise in intracellular calcium (490 + 49
nM). The inhibitory effects of adenosine were maximal at 100
uM. At this dose, adenosine produced virtually complete inhi-
bition of platelet aggregation (94%). In contrast, inhibition of
the rise in intracellular calcium was partial (55%).

Effects of stable adenosine analogs on intracellular
calcium. the stable adenosine analogs NECA and L-PIA in-
hibited the rise in intracellular calcium produced by thrombin.
The effects were also dose dependent. NECA was approxi-
mately 10-fold more potent than L-PIA in inhibiting [Ca®*],
(Fig. 2). However, ECy, values were not calculated, because
solubility problems with higher concentrations precluded us
achieving maximal response.

Effects of adenosine antagonists. Caffeine antagonized
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Fig. 1. Effect of increasing concentrations of adenosine on thrombin-
induced platelet aggregation (upper) and peak increase in free cytosolic
calcium concentration (lower) (12 experiments). In both cases, the re-
sponse to 0.3 units/ml thrombin (7) was taken as 100%.
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Fig. 2. Effect of increasing concentration of NECA or L-PIA on thrombin-
induced increases in free cytosolic calcium concentration. The response
to 0.3 units/ml thrombin (T) was taken as 100%. Each point represents
the mean + standard error of three experiments.
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Fig. 3. Effect of increasing concentrations of caffeine on the inhibitory
effects of 1 um adenosine on the platelet aggregation (upper) and the
increase in cytosolic free calcium concentration (lower) produced by 0.3
units/ml thrombin. Each point represents the mean + standard error of
three experiments

the actions of adenosine on platelet aggregation (Fig. 3, upper)
and intracellular calcium (Fig. 3, lower), in a dose-dependent
manner. At the concentrations used, caffeine had no effect on
baseline intracellular calcium. At concentrations above 1 mM,
caffeine reportedly releases calcium from the sarcoplasmic re-
ticulum of skeletal, myocardial, and vascular smooth muscle

cells (17). Caffeine is also a relatively weak phosphodiesterase
inhibitor. However, even if this effect were operative, caffeine
would potentiate rather than inhibit adenosine. Because caf-
feine may have other actions unrelated to adenosine receptor
antagonism, the effect of a specific adenosine receptor antago-
nist, DPSPX, was also determined (16). DPSPX (100 uM)
antagonized the effect of adenosine on platelet aggregation
(Fig. 4) and increased the ECs, of adenosine from 438 to 4807
nM. The effects of DPSPX on intracellular calcium could not
be determined, because DPSPX emitted fluorescence that in-
terfered with [Ca**]; measurements.

Role of cyclic AMP in the actions of adenosine. The
role of cCAMP in the actions of adenosine on intracellular
calcium was evaluated either by preventing the rise in cAMP
produced by adenosine with 2’,5’-dideoxyadenosine, an inhib-
itor of the catalytic subunit of adenylate cyclase, or by poten-
tiating the rise in cAMP through inhibition of phosphodiester-
ase with papaverine.

As shown in Fig. 5, 1 uM adenosine inhibited thrombin-
induced aggregation by 73% and the rise in intracellular calcium
by 43%. Cyclic AMP levels found in thrombin-stimulated PRP
were 95 + 25 fmol/10° cells. Adenosine increased cAMP by
72% above levels found in the presence of thrombin alone, to
162 + 38 fmol/10° cells. However, in the presence of 2’,5’-
dideoxyadenosine, the adenosine-induced increase in cAMP
was prevented (119 + 92 fmol/106 cells, or 25% above thrombin
alone). The inhibitory effects of adenosine on aggregation and
intracellular calcium were also reversed by the prior addition
of 1 mM 2’,5’-dideoxyadenosine (Fig. 5), which acts on the
intracellular inhibitory “P site” of the catalytic subunit of
adenylate cyclase (18). This concentration of 2’,5’-dideoxy-
adenosine had no effect on baseline or thrombin-stimulated
intracellular calcium concentration or aggregation.

We chose papaverine as a phosphodiesterase inhibitor over
methylxanthines because of the potential for methylxanthines
to antagonize adenosine receptors. NECA, a stable adenosine
analog, was used instead of adenosine because papaverine can
also block adenosine uptake into cells, thus potentiating its
action on extracellular receptors. NECA (0.1 uM) inhibited
thrombin-induced aggregation by 22 + 6% and inhibited the
rise in calcium produced by thrombin by 18 + 3% in the
presence of adenosine deaminase (2 units/ml). Phosphodiester-
ase inhibition with 1 uM papaverine resulted in potentiation of
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Fig. 4. Effect of adenosine on thrombin-induced platelet aggregation in
the absence (—) or in the presence (- — -) of 100 um DPSPX. Each
point represents the mean + standard error of three experiments.
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Fig. 5. Effect of 0.3 units/ml thrombin on platelet aggregation (i),
expressed as the slope of the primary phase of aggregation in arbitrary
units (feft axis), and free cytosolic calcium concentration (&) (right axis).
Upper, effects of thrombin alone (left bars) and in the presence of 1 um
adenosine (ADO) (middie bars) and the effects of 1 mm 2’,5’-dideoxy-
adenosine (DDA) on adenosine actions (right bars). Lower, effects of
thrombin alone (feft bars) and in the presence of 100 nm NECA (middle
bars) and the effects of 1 um papaverine (PAPAV) on adenosine actions
(right bars). Each bar represents the mean + standard error of three
experiments.

the inhibitory effects of NECA on both aggregation (to 46 +
6%) and intracellular calcium (to 37 + 4%) (Fig. 5). Papaverine
also shifted the dose-response curve of NECA for platelet
aggregation to the left (Table 1). We chose this concentration
of papaverine because in ancillary studies it was found to have
little if any effect on basal intracellular calcium or on the
effects of thrombin on intracellular calcium or aggregation.
Even at higher concentrations (0.1-0.4 mM), papaverine re-
portedly does not increase baseline cAMP significantly (19).
Effects of adenosine on calcium influx and intracel-
lular calcium mobilization. To determine whether the ef-
fects of adenosine on [Ca?*]; were due to inhibition of calcium

TABLE 1

Adenosine and Platelet intraceliular Calcium 873

influx and/or inhibition of calcium mobilization from intracel-
lular stores, the rise in intracellular calcium produced by throm-
bin was determined in parallel studies either in the presence of
2 mM calcium or in a calcium-free buffer containing 1 mm
EGTA. The increase in the fura-2 signal produced by thrombin
in the presence of extracellular calcium reflects both calcium
entry and intracellular calcium mobilization. On the other
hand, the increase in fura-2 signal produced by thrombin in
the absence of extracellular calcium reflects only release of
calcium from intracellular stores (20). Finally, the mathemati-
cal difference between these two signals can be used as an
indirect measurement of calcium influx. In three parallel ex-
periments, thrombin increased intracellular calcium from 56 +
18 nM to 1958 + 261 nM in the presence of extracellular calcium
and from 51 + 24 nM to 893 + 236 nM in the absence of
extracellular calcium. As can be seen in Fig. 6 and in Table 2,
adenosine produced a dose-dependent inhibition of the rise in
intracellular calcium produced by thrombin, both in the pres-
ence and in the absence of extracellular calcium. The ECy,
values were 151 + 39 nM and 135 + 31 nM, respectively. When
the difference between the calcium signal produced by thrombin
in the presence and in the absence of extracellular calcium was
used to determine calcium influx, adenosine also inhibited
calculated calcium influx, with an ECs, of 178 £ 52 nM (Table
2).

Discussion

Adenosine has been shown to inhibit activation of many
secretory cells in addition to platelets. Adenosine appears to
act on A2 receptors in leukocytes, as determined by the relative
potency of stable adenosine analogs (NECA > L-PIA) (21).
However, it is unclear whether adenosine receptors on these
secretory cells are linked to adenylate cyclase and whether their
activation modulates intracellular calcium concentrations (8,
9). Adenosine also inhibits neurotransmitter release from nerve
terminals (22). This effect appears to be associated with an
inhibition of intracellular calcium. However, the characteristics
of the receptor that mediates this action, and the second
messengers involved, remain unclear. The existence of a third
adenosine receptor that modulates intracellular calcium but is
not linked to adenylate cyclase has been proposed (10).

Since 1963, it has been known that adenosine inhibits platelet
aggregation (23). It was initially thought that the effects of
adenosine on blood platelets could be explained by antagonism
of ADP receptors. It is now apparent that adenosine activates
A2 receptors located in the platelet cell surface, leading to an
increase in intracellular cAMP (3, 5). Although the role of
endogenous adenosine in platelet homeostasis has not been
fully elucidated, it has been postulated that the actions of
dipyridamole are at least partially mediated through potentia-
tion of the actions of endogenous adenosine (3). Also, the

Effect of increasing concentrations of NECA on thrombin-induced platelet aggregation in the absence or presence of papaverine (1 um)
Results are shown as mean + standard error of three experiments. The response to thrombin was taken as 100%.

Platelet aggregation (%)
Thrombin + NECA
Thrombin
10w 50 100 nw 250 M
Control 100 95+2 7817 58+7 12+ 0.3
Papaverine 97 84 +2 68+5 47 £ 6 8+09
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Fig. 6. Effects of adenosine on thrombin-induced increases in free
calcium concentration in the presence of 2 mm calcium in the
incubation buffer (——) or in the absence of extracellular calcium (in the
of 1 mm EGTA) (- - -). Each point represents the mean +
standard error of three experiments.

intracellular processes that mediate adenosine-induced inhibi-
tion of platelet aggregation following the rise in cAMP have
not been determined. Because a rise in intracellular calcium is
essential for many secretory processes, including platelet ag-
gregation and secretion (7), we studied the effect of adenosine
on intracellular calcium. Furthermore, other agents, such as
prostaglandins and forskolin, that are known to raise cAMP
reportedly lead to a decrease in intracellular calcium (24-26).
Adenosine inhibited thrombin-induced platelet aggregation,
as previously reported (12). The dose that produced 50% inhi-
bition of platelet aggregation was approximately 500 nM, a
concentration relatively close to that found in plasma of normal
subjects (161 £+ 75 nM) (27). It must be noted that, although
the EC;, values of adenosine for platelet aggregation and inhi-
bition of intracellular calcium were virtually identical, the
maximal effect of adenosine produced a 94% inhibition of
platelet aggregation while producing only a 55% inhibition of
the rise in intracellular calcium (Fig. 1). This can be interpreted
as meaning that adenosine inhibits calcium mobilization from
a discrete pool that is critical for the development of platelet
aggregation but this is not reflected as a complete reduction in
total cytosolic free calcium. Alternatively, adenosine may be

TABLE 2

acting on other intracellular processes responsible for inhibi-
tion of platelet aggregation, in addition to intracellular calcium.
For example, it has been suggested that activation of adenylate
cyclase results in inhibition of protein kinase C (28).

The observed effects of adenosine on intracellular calcium
appear to be mediated through cell surface adenosine A2 recep-
tors. The greater potency of NECA over L-PIA and the antag-
onism of caffeine and DPSPX support this conclusion. Because
activation of adenosine A2 receptors on platelets results in
activation of adenylate cyclase with cAMP accumulation (4), it
seemed likely that the increase in cAMP was responsible for
adenosine-induced inhibition of intracellular calcium. Our re-
sults suggest that this is indeed the case. Adenylate cyclase
inhibition with 2’,5’-dideoxyadenosine (an inhibitor of the
catalytic subunit of the enzyme, acting at the P site) prevented
the actions of adenosine on intracellular calcium. Conversely,
prevention of the removal of cAMP by phosphodiesterases with
papaverine resulted in potentiation of the effects of adenosine
receptor activation on intracellular calcium. We believe this
approach provides further proof of a link between adenylate
cyclase and the calcium signaling mechanism, as reported pre-
viously (24-26).

The rise in intracellular calcium produced by thrombin is the
result of both an increase in calcium influx from the extracel-
lular medium and mobilization of calcium from intracellular
stores (20). Adenosine inhibited the rise in intracellular calcium
produced by thrombin, both in the presence of calcium (reflect-
ing both pathways) and in a calcium-free medium (reflecting
only the mobilization of intracellular stores). Our results sug-
gest that adenosine inhibits both the influx of calcium and the
mobilization of internal stores produced by thrombin.

In summary, adenosine receptor activation in human plate-
lets results in inhibition of thrombin-induced aggregation. The
antiaggregatory actions of adenosine can be explained at least
partially by inhibition of both calcium influx and mobilization
of internal stores. The effects of adenosine on platelet aggre-
gation and intracellular calcium are coupled to adenylate cy-
clase activation.
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