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Thrombin-Induced Increase in Intracellular Cyclic

3’5 -Adenosine Monophosphate in Human Platelets
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ABstract The present data disagree with earlier
suggestions that thrombin's effect on platelets is to
cause a decrease in intracellular cyclic 3’,5-adenosine
monophosphate. Washed human platelets or platelet-
rich plasma were incubated at 37°C with human
thrombin. After centrifugation, the supernates were as-
sayed for nucleotides and calcium released. The plate-
let pellets, and in some experiments the supernates as
well, were assayed by radioimmunoassay for intracellu-
lar cyclic AMP. In the washed platelet system, increas-
ing doses of thrombin to 0.5 U/cc induced increasing
release of nucleotides and calcium. This was accom-
panied by an average twofold increase in intracellular
cyclic AMP levels. Prostaglandin Ei:, which inhibited
30-509, of release, induced a four- to fivefold increase
in cyclic AMP levels that was additive to the cyclic
AMP-stimulatory effect of thrombin. Theophylline,
which inhibited only 20-409; of nucleotide release, was
synergistic with thrombin in the intracellular accumu-
lation of cyclic AMP. The time-course of cyclic AMP
accumulation in response to thrombin was slower than
thrombin-induced nucleotide release. Similar findings
were made in the platelet-rich plasma system where
thrombin stimulation of nucleotide release also resulted
in a marked accumulation of intracellular cyclic AMP.
Thrombin did not appear to stimulate the release of
intracellular cyclic AMP.

The mechanism underlying these observations was
not apparent. The thrombin had no measurable inhibi-
tory effect on platelet phosphodiesterase activity in
either intact washed cells or the platelet homogenate
supernates. Furthermore, thrombin inhibited, rather
than stimulated, platelet adenyl cyclase activity in both
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intact washed cells and washed platelet particulate frac-
tions. Of note, however, was the finding that thrombin
did not completely inhibit the adenyl cyclase activity of
prostaglandin-stimulated cells. Further work is needed
to clarify the significance of this observation.
Nonetheless, the accumulation of intracellular cyclic
AMP in response to thrombin observed in the present
study suggests that the antagonistic actions of various
agents on the platelet release reaction, thought to under-
lie platelet function, may depend upon a mechanism
more intricate than a straightforward mediation through
directly opposite effects on platelet cvclic AMP,

INTRODUCTION

In recent years, several investigators have implicated
cyclic AMP as a factor in the control of normal platelet
function (1, 2). Increments in cyclic AMP levels have
been observed in response to various agents that inhibit
platelet aggregation (3-5). Conversely, some agents
which stimulate or augment platelet aggregation have
been associated with reduced cyclic AMP levels (1, 2,
6, 7). This has led to the concept that the antagonistic
actions of various substances on platelet function may
be mediated by opposite effects on cvclic AMP concen-
trations.

The results of the present study do not support this
concept. Washed human platelets were found to react
to human thrombin by accumulating iucreased intra-
cellular levels of cyclic AMP rather than the decreased
levels others have reported. This increase was observed
with amounts of thrombin previously shown to induce
platelet aggregation (8). The increase occurred in con-
junction with the release of platelet nucleotides and
calcium into the surrounding medium, a process thought
either to precede or accompany platelet aggregation
(9). The present study thus stresses the need for fur-
ther evaluation of the biochemical events that charac-
terize and determine platelet function as well as the

The Journal of Clinical Investigation Volume 51 December 1972



role of cyclic AMP as a possible physiological determi-
nant of normal platelet activity.

METHODS

Freshly drawn blood from normal male subjects without

drug exposure was anticoagulated with a 10% solution of -

EDTA (015 cc per 10 cc blood) and cooled to 4°C.
Washed platelets were obtained as previously described (10)
and resuspended in a 25 mM Tris-HCl buffer, pH 7.4, con-
taining 140 mM NaCl and 0.3 mm EDTA.

Duplicate portions of the washed platelet suspensions,
containing 700,000-1,500,000 platelets per mm® were kept
either at 4°C or preincubated at 37°C for 5 min. For dose-
responses studies, human thrombin (provided by Dr. D.
Aronscn, Division of Biologic Standards, National Insti-
tutes of Health), ranging between 0.0625 and 1.0 U/cc final
incubation concentration, was added to the plateiets and in-
cubation continued for 5 min. The time-course of thrombin-
induced nucleotide and calcium release was studied by in-
cubating platelet suspensions with 0.25-0.50 U/cc of throm-
bin at 37°C for times varying between 5 sec and 5 min.
Theophylline (from Matheson, Coleman and Bell, Cincin-
nati, Ohio), 3.0 X 10® M final concentration, or prosta-
glandin E; (from Dr. J. Pike. The Upjohn Company, Kala-
mazoo, Mich.), 3.0 X 10® M final concentration, was added
to some tubes before initial incubation. Appropriate controls
at 4 and 37°C with or without thrombin, prostaglandin, and
theophylline were run concurrently in each experiment.
After incubation, all samples were cooled to 4°C to stop
the release reaction and spun at 2250 g for 15 min.

Similar studies were performed using citrate (0.1 cc of
10% Na citrate in normal saline per 10 cc blood) and nor-
mal saline rather than an EDTA-anticoagulated system.
Experimental procedures and materials were otherwise
identical to those already described.

Supernates were added to 2.5 M perchloric acid (0.5 ™M
final concentration) and the total nucleotide content read
at 260 mp on a Beckman spectrophotometer (Beckman In-
struments, Inc,, Fullerton, Calif.) (11). These portions
were then diluted 1:2 with 0.15 M lanthanum chloride and
assayed for calcium content on a Perkin-Elmer 303 atomic
absorption spectrophotometer (Perkin Elmer Corp., Nor-
walk, Conn.) (12). In some experiments, a portion of the
supernate was also assayed for cyclic AMP content as
described below together with the platelets from the same
samples.

Platelet pellets were kept at 4°C. Their cyclic AMP was
extracted by a modification of procedures described by
Steiner, Kipnis, Utiger, and Parker (13). After addition
of 0.7 cc of 50 mm Tris-HCl buffer, pH 7.4, without
EDTA, the platelets were sonicated at 4°C for 15 sec on a
Sonifier W140D sonicator set at “25” (Heat Systems—
Ultrasonics, Inc., Plainview, N. Y.). An equal volume of
10% trichloroacetic acid (TCA) was then added to each
portion and, after thorough mixing, the suspensions were
spun at 2250 g for 15 min. The supernates were extracted
with three changes of anhydrous ether to remove the TCA,
heated for 3 min at 65°C to evaporate any ether that re-
mained, rapidly frozen in dry ice and acetone, and lyophi-
lized.

Cyclic AMP concentrations were determined by a modi-
fication of the radioimmunoassay procedures developed by
Steiner et al. (13). The 2'0-succinyl tyrosine methyl ester
of cyclic AMP was synthesized and iodinated with *I to

prepare the cyclic AMP tracer (ScCAMP-*1).! Antibody to
cyclic AMP (ScAMP-Ab) was produced by injecting
human serum albumin succinyl cyclic AMP in Freund’s
adjuvant intradermally into rabbits at 2 to 4-week intervals
and harvesting the serum at 4 6 wk.

The radioimmunoassay incubation system, in a final vol-
ume of 500 ul, contained 5-10 X 10° cpm of the ScAMP-*1
tracer, antibody to ScAMP diluted with 0.1 M 2-(N-mor-
pholino) ethanesulfonic acid (MES buffer), pH 6.1, to
provide a concentration with > 20% binding, and a portion
of lyophilized sample dissolved in 0.1 M MES buffer.
Assay tubes were kept at 4°C and allowed to incubate for
at least 18 hr.

After incubation, 1.5 cc of a 16% polyethylene glycol solu-
tion containing 0.8 mg/ml bovine gamma globulin was added
to each incubation mixture to precipitate the cAMP-anti-
body complex (14). The portions were centrifuged at 2200
g for 1 hr, the supernates were discarded, and the tubes
allowed to drain for at least 2 hr. The samples were counted
for I in a Packard 5022 gamma counter (Packard Instru-
ment Co., Inc, Downers Grove, Ill.). Samples for total
counts, background, total binding, and a semi-logarithmic
standard curve with a range of 0.4-204.8 pmoles cyclic AMP
were prepared for each assay.

Separate experiments were done to confirm the identity
of the substance being assayed as cyclic AMP, according
to the methods of Aurbach and Houston (15). Washed
platelets, which had been incubated for 5 min at 37°C
with thrombin (0.5 U/cc), were sonicated at 4°C as above
and then heated at 105°C for 3 min to destroy endogenous
phosphodiesterase activity (16). After cooling, samples were
incubated at 37°C for 20 min with active beef heart phos-
phodiesterase (PDE) purified according to Butcher and
Sutherland (17), boiled exogenous PDE, or buffer. Tri-
chloroacetic acid was then added to each portion and the
samples were centrifuged, extracted, lyophilized, and as-
sayed for cyclic AMP together with the specimens above.

Because of the differences between the results obtained
in the present washed platelet system and data reported in
previous studies using platelet-rich plasma (2-4), further
experiments were performed using platelet-rich plasma anti-
coagulated with EDTA, maintained at 37°C and exposed
either to buffer or thrombin. Other portions of platelet-rich
plasma were kept at 4°C. After a 5 min incubation,
the platelet-rich plasma was centrifuged at 2200 g for 10
min. The resulting platelet pellets and the platelet-poor
plasma were separately extracted and assayed for cyclic
AMP as described above.

In an attempt to determine the mechanism of action of
thrombin on the changes observed in platelet cyclic AMP,
several experiments were performed to measure the effect
of thrombin on platelet adenyl cyclase and phosphodiesterase
activity. Intact washed platelets were incubated for 5 min
with or without human thrombin (0.5 U/cc), separated
from their supernate, and sonicated. The resulting homoge-
nate was centrifuged for 15 min at 15,000 g to obtain a
particulate fraction and a supernatant fraction (10). The
particulate fraction was assayed for adenyl cyclase activity
by the conversion of ATP-a-*P to 3',5'-cyclic AM®P (10),

applying methods described by Krishna, Weiss, and Brodie

L Abbreviations used in this paper: MES buffer, 2-(N-
morpholino) ethanesulfonic acid; PDE, phosphodiesterase;
PGE,, prostaglandin E.; ScAMP-Ab, antibody to cyclic
AMP; ScAMP-**I, cyclic AMP tracer; Ts, triiodothyro-
nine ; TCA, trichloroacetic acid.
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IFicere T Dose-response  relationship  of  thrombin-induced
release reaction and intracellular cyclic AMP accumulation.
Washed human platelets were incubated with human throm-
bin in doses ranging from 0.0625 to 1.00 U/cc. The right or-
dinate axis measures the per cent of total platelet nucleotides
released (total platelet nuclectide content was 820 mumoles/
10° platelets). The left ordinate axis measures intracellular
picomoles of cyclic AMP/10° platelets. All plotted values
represent net release or net cyclic AMP accumulation
(average base line at 37°C without thrombhin was 10 pmoles
cyclic AMP/10" platelets).

(18). The stimulatory effect of prostaglandin K, or NaF on
the cyclase activity of these fractions was also assessed.
using procedures described in previous reports (10, 18).
Phosphodiesterase activity in the supernatant fraction was
measured by the conversion of 3.5-*H-cyclic AMP to
AMP-H, using an assay system described by Chase,
Fedak, and Aurbach (19).

In other experiments, washed intact platelets that had not
been preincubated with thrombin were similarly sonicated
and centrifuged and the resulting particulate and super-
natant fractions assayed respectively for adenyl cyclase and
phosphodiesterase activity as above. In these studies, how-
ever, thrombin was added to some of the incubation tubes
to ascertain the effect of thrombin in the assay itself.

RESULTS

Washed platelet suspensions incubated for 5 min at 37°C
with increasing doses of thrombin release increasing
amounts of nucleotides into the surrounding medium
(Fig. 1). This reaction is maximal when 50-609, of the
platelet’s total nucleotide content has been released,
and occurs at a thrombin concentration of 0.25-0.50
U/cc.

In such studies, nucleotides and calcium are released
in parallel, with a constant molar ratio of 0.6-0.7. At
4°C, release in response to thrombin is negligible. In-
cubation of platelets at 37°C in the abscnce of thrombin
also results in but minimal release.
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Prostaglandin E: (PGEs, 3 X 10 m) inhibits 30-50¢,
of maximal thrombin-induced nucleotide and ecalcium
release at 37°C (Fig. 2). Theophylline at 3 X 10° m
in the same experiments inhibits maximal platelet nucleo-
tide release by 20-409,. Neither agent measurably af-
fects the release reaction of platelets incubated with
thrombin at 4°C or without thrombin at 37°C,

In the same platelet samples, a comparable set of rela-
tionships characterizes the effects of thrombin on the
accumulation of intracellular cyclic AMP during the
release reaction. At 4°C, levels of cvclic AMD range
between 8 and 12 pmoles per 10 platelets (Fig. 3). The
addition of thrombin (or prostaglandin Ei, or theophyl-
line) at this temperature does not change these levels.
Increments of only 1-2 pmoles per 10" platelets are seen
when the samples are incubated without any of these
agents at 37°C.

Small amounts of thrombin at 37°C induce the ac-
cumulation in platelets of gradually increasing cyvelic
AMP concentrations (Fig. 1), At 0.25 U of thrombin
per cc of platelet suspension, intracellular cvclic AMP
levels are increased nearly twofold above base line.
Higher concentrations of thrombin up to 1.0 U/cc
appear to stimulate only slightly greater increases above
this level. No cyclic AMP appears in the supernate
during thrombin stimulation.

In the presence of prostaglandin E. which alone
causes a four- to fivefold increase in cvclic AMP, the
stimulatory effect of thrombin appears to he slightly
additive (Fig. 3). In contrast. thrombin together with
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FiGure 2 Effect of thrombin, prostaglandin E,, and the-
ophylline on the platelet release reaction. The per cent of
total nucleotide and calcium release in response to thrombin
(0.5 U/cc), prostaglandin E, (3 X 10-° a1), and/or the-
ophylline (3 X 10 M) is given as the mean of 10 different
determinations *1 sp.



theophylline induce a synergistic increase in intra-
cellular platelet cyclic AMP levels (Fig. 3). Similarly,
in the dose-response studies the presence of theophyl-
line amplifies the amount of cyclic AMP accumulated in
response to each dose of thrombin tested (Fig. 1).
The linearity of the dose-response relationship with
concentrations of thrombin up to 0.25 U/cc is main-
tained.

The time-course of the release reaction of washed
platelets in response to thrombin is extremely rapid.
At least 50-609 of the release of nucleotides and cal-
cium is complete within 5 sec of incubation with throm-
bin (0.5 U/cc) (Fig. 4). At least 80-909; of release
has occurred by 15 sec. By 30 sec, the total amount of
releasable nucleotides and calcium, amounting to ap-
proximately 609, of the platelet’s total content of these
substances (20), appears in the extracellular medium.
Incubation to 5 min does not change these levels.

In these time-course studies, cyclic AMP accumula-
tion in response to thrombin seems to be slower than
the release of nucleotides and calcium (Fig. 4). At a
time when the release reaction is 50-609, complete (5
sec after the addition of thrombin), the amount of
intracellular cyclic AMP observed approaches only 10~
209, of levels reached with longer incubation times.
At 15 sec, when the release reaction is 80-909, com-
plete, the amount of cyclic AMP increase is only 60-
709 of ultimate concentrations. Not until 30 sec of
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ophylline on platelet cyclic AMP. Platelet pellets from six
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Fi6Ure 4 Time-course of thrombin-induced release and in-
tracellular cyclic AMP accumulation. Washed human plate-
lets were incubated at 37°C with thrombin (0.5 U/cc) for
times varying between 5 sec and 5 min. The right ordinate
axis measures per cent nucleotides (and calcium) released.
The left ordinate axis represents picomoles of intracellular
cyclic AMP/10° platelets. All plotted values represent net
release or net cyclic AMP accumulation (average control
base line values of cyclic AMP accumulation at 37°C was
12 picomoles/10° platelets ).

incubation do cyclic AMP levels approach the expected
twice-base line or greater concentrations observed as
a maximal response to thrombin.

As seen in the dose-response studies, the addition of
theophylline to samples in the time-course studies also
amplifies the thrombin-induced increments of cyclic
AMP that occur (Fig. 5). Even at 5 sec, when there
appears only a small increment in cyclic AMP levels

" in response to thrombin alone, theophylline greatly

magnifies the levels of cyclic AMP observed. At the
same time, the theophylline inhibits the release reac-
tion. Through this dual effect, theophylline completely
obscures the lag, seen in the presence of thrombin
alone, between cyclic AMP accumulation and the oc-
currence of platelet nucleotide release.

The cyclic AMP concentration in the supernate of
control platelets either at 4 or 37°C is less than 0.4
pmoles/10° platelets. Incubation of these samples with
thrombin or theophylline does not induce an increase in
extracellular cyclic AMP levels, despite the increase in
intracellular levels described above. The effect of pros-
taglandin E: on extracellular concentrations was not
measured.

When citrate and a normal saline buffer are used
instead of the EDTA and Tris buffer in the washed
platelet system, no increase in intracellular cyclic AMP
is seen in response to thrombin. Base line levels of

Cyclic AMP in Human Platelets 3097
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Ficure 5 Effect of theophylline on the time-course of cyclic
AMP accumulation in response to thrombin. In some of the
samples described in Fig. 4, theophylline (3 X 10 M) was
added to the incubation system and its effect on the time-
course of cyclic AMP accumulation measured.

cyclic AMP, however, are maintained in all of the
platelet samples. Furthermore, the release of calcium
and nucleotides in response to thrombin occurs to the
same extent as in the EDTA-anticoagulated system.

In the plasma system the effect of thrombin is even
more striking than in the washed platelet preparations
(Table I). At 4°C, base line levels are similar to the
cyclic AMP concentrations observed in the washed
platelet systems described above. These levels are also
comparable to cyclic AMP levels seen in plasma plate-
lets maintained at 37°C. The addition of thrombin to
these platelets at 37°C induces a twofold and as great as
a fourfold increase in cyclic AMP levels. The use of
sonication before the addition of TCA in the cyclic
AMP extraction procedures does not seem to alter the
basic phenomenon observed in the present investigation.
Extracellular plasma concentrations of cyclic AMP in
the same experiments are high enough (150-200
pmoles/cc) to prevent an interpretation of small changes
in extracellular cyclic AMP levels in response to throm-
bin. The effect of citrate in the plasma medium was not
evaluated.

If the increase im radioimmunoassayable material
which occurs with thrombin in either the washed or
the plasma system is indeed cyclic AMP, it would be
predicted that exposure to endogenous or exogenous
phosphodiesterase (PDE) would eliminate this incre-
ment. Washed platelets heated to 95°C to destroy en-
dogenous PDE (16) when incubated with either buffer
or boiled exogenous PDE, maintain the cyclic AMP
levels accumulated in response to thrombin (Fig. 6).
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Incubation with active exogenous PDE destroys the in-
crements that thrombin induces. Prolonged incubation
at 37°C of platelets not preheated, allows endogenous
platelet PDE to destroy the increased cyclic AMP levels
that occur with thrombin. In fact, the 20 min of incuba-
tion reduces these levels to half base-line. As previ-
ously reported in other tissues (15), this establishes
the identity of the substance being assayed as cyclic
AMP.

Particulate fractions obtained from platelets exposed
to thrombin have less than half the basal activity of
adenyl cyclase compared to platelets incubated without
thrombin (Table II A). Similarly, the stimulation of
platelet cyclase activity by prostaglandin E: added to
these preparations is less than half as great as in
prostaglandin-stimulated control platelet particulate
fractions. It is important to note, however, that the
stimulation of cyclase activity by prostaglandin in these
experiments is not completely inhibited by the previous
exposure to thrombin. Rather, there is still an 8- to 10-
fold increase in cyclase activity in response to the
exogenous PGE, despite the presence of the active
thrombin (0.25-0.50 U/cc). Moreover, the stimulation
of enzyme activity by NaF is only mildly depressed by
prior incubation of the intact platelets with thrombin.
Similar changes have also been seen by other investi-
gators (8).

The addition of thrombin (0.5 U/cc) to the cyclase
assay incubation mixture itself also has a major effect
on adenyl cyclase activity (Table II B). Basal activity
is depressed by 609,. Prostaglandin-stimulated activity,
however, is inhibited by only 409. As in the intact
platelets, all of the PGE:-stimulated activity is not abol-
ished by simultaneous exposure to thrombin. Cyclase
activity is still increased to 8 times basal levels. Fur-
thermore, NaF-stimulated enzyme activity is again only
mildly depressed.

TaBLE I
Thrombin Effect on Intracellular Cyclic AMP
in Platelet-Rich Plasma

37°C
control

37°C
thrombin

Exp. 4°C
No. control

pmoles cyclic AMP/10° platelets

1 12.3 11.1 52.0
2 5.4 5.5 12.2
3 10.8 10.5 22.0
4 15.7 22.5 37.7

In the above experiments, platelet-rich plasma was incubated
for 5 min at 4 or 37°C with or without thrombin. Intracellular
concentrations of cyclic AMP were measured by radioim-
munoassay as was done in the washed platelet system. Ex-
traction procedures were also the same; in experiments 3 and
4, however, the sonication step was omitted.



No effect on normal phosphodiesterase activity is
apparent in platelets incubated while intact with throm-
bin. Similarly, platelet homogenates assayed for phos-
phodiesterase activity in the presence of thrombin ap-
pear to have no alteration in enzyme action compared
with control platelets.

DISCUSSION

Results of the present study raise questions about the
commonly-held view that stimulation of platelet func-
tion is mediated by a lowering of intracellular cyclic
AMP. At concentrations of thrombin that cause maxi-
mal release of nucleotides and calcium from platelets,
and are known to cause complete platelet aggregation,
there occurs at least a twofold increase in platelet cyclic
AMP levels both in washed platelet preparations and
platelets from platelet-rich plasma. This increase lags
by several seconds the occurrence of nucleotide and
calcium release.

Several questions are posed by these data. First, what
explanations are there to account for the discordance
between results in the present study, describing a throm-
bin-induced #ncrease in intracellular cyclic AMP, and
the generally-accepted hypothesis that aggregating
agents work by lowering platelet cyclic AMP content?

TaBLE 11
Effect of Thrombin on Platelet Adenyl Cyclase Activity

Adenyl cyclase activity

Thrombin assay
Substance tested concn.
with thrombin used Buffer PGE. NaF
Ul/ce pmoles cyclic AMP/10
min per mg protein
A. Intact washed None 130 2300 880
platelets 0.25 56 1160 730
0.50 38 1032 632
B. Particulate fraction None 155 1580 695
from washed 0.50 56 940 545
platelets 5.0 56 675 450

In A, intact washed platelets were incubated with or without
thrombin, chilled to 4°C, centrifuged, separated from the
supernate, resuspended in fresh Tris buffer, and sonicated.
The particulate fraction obtained was assayed for adenyl
cyclase activity in the absence of thrombin. Prostaglandin
E, or NaF was added to some portions in the assay to stimu-
late cyclase activity.

In B, platelets were washed and resuspended in Tris-HCI
buffer pH 7.4. They were not preincubated with thrombin.
A sonicated pellet was obtained as in A and assayed for
adenyl cyclase activity, but this time in the presence or
absence of thrombin. Prostaglandin E; or NaF was added to
some portions in the assay as above to stimulate cyclase
activity.
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Ficure 6 Effect of exogenous phosphodiesterase on radio-
immunoassayable unknown (presumably cyclic AMP). In
two separate experiments, exogenous beef heart phosphodi-
esterase (PDE) was shown to decrease thrombin-stimu-
lated intracellular cyclic AMP to base line (control) levels.
Incubation of the thrombin-stimulated cells (heated to de-
stroy endogenous phosphodiesterase) with buffer or boiled
PDE did not decrease the thrombin-induced cyclic AMP in-
crements. Prolonged incubation of unheated platelets with
either buffer, exogenous PDE, or boiled exogenous PDE not
only destroyed the thrombin-induced increments but also
reduced cyclic AMP concentration to one-half control levels.

Second, by what mechanism does thrombin induce the
observed accumulation of intracellular cyclic AMP?
And third, but most important, does cyclic AMP play
a determining or mediating role in platelet function and,
if so, what is this role?

Aggregating agents: increased or decreased cyclic
AMP? Previous investigations have reported that
agents with antagonistic actions on platelet function
work through opposite effects on cyclic AMP levels:
substances which inhibit platelet function increase cyclic
AMP whereas those that stimulate platelet function
cause decreased cyclic AMP (2-4). The contradictory
results in the present investigation, in which thrombin
as an aggregating agent was found to increase intra-
cellular platelet cyclic AMP, prompted a reexamination
of the methods used in the present work to see if the
data merely represent artifact.

The preparation of washed platelets entailed several
centrifugation steps. Others have suggested that cen-
trifugation induces the loss of intracellular cyclic AMP,
presumably via an activation of platelet phosphodi-
esterase (1). However, the base line levels of cyclic
AMP in the washed platelets were similar to those of
platelets kept in plasma and not subjected to repeated
centrifugation, both in the present study (Table I) and
in work previously reported by Cole, Robison, and Hart-
mann (21). Furthermore, in each experiment duplicate
portions at 4 and 37°C with and without thrombin
and/or theophylline were always run to validate the
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increase in cyclic AMP observed in response to thron-
bin. The presence of these controls in each experiment
appeared to nullify the possible decremental effect of
centrifugation that otherwise might perhaps have ob-
scured the phenomena being reported.

Tn order to study the activity of various platelet en-
zymes in our washed preparations, as well as the effects
of time and thrombin dose on the release reaction and
the accumulation of cyclic AMP, the platelets in the
present investigation were kept chilled at 4°C when not
being incubated. Such chilling has also been reported to
effect platelet cyclic AMP levels (1). As was true
in the case of centrifugation, however, the internal con-
trols in each experiment in the present work permitted
reliable observations of the stimulatory effect of throm-
bin on cyclic AMP levels since all of the samples had
been chilled. Moreover, chilling seemed to have no
effect on the base line cyclic AMP levels; nor did it
decrease the prostaglandin-stimulated cyvclic AMP in-
crements also reported by others (2, 4).

Procedures used to extract platelet cyclic AMP were
basically similar to methods described for use with
platelets (1, 22) as well as other tissues (13). The only
major change was the use of sonication in order to
study the enzyme activities in the various samples.
However, this seemed to have no effect on cyclic AMP
levels (Table 1), presumably because the procedures
were conducted at 4°C throughout, preventing thereby
any sonication-stimulated activity of inhibitory or stim-
ulatory enzymes. Similarly, the radioimmunoassay tech-
niques used in the present work had already been well-
described and reliably used in other cell types (13, 23).
These procedures provided reproducible results in the
present study as well, both in the washed platelet system
and in platelet-rich plasma. The validity of these re-
sults as being truly representative of the changes in
platelet cyclic AMP described above was shown by
destroying the thrombin-induced cyclic AMP incre-
ments with exogenous beef heart phosphodiesterase
(Fig. 6), using methods previously employed in other
tissues (15).

As a final check on the reality of the phenomenon
observed in the washed platelet system, however, the
same experimental and radioimmunoassay procedures
were applied to the platelet-rich plasma system used in
previous investigations. The results obtained (Table 1),
were again in conflict with the hypothesis suggested by
earlier workers. The thrombin was repeatedly found to
induce at least a twofold increase in intracellular cyclic
AMP. Moreover, base line concentrations of cyclic
AMP were comparable to those observed in the washed
platelet system.

Such data suggest that the phenomenon described in
the present study was not necessarily due to methodo-
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logical artifact. This conclusion, however, prompted a
search of earlier investigations for possible reasons to
explain the discrepancies reported. Several possible ex-
planations were uncovered by such a review.

The conceptual role of cyclic AMP as a possible medi-
ator of platelet function was first suggested by studies
that documented the stimulation of cyclic AMP levels
by prostaglandin E., an inhibitor of platelet aggregation
(2-4, 24). Similar platelets, with intracellular cyclic
AMP levels already elevated by prior exposure to pros-
taglandin E,, were then incubated with one of the
aggregating agents (2, 6). This resulted in a decrease
in the prostaglandin-elevated cyclic AMP concentra-
tions. The interpretation of these data led to the hy-
pothesis that aggregating and inhibiting substances
exert their opposing effects on platelet function through
opposite effects on platelet cyclic AMP.

In these studies the effect of prostaglandin on stim-
ulating greater cyclic AMP production was fairly
straightforward. However, the effect of the releasing
agents on decreasing cyvclic AMP levels was based on
evidence somewhat less direct, since the effects of these
agents on base line levels of cyclic AMP were not as-
sessed. The more direct evidence in the present in-
vestigation, testing thrombin alone on base line cyclic
AMP concentrations, as well as recent reports by Has-
lam and Taylor (25) describing an epinephrine-induced
increase above base line in platelet cvclic AMP levels
after incubation of platelet-rich plasma with epinephrine
alone, strongly challenge this hypothesis.

In addition, several differences of methodology may
have led to the discordance of results being discussed.
For example, in other investigations incubation times
usually were long, at least 15 to 20 min. During this
time, endogenous platelet phosphodiesterase could have
destroyed any increase in cyclic AMP that had occurred
in response to the aggregating agent. This, in fact, was
seen in the present study when platelet homogenates
incubated with buffer for 20 min at 37°C after the
initial 5 min experimental incubation with or without
thrombin displayed half-base line or lower levels of
cyclic AMP (Fig. 6). A somewhat similar finding was
reported by Haslam and Taylor who described an ac-
cumulation of cyclic AMP in platelets in response to
epinephrine during the lst min of incubation and an
inhibition of this accumulation during the 2nd min (25).

Second and perhaps most important, the anticoagu-
lant that was used could have effected the results ob-
served in the various studies. This was suggested by
several findings. First, when citrate rather than EDTA
was used in the present washed platelet system, no in-
crement in platelet cyclic AMP in response to thrombin
was observed, even though all other conditions were
identical and the release reaction proceeded normally.



Second, thrombin was found to have a pronounced stim-
ulatory effect on cyclic AMP levels even in the plasma
system when EDTA was the anticoagulant (Table I)
in contrast to findings in previous studies where citrate
was used (2, 3, 6). Thus, citrate may have prevented
the stimulatory effects of the aggregating agents on
platelet cyclic AMP levels.

Just how this may have occurred is suggested by
earlier demonstrations of significant differences between
citrate and EDTA in sequestering various cations (26).
On this basis, subsequent investigators found that nor-
mal platelet function is effected by a delicate balance
between Mg*™ and Ca** and that in vitro this balance
is governed by the type of anticoagulant used in the
system (27-29). Further insight was provided by the
finding that the balance between Mg** and Ca** is criti-
cal in determining the activity of adenyl cyclase in
other tissues (19, 30). In these studies, as well as in
platelets in the present work, 10 M Ca** partially in-
hibited and 10® M Ca** completely inhibited PGE:- and
NaF-stimulated adenyl cyclase activity. Moreover, in
previous studies using washed platelet preparations
(10), just the use of citrate in preventing platelet
clumping was found to be enough to prevent the strik-
ing stimulatory effect of PGE: on adenyl cyclase ac-
tivity that was seen when EDTA was used instead.
Such inhibition of cyclase activity, just by varying the
Ca*™ concentration, or more simply by changing the
cation chelator, may have been adequate in the previous
studies (2, 3, 6) to prevent cyclic AMP formation. Use
of the more powerful chelating agent EDTA (26, 27)
as the anticoagulant in both the washed platelet system
as well as in the platelet-rich plasma in the present
work may have circumvented this inhibition and al-
lowed the stimulation of cyclic AMP that was observed.

How does thrombin stimulate cyclic AMP accumula-
tion? Conceivably, the thrombin-induced accumulation
of intracellular cyclic AMP might have been the result
of decreased cyclic AMP release from cells because of
exposure to thrombin. Data in the present study did not
support this concept. Base line levels of extracellular
cyclic AMP were less than 0.4 pmoles/10° platelets. The
presence of theophylline in the bathing medium to in-
hibit any exogenous phosphodiesterase activity over the
5 min incubation time did not alter the amount of cyclic
AMP found extracellularly. This would argue against
the possibility that cyclic AMP is released constantly
from platelets so as to inhibit aggregation and that
thrombin, by interfering with this release, produces an
increased intracellular cyclic AMP level.

For the most part, the increased levels of cyclic AMP
observed in response to various substances in other cell
types have been found to be due to either a stimulation
of adenyl cyclase activity and the production of cyclic

AMP or an inhibition of phosphodiesterase activity and
the decreased destruction of cyclic AMP. In the present
study, both of these possibilities as well were examined.

First, human thrombin was shown to have no mea-
surable effect on platelet phosphodiesterase activity in
supernatant fractions from platelet homogenates. Simi-
larly, Brodie, Baenziger, Chase, and Majerus could not
demonstrate any inhibitory effect (8). Such studies
suffer from their inability to determine phosphodies-
terase activity within the actual cell and its compart-
ments. However, the data at hand suggest that the ele-
vations in cyclic AMP did not result from an inhibition
of cyclic AMP destruction.

The synergistic effect of thrombin on platelet cyclic
AMP with theophylline, a phosphodiesterase inhibitor
(24), suggested that the action of thrombin on the ac-
cumulation of cyclic AMP might be mediated by a
stimulation of adenyl cyclase. It was found, however,
that thrombin added either to intact washed platelets
before assaying them for cyclase activity or to washed
platelet homogenates during the cyclase assay inhibited
rather than stimulated adenyl cyclase activity (Table
IT).

These results were similar to those of earlier studies
that also described an inhibition of cyclase activity by
bovine thrombin (31-33). More recent work by Brodie
et al., using human thrombin, also demonstrated an in-
hibition of cyclase activity in intact platelets by as little
as 0.1 U/cc, a level comparable to that used in the
present investigation, Moreover, the thrombin in these
studies had its greatest effect on prostaglandin-stimu-
lated cyclase activity, a phenomenon that was also seen
to occur in the present work. The two sets of data dif-
fered in the effect of thrombin on sonicated platelet
homogenates: the present data demonstrated marked
inhibition of both base line and prostaglandin-stimu-
lated cyclase activity in washed platelet particulate
fractions; data from the work of Brodie et al. did not
detect any inhibition. At present, we cannot reconcile
or explain the differences. In any event, a direct effect
of thrombin in stimulating cyclase activity to explain
the increments of cyclic AMP observed could not be
demonstrated. Indeed, the opposite seemed to be true.

However, further analysis of the data disclosed that
perhaps an indirect effect by thrombin could have stimu-
lated cyclase activity. In the assays for adenyl cyclase,
prostaglandin E. was found to stimulate enzyme ac-
tivity 15- to 18-fold. The addition of thrombin to the
assay incubation medium, or the prior addition of
thrombin to intact platelets, seemed to inhibit the pros-
taglandin-stimulated activity by 40-509. Thus, prosta-
glandin-stimulated activity was not completely abol-
ished; an 8- to 10-fold increase in activity above base
line was still apparent. Evidently, the amount of human
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thrombin used, presumably a physiological level (8),
was not enough to override completely the effect of
PGE.: in the present study. This is significant, for recent
investigations have reported that thrombin induced
human platelets to produce and release prostaglandins
Ez and Fao (34). In human platelets, both of these pros-
taglandins in high enough concentrations may be ca-
pable of stimulating adenyl cyclase (10) and the forma-
tion of cyclic AMP. This stimulatory effect in vivo
might override the direct inhibitory effect of thrombin
on cyclase activity seen in vitro and explain the phe-
nomenon of a thrombin-induced increase in intracellular
cyclic AMP observed in the present investigation.

In any case, the mechanism by which thrombin in-
duced the accumulation of cyclic AMP in platelets in
the present investigation remained conjectural. This is
not a situation without precedent. Recent studies of the
effect of triiodothyronine (T:) in increasing cyclic
AMP levels in fat cells could not document the means
by which this occurred (35). The investigators did not
consider the possibility that the T: might stimulate
prostaglandin production. In a somewhat different in-
vestigation, an inhibitor of glucagon-stimulated cyclase
activity was found in the cytoplasm of hepatocytes (36).
The possible presence of a similar inhibitor in platelets
could account for the absence of thrombin effect ob-
served in the in vitro systems used in the present study.

What is the role of cyclic AMP in platelet function?
Results in the present study challenge the hypothesis
that a decrease in intracellular cyclic AMP is the factor
that mediates platelet aggregation. The data indicate,
rather, that we may be dealing with a spectrum of cyclic
AMP accumulation in response to various agents with
opposite effects on platelet activity. At the one end.
aggregating agents such as thrombin in the present
study and epinephrine in the report by Haslam and
Taylor (25), induce the accumulation of small amounts
of cyclic AMP, perhaps by stimulating the production
and release of prostaglandins from the cells. At the
other end, exogenous prostaglandin Ei, a potent inhibi-
tor of platelet aggregation in vitro, stimulates the pro-
duction of greater amounts of cyclic AMP.

If we assume that we are dealing with a homogeneous
platelet population, as seems to be the case from mor-
phological studies,® the cyclic AMP accumulated in
response to thrombin in the present investigation may
be a manifestation of several possible occurrences. For
one, the cyclic AMP may in some way be involved with
the secretory processes associated with the platelet re-
lease reaction. In other cell types, substances that stimu-
late cell secretion also have been found to increase the

?Droller, M. J. Ultrastructural study of the effects of
aggregating agents and their inhibitors on the platelet re-
lease reaction. In preparation.
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cellular content of cyclic AMP (37). A second possi-
bility is that the elevations in cyclic AMP may be a
nonspecific response to various agents and have nothing
to do with controlling or mediating the process of ag-
gregation at all. This possibility has been suggested
independently by Boullin, Green, and Price (38) in
their recent studies on ADP-induced platelet aggre-
gation.

The third, and most intriguing possibility, involves
postulation of a feedback mechanism of platelet func-
tion. Here, the accumulation of cyclic AMP in response
to low-dose thrombin may represent an attempt by the
platelet to make the aggregating process reversible.

At present, such postulations must remain conjectural.
Any additional hypothesis as to the mechanism of action
of thrombin, prostaglandins, and cyclic AMP as physio-
logical determinants of normal platelet function must
await further investigation.
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