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A B S T R A C T The relation of cyclic 3',5'-adenosine
monophosphate to platelet function has been studied by
investigating the influence of this compound and of its
N6-2'-O-dibutyryl derivative on platelet aggregation and
other aspects of platelet behavior after demonstration
of adenyl cyclase activity in disrupted platelets.

Dibutyryl cyclic AMP inhibited platelet aggregation
induced by ADP, epinephrine, collagen, and thrombin.
Cyclic AMP was also inhibitory but was less effective.
The platelet "release reaction" was also inhibited; spe-
cifically, there was inhibition of the induction of platelet
factor 3 activity and of the release of labeled 5-hydroxy-
tryptamine. Platelet swelling produced by ADP was
not inhibited.
The action of dibutyryl cyclic AMP did not result from

contamination with 5'-AMP, nor was it attributable to
production of 5'-AMP by plasma enzymes. Dibutyryl
cyclic AMP was degraded to 2'-O-monobutyryl cyclic
AMP and to cyclic AMP in plasma, but plasma ex-
hibited no cyclic nucleotide phosphodiesterase activity,
and the production of 5'-AMP did not occur. The in
vitro effects of dibutyryl cyclic AMP were associated
with uptake of the compound by platelets.
Adenyl cyclase activity of platelet homogenates was

demonstrated with production of 9.27 x 10-n (+2.62 x
10-u) mole cyclic AMP per min per 1010 platelets. The
activity was increased by NaF and by prostaglandin
PGE1 and was decreased by epinephrine. The effect of
epinephrine was blocked by phentolamine but not by
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propanolol. Adenyl cyclase activity was also inhibited
by collagen, 5-hydroxytryptamine, and thrombin. ADP,
dibutyryl cyclic AMP, and cyclic AMP did not alter
adenyl cyclase activity.
These observations are consistent with the hypothesis

that platelet aggregation is favored by a decrease in
platelet cyclic AMP and inhibited by an increase in
cyclic AMP.

INTRODUCTION
Inhibition of platelet aggregation by 3',5'-adenosine
monophosphate (cyclic AMP, cAMP) was first reported
by Marcus and Zucker in 1965 (1), but this observation
attracted little attention for several years. Recently
several laboratories have suggested a relation of cyclic
AMP to platelet function and have studied the metabo-
lism of this nucleotide in platelets. Adenyl cyclase activ-
ity in platelets was first described by Scott (2), who
found the enzyme unresponsive to epinephrine. Abdullah
(3) noted reversal of platelet aggregation by 10' M
dibutyryl cyclic AMP but not by 10' M cyclic AMP, and
he described stimulation of platelet cyclic nucleotide
phosphodiesterase by imidazole and nicotinic acid.
Butcher, Scott, and Sutherland (4) and Wolfe and
Shulman (5) reported that adenyl cyclase activity in
platelet homogenates was stimulated by prostaglandin
PGE1, and the latter authors also observed stimulation
by NaF. These findings were confirmed by Zieve and
Greenough (6), who also described stimulation of plate-
let adenyl cyclase by glucagon and inhibition by throm-
bin, norepinephrine, epinephrine, and serotonin. Mar-
quis, Vigdahl, and Tavormina (7) reported confirmatory
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results and observed inhibition of platelet phosphodi-
esterase by caffeine.
A reasonable hypothesis based on these observations

(8) would be that agents that produce or augment
platelet aggregation (e.g., epinephrine [9], nicotinic
acid [3], and imidazole [3]) reduce the level of platelet
cyclic AMP (by inhibition of adenyl cyclase or stimula-
tion of phosphodiesterase), and that agents with the
opposite effect on platelet clumping (e.g., caffeine [10],
PGE1 [11]) elevate platelet cyclic AMP. Direct mea-
surement of the cyclic AMP content of platelets has
supported this formulation; Salzman and Neri (12)
found platelet cAMP increased by caffeine and reduced
by epinephrine and by ADP. Robison, Arnold, and
Hartmann (13) reported an increase in platelet cyclic
AMP produced by PGE1 and observed that the effect
of epinephrine on the platelet content of cyclic AMP
was inhibited by phentolamine, an a-adrenergic inhibitor,
but not by the P-adrenergic inhibitor, propanolol. An
analogous relation of a-adrenergic and 8-adrenergic
blocking agents has been described for platelet aggrega-
tion induced by epinephrine (9, 14).

In studies to be described, the relationship of cyclic
AMP to platelet aggregation was further examined by
use of the derivative compound, N6-2'-0-dibutyryl cyclic
3',5'-AMP (dibutyryl cyclic AMP, DB-cAMP) as em-
ployed by Posternak, Sutherland, Falbriard, and Henion
(15, 16). In some circumstances acylated derivatives of
cyclic AMP are known to have pharmacologic effects
in vivo and in tissue slices greater than the parent
compound (15, 17). The enhanced activity of dibutyryl
cyclic AMP has been attributed to its resistance to cyclic
nucleotide phosphodiesterase or, alternatively, by virtue
of its nonpolarity, to a greater ability to penetrate
lipophilic cell membranes (15, 17). Data on this latter
point have not, to our knowledge, been reported.
The effect of agents influencing platelet aggregation

was also explored by -assessment of adenyl cyclase
activity in platelet homogenates.
The data to be reported support the above mentioned

hypothesis that platelet aggregation is accompanied by
a fall in platelet cyclic AMP and inhibition of aggrega-
tion by the reverse.

METHODS
1. Blood was collected from human volunteers by veni-

puncture through siliconized needles (Siliclad, Clay-Adams,
Inc., Parsippany, N. J.) and polyvinyl chloride tubing into
polypropylene tubes containing 1/10 vol of 3.8 g/100 ml of
trisodium citrate dihydrate or 1/6 vol of the acid citrate
anticoagulant of Aster and Jandl (18) or sodium heparin
(final concentration 5 U/ml). Platelet-rich plasma (PRP)
was prepared by centrifugation at 150-200 g for 15-20 min
at room temperature. Platelet-free plasma (PFP) was pre-
pared from PRP by centrifugation at 31,000 g for 20 min

at 4°C. Platelet counts were performed by the method of
Brecher and Cronkite (19).

2. Platelet aggregation was studied by the method of Born
(20). The optical density of PRP was measured at 600 m~u
in a Coleman Jr. spectrophotometer (Coleman Instruments,
Maywood, Ill.) modified to permit magnetic stirring, control
of temperature at 37°C, and continuous recording.

3. Platelet factor 3 activity was measured by determina-
tion of the recalcified clotting time of PRP after activation
with 10 mg/ml of kaolin according to the technique of
Hardisty and Hutton (21).

4. Release of serotonin was studied by a modification of
the method of Spaet and Zucker (22). To the citrate to
be employed as anticoagulant (No. 1, above), was added
5-hydroxytryptamine-2-'4C (SA 5.2 ,Ci/mg; New England
Nuclear Corp., Boston, Mass.) to a final concentration of
1.0 ,uCi/40 ml of blood, and after preparation of PRP the
sample was separated into aliquots and incubated at 370C.
30-60 min after collection of the blood, agents to be tested
were added to aliquots of the PRP and further incubated
at 37°C for 5 min. The PRP was then centrifuged at 20°C
for 15 min at 2,000 g, and aliquots of the supernatant were
added to scintillation fluid1 and counted for radioactivity in
a Nuclear-Chicago Mark I liquid scintillation counter
(Nuclear-Chicago, Des Plaines, Ill.). Release of labeled
serotonin by platelets was expressed as per cent of total
uptake.

5. Platelet volume was measured at 37°C with the Coulter
Counter Model B (Coulter Electronics Inc., Hialeah, Fla.)
and histogram plotter according to our previously published
technique (23).

6. The activated partial thromboplastin time (24) (Throm-
bofax; Ortho Pharmaceutical Corp., Raritan, N. J.), throm-
bin clotting time (25) (Thrombin Topical, Parke, Davis &
Co., Detroit, Mich.), and one stage prothrombin time (25)
(Thromboplastin; Dade Div., American Hospital Supply
Corp., Miami, Fla.) were performed according to previously
published techniques.
7. Platelet uptake of NV-2'-0-dibutyryl cyclic 3',5'-AMP-3H
(SA 2.8 Ci/mmoles; New England Nuclear) and of cyclic
3',5'-AMP-3H (SA 16.3 Ci/mmoles; Schwarz Bio Research
Inc., Orangeburg, N. Y. was studied by a previously de-
scribed technique (26). After incubation of 1.0 ml aliquots
of PRP with the tracer and carrier nucleotide at specified
concentrations, the samples were filtered through cellulose
acetate Millipore filters (EAwp 02500, 1.2-,g pores) and the
fiiters were immersed in scintillation fluid 1 and counted.
Human albumin-"1'I (Abbott Laboratories, N. Chicago, Ill.)
(0.3 ,uCi added to each sample) was added to the tracer mix-
ture as a plasma marker. After correction of the 8H counts
for overlap from the "'I channel, the radioactivity retained
by the Millipore filters following filtration of PRP was cor-
rected for 3H in entrapped plasma by reference to a plasma
standard containing the 3H cyclic compound together with
albumin-'31I. The validity of the use of labeled albumin as a
plasma marker, not significantly associated with platelets
during short incubation periods, was previously established
(26).s

'Naphthalene, 375 g; 2,5-diphenyloxazole, 22.5 g; 1,4-bis-
[2-(4-methyl-5-phenyloxazole)] benzene, 1.13 g; p-dioxane
3 liters.
'Chambers, D. A., and E. W. Salzman. 1970. Incorpora-

tion of fibrinogen-'25I by human blood platelets. Submitted
for publication.
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8. Adenyl cyclase activity was determined by a method
derived from the techniques of Streeto and Reddy (27) and
of Bar and Hechter (28). Platelets were separated by cen-
trifugation at room temperature from 1.0 ml aliquots of PRP
anticoagulated with acid citrate and after being washed
twice with 0.145 M NaCl containing 1/10 vol of trisodium
citrate, 3.8 g/100 ml, were centrifuged into a pellet. Each
tube containing the platelets from 1.0 ml of PRP was quick
frozen in acetone containing dry ice and was stored at
-20'C. For the assay of adenyl cyclase activity, frozen
platelet pellets were thawed at room temperature, were
resuspended in 0.4 ml of cold 0.02 M glycylglycine buffer,
pH 7.8, containing 10' M MgSO4, were brought to 30'C by
incubation in a water bath for a few moments, and then
were added to 0.4 ml of 30'C Tris-HCl buffer (0.06 M),
pH 7.8, containing 0.48 X 10' M 8-adenosine-5'-triphosphate-
14C (SA 44.4 mCi/mmoles; Schwarz Bio Research, Inc.),
6.7 X 10-' M caffeine, 10-2 M MgSO4, 5.7 X 10' M phos-
phoenolpyruvic acid (Calbiochem, Los Angeles, Calif.), and
0.016 mg of pyruvate kinase (Calbiochem). Blank tubes
were prepared by boiling the platelet homogenates for 10
min before addition of the incubation mixture. After incuba-
tion of the tubes at 30'C for varying periods in a metabolic
shaker, to each tube was added 0.2 aCi 'H-labeled (SA 16.3
Ci/mmoles; Schwarz Bio Research) and 150 ,ug unlabeled
adenosine-3'-5'-monophosphate and 150,g adenosine-5'-mono-
phosphate. The tubes were immediately placed in boiling
water, boiled for 3 min, cooled, and centrifuged at approxi-
mately 1,500 g for 10 min at 4VC. 4 ml of the supernatant
was spotted on Whatman No. 40 filter paper and developed
by descending chromatography in =isopropanol: ammonia:
H20 (7: 1: 2 v/v) for 20 hr. Cyclic AMP spots were iden-
tified by ultraviolet absorption and reference to suitable
standards and were eluted with water. The eluates were
evaporated to dryness, redissolved in 0.2 ml H20, and once
more spotted on Whatman No. 40 paper, and they were then
subjected to descending chromatography in ethanol: 0.5 M
ammonium acetate (5: 2 v/v) for 16 hr. 2-cm segments
were cut from the center of the cyclic AMP spots and
counted in toluene (15 ml containing 3 mg of 2,5-diphenyl-
oxazole and 0.6 mg of p-bis[2-(5-phenyloxazolyl)] benzene
per ml) in a Nuclear Chicago Mark I liquid scintillation
counter. Cyclic AMP-"C production was corrected to 100%
recovery by reference to the cyclic AMP-3H internal stan-
dard, and after subtraction of the "blank" values obtained
in the preboiled samples, the results were expressed in terms
of per cent of substrate ATP-14C converted to cyclic AMP.
Blank values in the preboiled samples were never more than
a the values in the test samples after 2 min of incubation
and did not increase with longer periods of incubation.

9. DB-cAMP-8-14C (SA 16.8 mCi/mmole) and unlabeled
DB-cAMP were purchased from Schwarz Bio Research. The
collagen preparation employed was an acetic acid extract
of human tendon obtained from Laboratoire Stago (Asnieres-
sur-Seine, France) and resuspended in Tris-HCl saline, pH
7.4. Other chemicals were reagent grade and were obtained
from standard commercial sources.

RESULTS
Before considering the effects of DB-cAMP on plate-
let function, it was necessary to demonstrate that the
commercially available compound was not contaminated
with 5'-AMP or adenosine, which could account for
many of the effects to be described. To examine this ques-

tion, the commercial compound was purified by descend-
ing paper chromatography on Whatman 3MM paper in
ethanol: 0.5 M ammonium acetate (5: 2 v/v) (16) fol-
lowed by elution in water, concentration by lyophiliza-
tion, and redissolution in water. Concentration of the
compound in solution was determined by absorption at
270 ms (16). In studies of platelet aggregation, to be
described below, the behavior of the chromatographed
material was identical with that of the commercial prep-
aration. In subsequent experiments, therefore, a single
batch of the commercial preparation of DB-cAMP was
used without further purification.

Platelet aggregation. ADP-induced platelet aggrega-
tion was impaired by dibutyryl cyclic AMP. The effect
increased with the concentration of the inhibitor (Fig.
1). At low concentration of DB-cAMP, it was possible
in some experiments to demonstrate selective inhibition
of "secondary" aggregation, attributed to platelet "re-
lease" of ADP (29, 30); at higher concentrations "pri-
mary" aggregation was also affected. Inhibition of ADP-
induced platelet aggregation by DB-cAMP varied with
the concentration of ADP (Fig. 2).
The inhibitory effect increased with time of incubation

of DB-cAMP in PRP before addition of ADP or the
other aggregating agents which will be discussed. The
effect of millimolar dibutyryl cyclic AMP reached a
maximum after 30 min of incubation in PRP. At lower
concentrations of inhibitor, the effect reached a peak
after a shorter period and then declined with further in-
cubation. Incubation of the PRP at 370 C for equivalent
periods had only minor effects on the magnitude of
platelet aggregation in the absence of DB-cAMP.

Inhibition of platelet aggregation by agents other than
ADP was also demonstrated. The effect of DB-cAMP
on epinephrine-induced platelet clumping is illustrated
in Fig. 3. The inhibiting effect increased with the con-
centration of the inhibitor. Both primary and secondary
aggregation were impaired. Platelet aggregation by epi-
nephrine or ADP was also reduced by cyclic AMP, but
the activity was much less than that of the dibutyryl
derivative. In its requirement for incubation, cyclic
AMP behaved like DG-cAMP in inhibition of platelet
clumping.

Collagen-induced platelet clumping was also inhibited
by dibutyryl cyclic AMP and to a lesser extent by cyclic
AMP (Fig. 4). In contrast to the effect on ADP or epi-
nephrine-induced platelet aggregation, the action of the
inhibitors with collagen was first to delay aggregation;
after longer periods of incubation with the cyclic nu-
cleotides, the magnitude of aggregation was also in-
hibited.

Platelet aggregation by thrombin was also inhibited
by cAMP and DB-cAMP (Fig. 5). The formation of
fibrin was not delayed by these compounds.
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MINUTES

MINUTES

FIGURES 1 and 2 Platelet aggregation by the turbidimetric technique of Born (20). 0.2 ml of
ADP was added to 1.8 ml of citrated PRP continuously stirred in a cuvette at 37'C to a final
concentration indicated, and the fall in optical density accompanying platelet aggregation was
recorded. In some experiments, DB-cAMP was added 10 min before the ADP.

Other aspects of platelet function. Exposure of plate-
let-rich plasma to kaolin powder induces a clot-promoting
activity known as platelet factor 3. The induction of
platelet factor 3 activity was examined by the technique
of Hardisty and Hutton, employing the kaolin-recalci-
fication time of platelet-rich plasma (21). Incubation
with kaolin suspension shortened the recalcification time
of platelet-rich plasma. The effect varied with the plate-
let count (Fig. 6). Dibutyryl cyclic AMP added after
the kaolin incubation had no effect on clotting time. If
added to the platelet-rich plasma before kaolin, dibutyryl
cyclic AMP led to a marked prolongation of the recalcifi-
cation time. These data suggest a reduction in the
availability of platelet factor 3 and indicate inhibition
of the kaolin-induced platelet "release reaction" (31,
32) by DB-cAMP. DB-cAMP and cAMP (10' M) had
no effect on the partial thromboplastin time, thrombin

clotting time, or one-stage prothrombin time of platelet-
poor plasma.
The platelet release reaction was studied more directly

by labeling platelets with 5-hydroxytryptamine-2-14C
according to the technique of Spaet and Zucker (22).
Incubation of the tracer in PRP led to platelet uptake of
60-85% of the label. Release of 25-45% of the isotope
from platelets was induced by 10' M epinephrine or
10' M ADP. Uptake of serotonin was not inhibited,
but release of the labeled compound was totally blocked
by preliminary incubation of PRP with 10' M DB-
cAMP.

Incubation of platelet-rich plasma with ADP leads to
platelet swelling as well as to platelet aggregation (23.
33). These two responses of platelets to ADP are not
inseparable, since the increase in platelet volume in-
duced by ADP can be blocked without inhibition of
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FIGURE 3 Platelet aggregation induced in PRP by epinephrine and its inhibition by DB-cAMP
or cAMP incubated in PRP for 10 min before addition of the epinephrine.

platelet clumping (23), but under normal circumstances
platelet swelling accompanies ADP-induced aggregation.
Determination of platelet volume was carried out with
the Coulter Counter (Table I). Dibutyryl cyclic AMP
had no effect on platelet volume. In concentrations that
totally blocked platelet clumping, the compound did not
inhibit platelet swelling induced by ADP.
Mechanism of action of dibutyryl cyclic AMP. Ex-

cept for the absence of an effect on ADP-induced plate-
let swelling, the actions of DB-cAMP described above
are similar to those of 5'-AMP on platelets. It appeared
possible that DB-cAMP might be converted to AMP by
plasma enzymes during incubation in PRP and that
AMP might account for some of the effects attributed
to DB-cAMP. This possibility was examined by incu-

0 -
Collagen

-0.1

-0.2

bation of 10' M DB-cAMP in heparinized or citrated
PRP for 30 min followed by precipitation with an equal
volume of cold trichloracetic acid (10% w/v), centrifu-
gation, and descending chromatography of the super-
natant on Whatman No. 40 paper in ethanol: 0.5 M am-

monium acetate (5: 2 v/v). Products were located by
ultraviolet absorption and identified by reference to
suitable standards or in some experiments by radiochro-
matographic scanning after addition of DB-cAMP-14C.
Incubation of DB-cAMP in plasma led to the appearance

of cAMP and of a product with the chromatographic
mobility and ultraviolet absorption spectrum (maximum
absorbance at 258 myn) characteristic of 2'0-monobutyryl
cAMP (16). No 5'-AMP was identified. In analogous
experiments, incubation of 10' M cAMP in PRP or

8

MINUTES
FIGURE 4 Platelet aggregation induced by 0.1 mg/ml collagen. Effect of DB-
cAMP incubated for varying periods in PRP before the addition of collagen.
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MINUTES
FIGuRE 5 Platelet aggregation induced by 0.5 U/ml thrombin. The
abrupt change in OD at about 11 min indicates the appearance of fibrin.

PFP for 30 min failed to produce measurable 5'-AMP.
Thus, it appears that plasma does not exhibit cyclic
nucleotide phosphodiesterase activity and that platelet
phosphodiesterase, whose activity is demonstrable in
platelet homogenates (3, 7), is not available to plasma
cyclic nucleotides in platelet-rich plasma.
The above studies of platelet aggregation indicate that

when added to PRP dibutyryl cyclic AMP has a greater
effect on platelet function than does cyclic AMP.
Through the use of tritiated dibutyryl cyclic AMP of

' 200

K 100A
K - \ \ DB-cAMP BeforeIr-lb ~ Kaolin

5B-cAMP After Kaolin

~c50

Control

0 100 500

PLATELE S/mm3 X/0r3
FIGURE 6 Effect on clotting time of recalcified platelet-rich
plasma after incubation with kaolin (method of Hardisty
and Hutton [21]) of variations in platelet concentration.
The kaolin clotting time was prolonged by 10' M DB-
cAMP added before incubation with kaolin but not if the
DB-cAMP was added after the kaolin.

high specific activity, it was possible to demonstrate up-
take of the label by platelets in PRP (Fig. 7). The
platelet concentration of radioactivity increased with
time of incubation. In similar experiments with tritium-
labeled cyclic AMP, no platelet uptake could be shown,
but the sensitivity of the method was not sufficient to
exclude low levels of platelet uptake of the tracer.

Platelet adenyl cyclase activity. Demonstration of
platelet uptake of dibutyryl cyclic AMP and inhibition
of platelet clumping by this compound support the view
that platelet aggregation is favored by agents that re-
duce platelet cyclic AMP and is inhibited by an increase
in the cyclic nucleotide. This hypothesis was further ex-
amined by investigation of the action on platelet adenyl
cyclase activity of agents known to influence platelet
aggregation.

TABLE I
Platelet Volume, 37WC

Modal Mean
volume SD volume SD

Control 4.94 0.83 9.11 1.31
10- M ADP 6.39 1.81 11.47 3.15
10-3 M, DB-cAMP,

10 min 4.82 0.51 7.79 0.73
DB-cAMP, then
ADP 6.23 1.72 10.97 2.90

Platelet volume at 37°C determined with the Coulter Count-
er (23). To a 1: 2,000 dilution of citrated PRP in Ringer's solu-
tion at 37°C was added ADP in the final concentration shown.
Measurements of platelet volume were subjected to computer
analysis by a published technique (23). In some experiments,
10-' M DB-cAMP was incubated in the PRP 10 min at 370C
before dilution of the PRP.
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FIGURE 7 Uptake of radioactivity by platelets after incubation in
citrated PRP of DB-cAMP-'H and 10-' M carrier DB-cAMP at
370C for varying periods (four experiments). Results were cor-
rected for trapped plasma by the use of human albumin-"I as a
plasma marker (see Methods) and are expressed as nanomoles
uptake of DB-cAMP per 1010 platelets.

Washed human platelets were disrupted by freezing
and thawing and were studied for adenyl cyclase ac-
tivity as described under Methods. Since it was observed
that disrupted platelet suspensions prepared from acid
citrate-anticoagulated PRP after storage at 4VC for 24
hr or longer exhibited significantly less adenyl cyclase
activity than when prepared from fresh PRP, all ex-
periments to be reported were conducted with platelets
frozen within 2 hr after collection of the blood sample.

Production of cAMP-'4C from ATP-"C was propor-
tional to platelet number and increased linearly with
time up to 20 min. In 27 experiments, platelets disrupted
by freezing and thawing produced 9.27 X 10-1" (+2.62 X
10-n SD) moles of cAMP per min per 1010 platelets.
Adenyl cyclase activity was doubled by 102 M NaF (six
experiments) and was increased 6-10 times by 10' M
prostaglandin PGE1 (10 experiments). A typical ex-
periment is shown in Fig. 8. Epinephrine decreased
adenyl cyclase activity 20-40% (Fig. 9) (eight experi-
ments). The epinephrine effect was blocked by prior ad-
dition to the disrupted platelets of the a-adrenergic in-
hibitor, phentolamine, which itself stimulated activity
above the basal level. Propanolol, a i8-adrenergic inhibi-
tor, produced an equivocal and statistically insignificant
decrease in basal adenyl cyclase activity. It had no ef-
fect on the action of epinephrine.
Other agents that influence platelet aggregation were

also studied. Suspensions of human collagen prepared
by acid extraction (Laboratoire Stago) followed by sus-
pension in Tris-saline, pH 7.4, (final concentration 0.1-
1.0 mg/ml) had no adenyl cyclase activity but reduced
the activity of disrupted platelets (Fig. 10) (eight ex-
periments). 5 X 10' M 5-hydroxytryptamine inhibited
adenyl cyclase activity 26-55% (four experiments).

Bovine thrombin had no effect on adenyl cyclase ac-
tivity at concentrations less than 10 U/ml, but at this
concentration of thrombin the activity of disrupted
platelets was inhibited 5-14% (two experiments), at 50
U/ml 27-39% (four experiments), and at 200 U/ml
39% (one experiment).
ADP, which causes platelet aggregation, has been

shown to lower platelet-cAMP concentration (12). Its

3.00

PGE1
2.50

2.00 _

- 1.50 -

k 1.00 -

'3

NaF

0 5 tO

MINUTES
FIGURE 8 Conversion of 0.48 X 10' M ATP-'4C to cAMP-
"C by adenyl cyclase in disrupted platelets. Results are
expressed as per cent conversion of substrate ATP to
cAMP. Activity was stimulated by 102 M NaF or 10' M
prostaglandin PGE1 added to the platelet suspension imme-
diately before the incubation mixture. Platelet count of
original PRP 439,000/mm3.
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FIGURE 9 Effect of 5 X 10 M epinephrine on the adenyl
cyclase activity of disrupted platelets. In the upper graph, the
effect of 5 X 10' M phentolamine on adenyl cyclase activity and
on the effect of epinephrine is examined. In the experiment
shown in the lower graph, the effect of propanolol is shown.
Epinephrine, phentolamine, and propanolol were added to the
platelet suspension immediately before the incubation mixture.
Platelet count of original PRP 463,000/mm3 in the upper experi-
ment and 547,000/mm' in the lower experiment.

effect on platelet adenyl cyclase activity could not be as-
sessed in the standard incubation mixture because of
pyruvate kinase and phospho-enol-pyruvic acid, added
as an ATP-regenerating system to support the concen-
tration of substrate ATP in the presence of competing
ATPases. Since such a system could convert added ADP

_ 0.151

0.

o.4

10 Control
Collagen

0.1mg/ml
05 _

Collagen
1.0mg/ml

C'
0 5

MINUTES
10

FIGURE 10 Effect of suspension of acid extractable human
collagen on adenyl cyc'ase activity of disrupted platelets.
No conversion of ATP-14C to cAMP-'4C was produced by
collagen alone (data not illustrated). Platelet count of
original PRP 381,000/mm8.

to ATP, the adenyl cyclase assay was also performed
with an incubation medium from which pyruvate kinase
and phospho-enol-pyruvate were omitted. Adenyl cyclase
activity increased with time for at least 5 min in the
absence of the ATP-regenerating system, and observa-
tions for incubation periods of this duration were pos-
sible. Addition of 104-10-' M ADP to a suspension of
disrupted platelets in the absence of pyruvate kinase and
phospho-enol-pyruvate failed to affect adenyl cyclase
activity.
DB-cAMP and cAMP (10' M and 10' M) were stud-

ied in a system without phospho-enol-pyruvate and py-
ruvate kinase. They had no effect on platelet adenyl cy-
clase activity in a 2 min incubation but produced 15-30%
inhibition at 5 min. If studied in an incubation mixture
containing an ATP-regenerating system, no inhibition
of adenyl cyclase activity was observed in incubation
periods shorter than 10 min, but slight inhibition of ac-
tivity was seen after this time. The significance of these
observations is not clear, but since no inhibition of
adenyl cyclase activity could be demonstrated during
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TABLE I I
Influence of Agents Afflicting Platelet Aggregation on Cyclic AMP and Its Enzymes

Phospho-
Aggregation Adenyl cyclase diesterase cAMP

Epinephrine/norepinephrine +(9) 1(6, 50, *) 4(12, 13)
a-blockade 1(9) t(4Epin.) (50, *) T(JEpin.) (13)
#-l)lockade t(14) ±4(O Epin.) (50, *) 0(13)

5-HT +(51) 4(6*)
Thrombini + (52) 4(6*)
ADP + (53) 0(*) 4(12)
Collagen + (54) 4 (*)
Imidazole t (3, 55) 4(3)
Nicotinic acid T(3) T (3)
PGE1 4(11) T(4, 5, 6*) 0(7) T(13)
Caffeine/theophylline 4(10) 1(7) T (12)
ATP 1(56) 4(57)

In this table, production of an effect is indicated by +, augmentation of an effect by 4, inhibition of an
effect by 1, and failure to influence an effect by 0. Data reported in this paper are cited by an asterisk.
References are listed in parentheses.

Thus, e.g., a-adrenergic blockade increases adenyl cyclase activity but decreases the effect of epine-
phrine on adenyl cyclase.

short incubation periods, the results were not considered
to show evidence of a direct effect on DB-cAMP or
cAMP on the enzyme.

DISCUSSION
The identification by Sutherland and Rall (34) of 3'5'-
adenosine monophosphate as an intermediate in the ac-
tion of epinephrine on glycogenolysis in liver was the
first of many reports that have appeared linking this
compound to specific biological activities of different
tissues. Several recent reviews have considered the role
of cAMP in the regulation of cellular functions (2, 35-
39).
That cyclic AMP might be involved in the aggrega-

tion of blood platelets was suggested to us (12) by the
observation that many pharmacologic agents known to
influence platelet clumping had been shown to owe their
biological activity in other tissues to their effect on
adenyl cyclase or cyclic nucleotide phosphodiesterase, the
enzymes responsible for formation and destruction of
cAMP. As studies of cyclic AMP and its regulating en-
zymes in blood platelets have begun to appear, a pat-
tern has emerged whereby, at least insofar as data are
at present available, agents that produce or augment
platelet aggregation decrease the platelet content of
cAMP, or, in instances in which such measurements
have not yet been reported, reduce the activity of plate-
let adenyl cyclase or increase the activity of platelet
phosphodiesterase. Conversely, inhibition of platelet
clumping is accompanied by an increase in platelet
cAMP and/or of adenyl cyclase activity or a decrease
in activity of platelet phosphodiesterase. The evidence

in support of this hypothesis is summarized in Table II.
Inhibition of platelet aggregation by dibutyryl cyclic

AMP and to a lesser extent by cyclic AMP are also
consistent with the above hypothesis. Platelet uptake of
radioactivity after incubation with labeled DB-cAMP
suggests that the compound owes its inhibitory activity
to an increase in the platelet content of cAMP or of its
acylated derivative. Impairment of platelet clumping by
cAMP is probably the result of a similar mechanism;
our inability to demonstrate platelet uptake of this com-
pound is thought to have resulted from the insensitivity
of methods available for recognition of the presumed low
level of uptake of the isotope tracer. The greater bio-
logical activity of DB-cAMP than of cAMP has in other
tissues been attributed either to the resistance of the
acylated compound to destruction by phosphodiesterase
or to its superior penetration of cell membranes, the re-
sult of its relative lipophilicity (15, 17). That the latter
explanation is more likely correct is suggested by our
demonstration of platelet radioactivity after incubation
of DB-cAMP-3H in PRP and by our failure to observe
phosphodiesterase activity in plasma. The possibility of
significant resistance of DB-cAMP to destruction by
phosphodiesterase within platelets remains, but it would
be a secondary effect requiring prior entrance of the com-
pound into the platelet.

Inhibition of platelet clumping by DB-cAMP is ac-
companied by inhibition of the associated events, the re-
lease of 5-hydroxytryptamine (22) and the induction of
activity of platelet factor 3 (21). Delayed or secondary
platelet aggregation by ADP and epinephrine and plate-
let clumping induced by collagen and thrombin are
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thought to be due to expulsion from platelets of a portion
of their content of adenine nucleotides, especially ADP,
another manifestation of the release reaction (32).
These phenomena were reduced by DB-cAMP.
The initial or primary phase of platelet aggregation

induced by ADP and epinephrine was also impaired by
DB-cAMP, although this aspect of platelet clumping
appears independent of the release reaction and is spared
by agents that selectively inhibit secondary aggregation
and release, such as aspirin (40, 41). Platelet swelling,
on the other hand, which is a regular feature of platelet
aggregation induced by ADP (23, 33) or by high con-
centrations of epinephrine (23) and is not affected by in-
hibition of release (23), was not affected by DB-cAMP
in concentrations that totally blocked platelet aggre-
gation.

Thus, the action of DB-cAMP and cAMP on platelets
is complex and is not analogous to the effect of inhibitors
of release, such as aspirin (40, 41) and phenylbutazone
(42), or of EDTA, which totally blocks platelet response
to aggregating agents and itself causes platelet swelling
(34, 43) or of adenosine, which blocks all the known ac-
tions of ADP on platelets (44, 45). A natural analogy
may occur in the platelets of patients with Glanzmann's
thrombasthenia, in which there is total absence of plate-
let aggregation induced by epinephrine, ADP, collagen,
and thrombin and of platelet factor 3 induction, but
platelet swelling induced by ADP is unaffected (46-49).
The metabolism of platelet cyclic AMP in patients with
this disorder remains to be investigated.

ACKNOWLEDGMENTS
The technical assistance of Miss Barbara Minichino is
gratefully acknowledged. Doctors William Reddy and R. W.
Butcher contributed helpful critical discussions.
This project was supported by Grant No. HE-11127 of

the NIH and Program Project HE-11414.

REFERENCES
1. Marcus, A. J., and M. B. Zucker. 1965. Physiology of

Blood Platelets. Grune & Stratton, Inc., New York. 53.
2. Scott, R. L. 1968. Unpublished observations cited by

E. W. Sutherland, G. A. Robison, and R. W. Butcher.
Some aspects of the biological role of adenosine 3',5'-
monophosphate (cyclic AMP). Circulation. 37: 279.

3. Abdulla, Y. H. 1969. B-adrenergic receptors in human
platelets. J. Atheroscler. Res. 9: 171.

4. Butcher, R. W., R. E. Scott, and E. W. Sutherland.
1967. Effects of prostaglandins on cyclic AMP levels in
tissues. Pharmacologist. 9: 172.

5. Wolfe, S. M., and N. R. Shulman. 1969. Adenyl cyclase
activity in human platelets. Biochem. Biophys. Res.
Commun. 35: 265.

6. Zieve, P. D., and W. B. Greenough. 1969. Adenyl
cyclase in human platelets: activity and responsiveness.
Biochem. Biophys. Res. Commun. 35: 462.

7. Marquis, N. R., R. L. Vigdahl, and P. A. Tavormina.
1969. Platelet aggregation. I. Regulation by cyclic AMP

and prostaglandin E1. Biochem. Biophys. Res. Commun.
36: 965.

8. Salzman, E. W. 1970. Inhibition of platelet aggregation
by cyclic AMP and dibutyryl cyclic AMP. Fed. Proc.
29: 316 (Abstr.)

9. O'Brien, J. R. 1963. Some effects of adrenaline and
anti-adrenaline compounds on platelets in vitro and in
vivo. Nature (London). 200: 763.

10. Ardlie, N., G. Glen, B. Schultz, and C. Schwartz. 1967.
Inhibition and reversal of platelet aggregation by
methyl xanthines. Thromb. Diath. Haemorrh. 18: 670.

11. Kloeze, J. 1966. Influence of prostaglandins on platelet
adhesiveness and platelet aggregation. Proceedings of
the Nobel Symposium II, Stockholm. 241.

12. Salzman, E. W., and L. L. Neri. 1969. Cyclic 3',5'-
adenosine monophosphate in human blood platelets.
Nature (London). 224: 609.

13. Robison, G. A., A. Arnold, and R. C. Hartmann. 1969.
Divergent effects of epinephrine and prostaglandin E,
on level of cyclic AMP in human blood platelets.
PhArmacol. Res. Commun. 1: 325.

14. Rysanek, K., C. Svehla, H. Spankova, and M. Mlijnkovs.
1968. Comparison of effect of various sympathicolytics
on thrombocyte aggregation. J. Pharm. Pharmacol. 20:
154.

15. Posternak, T., E. W. Sutherland, and W. F. Henion.
1962. Derivatives of cyclic 3,5'-adenosine monophosphate.
Biochim. Biophys. Acta. 65: 558.

16. Falbriard, J. G., T. Posternak, and E. W. Sutherland.
1967. Preparation of derivatives of adenosine 3',5'-
phosphate. Biochini. Biophys. Acta. 148: 99.

17. Henion, W. F., E. W. Sutherland, and T. Posternak.
1967. Effects of derivatives of adenosine 3',5'-phosphate
on liver slices and intact animals. Biochim. Biophys.
Acta. 148: 106.

18. Aster, R. H., and J. H. Jandl. 1964. Platelet sequestra-
tion in man. I. Methods. II. Immunological and chemical
studies. J. Clin. Invest. 43: 843.

19. Brecher, G., and E. P. Cronkite. 1950. Morphology and
enumeration of human blood platelets. J. Appl. Physiol.
3: 365.

20. Born, G. V. R. 1962. Aggregation of blood platelets by
adenosine diphosphate and its reversal. Nature (Lon-
don). 194: 927.

21. Hardisty, R. M., and R. A. Hutton. 1965. The kaolin
clotting time of platelet-rich plasma: a test of platelet
factor-3 availability. Brit. J. Haematol. 11: 258.

22. Spaet, T. H., and M. B. Zucker. 1964. Mechanism of
platelet plug formation and role of adenosine diphos-
phate. Amer. J. Physiol. 206: 1267.

23. Salzman, E. W., T. P. Ashford, D. A. Chambers, L. L.
Neri, and A. Dempster. 1969. Platelet volume: altera-
tion by changes in temperature and agents affecting
platelet aggregation. Amer. J. Physiol. 217: 330.

24. Proctor, R. R., and S. I. Rapoport. 1961. Partial
thromboplastin time with kaolin. Simple screening test
for first stage plasma clotting factor deficiencies. Amer.
J. Clin. Path. 36: 212.

25. Biggs, R., and R. G. Macfarlane. 1962. Human Blood
Coagulation and its Disorders. Blackwell Scientific Pub-
lications Ltd., Oxford.

26. Salzman, E. W., T. P. Ashford, D. A. Chambers, and
L. L. Neri. 1969. Platelet incorporation of labelled
adenosine and adenosine diphosphate. Thromb. Diath.
Haemorrh. 22: 304.

140 E. W. Salzman and L. Levine



27. Streeto, J. M., and W. J. Reddy. 1967. Assay for adenyl
cyclase. Anal. Biochemn. 21: 416.

28. Bar, H. P., and 0. Hechter. 1969. Adenyl cyclase assay
in fat cell ghosts. Anal. Biochem. 29: 476.

29. Macmillan, De. C. 1966. Secondary clumping effect in
human citrated platelet-rich plasma produced by adeno-
sine diphosphate and adrenaline. Nature (London). 211:
140.

30. Mills, D. C. B., I. A. Robb, and G. C. K. Roberts. 1968.
Release of nucleotides, 5-hydroxytryptamine and en-
zymes from human blood platelets during aggregation.
J. Physiol. 195: 715.

31. Grette, K. 1962. Studies on the mechanism of thrombin-
catalyzed hemostatic reactions in blood platelets. Acta
Phtsiol. Scand. 56(Suppl. 195): 1.

32. Holmsen, H., H. J. Day, and H. Stormorken. 1969.
The blood platelet release reaction. Scand. J. Haernatol.
3(Suppl.) : 8.

33. Bull, B. S., and M. B. Zucker. 1965. Changes in platelet
volume produced by temperature, metabolic inhibition
and aggregating agents. Proc. Soc. Exp. Biol. Med. 120:
296.

34. Sutherland, E. W., and T. W. Rall. 1960. Relation of
adenosine-3',5'-monophosphate and phosphorylase to the
actions of catecholamines and other hormones. Phar-
macol. Rev. 12: 265.

35. Robison, G. A., R. W. Butcher and E. W. Sutherland.
1967. Adenyl cyclase as an adrenergic receptor. Ann.
N. Y. Acad. Sci. 139: 703.

36. Breckenridge, B. M. 1970. Cyclic AMP and drug action.
Ann. Rev. Pharmacol. 10: 19.

37. Butcher, R. W. 1968. Role of cyclic AMP in hormone
action. N. Engl. J. Med. 279: 1378.

38. Robison, G. A., R. W. Butcher, and E. W. Sutherland.
1968. Cyclic AMP. Ann. Rev. Biochem. 37: 149.

39. Butcher, R. W., G. A. Robison, J. G. Hardman, and
E. W. Sutherland. 1968. Role of cyclic AMP in hormone
actions. Advan. Enzyme Regul. 6: 357.

40. Weiss, H. J., L. Aledort, and S. Kochwa. 1968. Effect
of salicylates on hemostatic properties of platelets in
man. J. Clin. Invest. 47: 2169.

41. Zucker, M. B., and J. Peterson. 1968. Inhibition of
adenosine diphosphate-induced secondary aggregation
and other platelet functions by acetyl-saliPylic acid. Proc.
Soc. Exp. Biol. Med. 127: 547.

42. Packham, M. A., E. S. Warrior, M. F. Glynn, A. S.
Senyi, and J. F. Mustard. 1967. Alteration of response of

platelets to surface stimuli by pyrazole compounds. J.
Ex-p. Med. 125: 171.

43. Born, G. V. R., and M. J. Cross. 1963. The aggregation
of blood platelets. J. Physiol. 168: 178.

44. Clayton, S., G. V. R. Born, and M. J. Cross. 1963.
Inhibition of the aggregation of blood platelets by
nucleosides. Nature (London). 200: 138.

45. Michal, F., and B. G. Firkin. 1969. Physiological and
pharmacological aspects of the platelet. Ann. Rev.
Pharmacol. 9: 95.

46. Zucker, M. B., J. H. Pert, and M. W. Hilgartner. 1966.
Platelet function in a patient with thrombasthenia.
Blood. 28: 524.

47. Hardisty, R. M., K. M. Dormandy, and R. A. Hutton.
1964. Thrombasthenia. Studies of three cases. Brit. J.
Haematol. 10: 371.

48. Castaldi, P. A., M. J. Larrieu, and J. Caen. 1965. Avail-
ability of platelet factor 3 and activation of Factor XII
in thrombasthenia. Nature (London). 207: 422.

49. Weiss, H. J. 1967. Platelet aggregation, adhesion and
adenosine diphosphate release in thrombopathia (platelet
factor 3 deficiency). A comparison with Glanzmann's
thrombasthenia and von Willebrand's disease. Amer. J.
Med. 43: 570.

50. Marquis, N. R., J. A. Becker, and R. L. Vigdahl. 1970.
Platelet aggregation: III. An epinephrine induced de-
crease in clcyic AMP synthesis. Biochem. Biophys. Res.
Commun. 39: 783.

51. Mitchell, J. R. A., and A. A. Sharp. 1964. Platelet
clumping in vitro. Brit. J. Haematol. 10: 78.

52. Zucker, M. B., and J. Borrelli. 1959. Viscous metamor-
phosis, clot retraction and other morphologic alterations
of blood platelets. J. Appl. Physiol. 14: 575.

53. Gaarder, A., J. Jonsen, S. Laland, A. Hellem, and P. A.
Owren. 1961. Adenosine diphosphate in red cells as a
factor in the adhesiveness of human blood platelets.
Nature (London). 192: 531.

54. Zucker, M. B., and J. Borrelli. 1962. Platelet clumping
produced by connective tissue suspensions and by colla-
gen. Proc. Soc. Exp. Biol. Med. 109: 779.

55. Rossi, E. C. 1968. Effect of imidazole upon platelets
incubated in vitro. Thromb. Diath. Haemorrh. 19: 53.

56. O'Brien, J. R. 1964. A comparison of platelet aggrega-
tion produced by seven compounds and a comparison of
their inhibitors. J. Clin. Pathol. 17: 275.

57. Sutherland, E. W., T. W. Rall, and T. Menon. 1962.
Adenyl cyclase: I. Distribution, preparation, and prop-
erties. J. Biol. Chem. 237: 1220.

Dibutyryl Cyclic AMP and Platelet Function 141


