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SUMMARY: The regulation of human platelet responses by cyclic AMP (cAMP) has
been investigated by measuring thrombin-stimulated serotonin release, Ca?*
uptake and phospholipase activity. Thrombin-induced 1,2-diacylglycerol (DG)
formation as a result of phospholipase C activation was inhibited by pretreat-
ment with dibutyryl cAMP (dbcAMP) in a dose-dependent manner. Subsequent failure
to produce phosphatidic acid (PA), which is converted from 1,2-DG by phosphory-
lation and would serve as intracellular Ca** ionophore, appeared to parallel the
decrease in Ca?* uptake activity. Phospholipase A, activity, monitored by the
production of [®H]lysophosphatidylcholine and [3H]lysophosphatidylethanolamine,
was also suppressed by dbcAMP. These data indicate that the intracellular cAMP
level may be closely associated with Ca?* uptake and phospholipases activation.
In addition, it is suggested that alteration of intracellular cAMP regulates
phospholipase activation and consequently platelet responses, perhaps by cont-
rolling available Ca’* content,

Adenosine 3',5'-cyclic monophosphate (cAMP) and Ca2* have been presented to
be interrelated intracellular messengers which mediate excitation-contraction
and stimulus-secretion coupling in contractile and secretory cells respectively
(1). The functional activity of the platelet is also closely related to the
intracellular concentration of these two intracellular messengers (2). It is
well established that the mobilization of intracellular Ca** plays a decisive
rcle 1n platelet activation (3,4). On the other hand, it has been shown that
activation is prevented or reversed by all measures which result in an increased
level of cAMP within cell (5,6). This oppositing effect is obviously due to the
existence in platelet of a calcium pump regulated by cAMP (7). Recent studies

(8,9) have shown that cAMP enhances phosphorylation of a 22K protein (called

Abbrevigtions: cAMP; adenosine 3',5'-cyclic monophosphate, dbcAMP; dibutyryl
cAMP, PI; phosphatidylinositol, PA; phosphatidic acid, DG; diacylglycerol, P(;
phosphatidylcholine, PE; phosphatidylethanolamine, PRP; platelet-rich plasma.
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phospholamban) resulting in sequestration of free available calcium into storage
sites. Thus the relationship between Ca®* and cAMP in platelet can be consider-
ed as a bidirectional contol system.

It 1s now generally believed that phospholipid metabolism is one of the
earliest and most crucial steps in the sequence of the activation responses of
the platelet (10). Especially phosphatidylinositol (PI) metabolism (PI-cycle),
initiated by the activation of a specific phospholipase C, has been reported to
be a primary event of receptor-linked calcium mobilization (11). We (12) have

2* influx due to thrombin-activation is associated with

recently observed that Ca
production of phosphatidic acid (PA), a key intermediate of PI-cycle, and trig-
gers the intracellular responses (e.g. phospholipase A, activation, arachidonic
acid liberation and aggregation). In contrast to Ca®* mobilization, to our
knowledge, relatively little is known about the relationship between the level
of another messenger cAMP and the activity of phospholipases, although many
investigators (13- 15) reported that dbcAMP inhibited production of thromboxane
A,, B, and arachidonic acid liberation from phospholipids in platelet. 1In order
to gain some insight into the role of cAMP in regulation of these phospho-
lipases; phospholipase C specific for PI (16) and A, (17) in thrombin-stimulated
human platelets, we have now investigated the effect of cAMP on activities of
phospholipases by measuring their radioactive products, 1,2-DG and lysophospho-
lipids.
MATERIALS AND METHODS

Preparation of labeled human platelets: Fresh blood from healthy volunteers was
drawn into plastic tubes containing 1/6 vol of acid-citrate-dextrose (ACD) and
then centrifuged at room temperature at 164xg for 10 min (12,18). The resulting
supernatant,platelet-rich plasma(PRP), was incubated with either ['*C}5-hydroxy-
tryptamine (serotonin) (0.2 uCi/100ml1 PRP), [3H]aracpidonic acid (50 pCi/100ml
PRP) or [*H]glycerol (500 pCi/100ml PRP) for th at 37C. After labeling, plate-
lets were washed two times with Tris-citrate-bicarbonate buffer (19) (containing
ImM EGTA, pH 7.4) as previously described (12,18). The washed labeled platelets
were finally resuspended in Tris-citrate-bicarbonate buffer (containing 1mM
CaCl,, pH 7.4) to a final concentration of 2 x 10°/ml. Suspension was at least
98% pure.

To observe the cffect of dibutyryl cAMP (dbcAMP), platelets were preincu-

bated with dbcAMP in desired concentrations at 37C for 5min. Other additions
are indicated in figures.

Release reaction: [*"C]Serotonin-labeled platelet suspension (0.2 ml) contain-
ing 4 x 10% cells was activated by different concentrations of thrombin at 37°C
for appropriate incubation time. The reactions were terminated by the addition
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of 0.8 m! of ice-cold 5 mM EDTA-buffer and then spun at 1,645 xg for 2 min at
4C (12). The radioactivities in the supernatant and pellet were counted with
toluene/Triton X-100/2,2'-p-phenylene-bis-(5-phenyloxazole)/2,5-diphenyloxazole
(1000 m1 : 500 ml : 0.2 g : 4 g) (scintilation cocktail A) (12). The percentage
of serotonin release was expressed as

[(dpm in supernatant)/(dpm in supernatant + dpm in pellet)] x 100

Measurement of “5Ca?* uptake: The "*Ca2* incorporation into platelets was
observed as described previously (12). Briefly, non-labeled platelets {4 x 108
cells) suspended in Ca®**-free buffer (0.2 ml) were stimulated with thrombin in
the presence of 800 nCi of “°Ca’t and reactions were stopped as described
abcve. After centrifugation at 4C for 2 min, the resulting pellets were washed
twe times with cold 5mM EDTA. The radioactivity of cells (pellets) was deter-
mired using scintilation cocktail A.

Lipid metabelism: One milliliter of [*H]arachidonic acid- oxr [’H]glycerol-
labeled platelet suspension (containing 2 x 10° cells) was incubated with
thrombin at 37C for indicated time. The reactions were terminated by adding 4
ml of chloroform/methanol (1 : 2, v/v), and lipid extraction was carried out by
a nodification (18) of the procedure of Bligh § Dyer (20). The phospholipids
were separated by two dimensional chromatography on silica gel 60 plates im-
pregnatec with magnesium acetate (2.5 %), using chloroform/methancl/13.5 N
ammonia water (65 : 35 : 6, v/v) in the 1st dimension, and chloroform/acetone/
methanol/acetic acid/water (3 : 4 : 1 : 1 : 0.5, v/v) in the 2nd dimension (21).
The neutral lipids were analyzed on borate (0.4M)-impregnated silica gel 60
pletes by a solvent system of chloroform/aceton (96 : 4, v/v)(22). Spots were
identified by comigration with authentic standards. The areas corresponding to
individual lipids were scraped into vials and the radioactivity was determined
with toluen/Triton X-100/water/2,2'-p-phenylen-bis- (5-phenyloxazole}/2,5-
diphenyloxazole (800 ml : 200 ml : 50 ml : 0.24 g @ 3.3 g)(18).

Materials: [2-3H]Glycerol (200 mCi/mmol), [5,6,8,9,11,12,14,15-*H]arachidonic
acid (78.2 Ci/mmol) , [I“C]S—hydroxytriptamine (serotonin} (58.5 mCi/mmol) and
“5(aCl, were purchased from New England Nuclear. Silica gel 60 plates werc
obtained from Merck. Dibutyryl adenosine cyclic-3',5'- monophosphate and
thrombin were products of Sigma and Mochida Pharmaceutical Co., respectively.
All other chemicals were of reagent grade.

RESULTS

Inhibition by cAMP of thrombin-induced serotonin release : [1*C]Serotonin-

labeled platelets (4 x 10® cells) were preincubated with various concentrations
of dbcAMP for 5 min, and then activated by thrombin for 60 sec. As shown in
Fig.1l, dbcAMP produced a concentration-dependent inhibition of the thrombin-
induced serotonin release. This inhibitory effect of dbcAMP on release reaction
was observed at all thrombin concentrations tested (4, 2 and 1 units per 2 x 10°

platelets).

Effect of dbcAMP on “®Ca®* influx: Fig.2 demonstrates thrombin-induced Ca®*

uptake activity into dbcAMP-loaded platelets. When thrombin was added to plate-
lers in the presence of “*Ca?*, an accumulation of cellular “3Ca?* took place

and reached a maximum with further incubation, as observed in our earlier study
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Fig.1 Effects of dbcAMP on thrombin-induced serotonin release. [!*C]Serotonin-
labeled platelets (4 x 10® platelets) were pretreated with different concentra-
tions of dbcAMP for 5 min at 37°C, and then stimulated with thrombin 4( o), 2
(o )and 1 ( @ ) units/2 x 10° platelets for 60 sec at 37C. Each value repre-
sents mean of triplicate determinations.

Fig.2 Effects of dbcAMP on thrombin-stimulated "5Ca?* uptake. Washed platelets
(4 x 108 platelets) were preincubated with dbcAMP (0 to 2.5 mM) for 5 min at
37°C.  Thrombin (2 units/2 x 10° platelets) plus *5Ca2* (800 nCi) were then
added for indicated time at 37C. In control experiments ( o----0 ), thrombin

and dbcAMP were not added. Each value represents mean of triplicate determina-
tions.

(12). Preincubation with dbcAMP, however, suppressed the #5Ca2+ uptake. At the
concentration of dbcAMP 2.5 mM the progressive enhancement of *3Ca?* uptake was
almost completely abolished, indicating the equal **Ca?* uptake to the unstimu-
lated control platelets. In this case serotonin release was also reduced by
about 35% (Fig.1). Essentially similar results were seen even by washing to
eliminate extracellular dbcAMP after preincubation (data not shown).

Effect of dbcAMP on thrombin-stimulated phospholipases activities: After pre-

incubation with dbecAMP, [*H]arachidonic acid-labeled platelets were activated by
thrombin for 10 sec and the release of [3H]arachidonic acid was determined.
[*H]Arachidonic acid liberation in response to thrombin was decreased in
dbcAMP-treated platelets in a dose-dependent manner (data not shown), suggesting
inhibitory action of dbcAMP on phospholipases.

The production of 1,2-DG in platelets prelabeled with [*H]arachidonic acid

was used to detect and measure phospholipase C activity. Rittenhouse-Simmons
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Fig.3 Effects of dbcAMP on thombin-induced production of 1,2-diacylglycerl (DG}
(left) and phosphatidic acid (PA) (right). [®H}Arachidonic acid-labeled plate-
lets (2 x 10° platelets) were preincubated with different concentrations of
dbcAMP for 5 min at 37C They were then stimulated with thrombin (2 units/2 x
10° platelets) (e ) at 37°C for 10 sec. -0, controls in which thrombin was
not added Each value is the mean of two different experiments performed in
duplicate.

(16) and we (23) have reported that upon human platelet activation by thrombin
the level of 1,2-DG markedly and transiently increased within 10 sec. Fig.3
demonstrates that peincubation of platelets with dbcAMP results in a marked
decrease in thrombin-induced 1,2-DG formation in a dose-associated fashion. In
addition, phosphatidic acid (PA), converted from 1,2-DG by its kinase, also
failed to increase by raised dbcAMP concentration. These findings are agree-
able with the results of Billah et al.(24) who observed the inhibitory effect of
dbcAMP on phospholipase C in deoxycholate-treated horse platelets.

The rise in radioactive lysophosphatidylcholine (LPC) and lysophosphatidyl-
ethanolamine (LPE) from [%H]glycerol-labeled platelet phospholipids in response
to thrombin was measured as phospholipase A, activity. As shown in Fig.4,
dbcAMP-pretreatment inhibited formation of these two lysophospholipids. The
reduced production of lysophospholipids due to decreased hydrolysis of PC and PE
appeared to be dependent on the concentration of dbcAMP. At 2.5mM dbcAMP,
production of these lysophospholipids was approximately two-thirds inhibited

(Fig.4).
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Fig.4 Effects of dbcAMP on thrombin-induced lysophospholipids formation.
[3H]}Glycerol-labaled platelets (2 x 10° cells) were preincubated with concentra-
tions dbcAMP from 0 to 2.5mM for 5 min at 37°C., they were then with stimulated
with thrombin (2 units/2 x 10° cells) as indicated. Each value is the mean of
two different experiments performed in duplicate. LPC; lysophosphatidylcholine,
LPE; lysophosphatidylethanolamine.

DISCUSSION

Dibutyryl cAMP-preincubation inhibited many responses of human platelets to
thrombin, and this effect was not affected even by removing extracellular
dbcAMP, The data obtained here, showing concentration-dependent inhibition of
lysophospholipids and 1,2-DG formation by cAMP, suggest that phospholipase A,
and C in platelets may be regulated by the intracellular level of cAMP. The
mechanism by which cAMP inhibits activation of phospholipases is unknown.
However, both enzymes are known to require Ca** for activation (25,26).
Kaser-Glanzmann et al.(7, 8) have reported that increased intracellular cAMP
accelerates the uptake of free Ca?* into storage site(s) (c.g. dense tubular
system) through the phosphorylation of 22K protein 'phospholamban' by cAMP-
dependent protein kinase. It can be thus considered that the depletion of cyto-
solic available Ca®* resulted in failure to activate phospholipase C (Fig.3).
This consequently caused the decrease in production of PA (Fig.3), which is
converted from PI by time-sequential action of phospholipase C and DG kinase
(11,18, 21,24). It is reported by Serhan et al. (27) and Ohsako § Deguchi (28)

that PA could play as intracellular Ca’+ ionophore. Our preceding report (12)
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has described that upon platelet activation by thrombin, a marked enhancement in
Ca?* influx occurs in parallel with PA production as a result of phospholipase C
activation, which commences prior to the onset of phospholipase A, activation

and subsequent liberation of arachidonic acids. The reduced PA production may

explain in part an inhibitory effect of dbcAMP on the repressed Ca®* influx
activity (Fig.2).

It has been shown that higher concentration of Ca?* and production of PA
are necessary for phospholipase A, activation (12,25,26,29), which suggests that
phospholipase A, activity may be affected via dbcAMP by a different mechanism
from that for phospholipase C activation. Hirata (30) has resently described a
phospholipase A,- inhibitory protein 'lipomodulin'. Phosphorylation by cAMP-
dependent protein kinase of this protein causes loss of its inhibitory action
against phospholipase A,, which takes place in a Ca?*-dependent manner. Thus,
together with lack of PA, 'lipomodulin' and phospholamban(-like protein)} may

also play some role in phospholipase A, regulation.

ACKNOWLEDGEMENT

This study was supported in part by research grants from Ministry of
Education, Culture and Science, and from Ministry of Health and Welfare of
Japan, for the project of platelet preservation.

REFERENCES

1. Steer, M.L., and Salzman, E.W. (1981) Adv. Cyclic Nucleotide Res. 12, 71-

92.

Feinstein, M.B., Rondan, G.A., and Cutler, L.S. {1981} In Platelets in

Biology and Pathology-2 (Gordon ed.), pp 437-472. Elsevier, Amsterdam.

Massini, P., Lusher, E.F. (1974) Biochim. Biophys. Acta 372, 109-121.

Feinatein, M.B. (1980) Biochem. Biophys. Res. Commun. 93, 593-600.

Salzman, E.W., and Levine, L. (1971) J. Clin. Invest. 50, 131-141.

Mills, D.C.B., and Smith, J.B. (1971) Biochem. J. 121, 185-196.

Kdser-Glanzmann, R., Jakabova, M., George, J.N., and Lusher, E.F. (1977)

Biochim. Biophys. Acta 466, 429-440.

8. Kdser-Glanzmann, R., Gerer, E., and Luscher, E.F. (1979) Biochim. Biophys.
Acta 558, 344-347.

9. Haslam, R.J., Lynham, J.A., and Fox, J.E.B. (1979) Biochem. J. 178, 397-
505.

10. Rittenhouse-Simmons, S., and Deykin, D. (1981) In Platelets in Biology and
Pathology-2 (Gordon ed.), pp 349-372. Elsevier, Amsterdanm.

11. Michell, R.H. (19875} Biochim. Biophys. Acta 415, 81-147,

12. Imai, A., Ishizuka, Y., Kawai, K., and Nozawa, Y. (1982) Biochem. Biophys.
Res. Commun. 108, 752-759.

13. Minkes, M., Stanford, N., Chi, M.M.-Y., Roth, G.J., Raz, A., Needleman, P.,
and Majerus, P.W. (1977) J. Clin. Invest. 59, 449-454.

(3]

~N O U BN

699



Vol. 112, No. 2, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

14.
15.
16.
17.
18.
19.

20.
21.

Lapetina, E.G., Schmitges, C.J., Chandrabose, K., Cuatrecasas, P. (1977)
Biochem. Biophys. Res. Commun. 76, 828-835.

Schafer, A.I., Levine, S., and Handin, R.I. (1980) Blood 56, 853-858.
Rittenhouse-Simmons, S. (1979) J. Clin. Invest. 63, 580-587.

McKean, M.L., Smith, J.B., and Silver, M.J. (1981) J. Biol. Chem. 256, 1522
-1524.

Imai, A., Yano, K., Kameyama, Y., and Nozawa, Y. (1982) Japan. J. Exp. Med.
52, 99-105.

Rittenhouse-Simmons, S., and Deykin, D. (1976) Biochim. Biophys. Acta 426,
688-696.

Bligh, E.G., and Dyer, W.J. (1959) Can. J. Biochem. Physiol. 37, 911-917.
Broekman, M.J. Ward, J.W., and Marcus, A.J. (1980) J. Clin. Invest. 63, 580
-587.

. Thomas, A.E., Schrom, J.E., and Ralstom, H. (1965) J. Am. 0il Chemists' Soc.

42, 789-792.

Imai, A., and Nozawa, Y. (1982) Biochem. Biophys. Res. Commun. 105, 236-243.
Billah, M.M., Lapetina, E.G., and Cuatrecasas, P. (1979) Biochem. Biophys.
Res. Commun. 90, 92-98.

. Billah, M.M,, Lapetina, E.G., and Cuatrecasas, P. (1980) J. Biol. Chem. 255,

10227-10231.

. Rittenhouse-Simmons, S. (1981) J. Biol. Cham. 256, 4153-4155.
. Serhan, C.N., Fridorich, J., Goetzl, E.J., Dunham, P.B., and Weissman, G.

(1982) J. Biol. Chem. 257, 4746-4752.

28. Ohsako, S., and Deguchi, T. (1981) J. Biol. Chem. 256, 10945 -10948.

Lapetina, E.G. (1982) Trends Pharmacol. Sci. 3, 115-118.

30. Hirata, F. (1981) J. Biol. Chem. 256, 7730-7733.

700



