
367

0026-895X/96/020367-13$3.O0/0
Copyright © by The American Society for Pharmacology and Experimental Therapeutics
All rights of reproduction in any form reserved.
MOLECULAR PHARMACOLOGY, 50:367-379 (1996).

Thrombin-Stimulated Phospholipase C Activity Is Inhibited
without Visible Delay by a Rapid Increase in the Cyclic GMP
Levels Induced by Sodium Nitroprusside

F. J. AZULA, E. S. ALZOLA, M. CONDE, M. TRUEBA, J. M. MACARULLA, and A. MARINO

Department of Biochemistry and Molecular Biology, Faculty of Sciences, University of Basque Country, 48080 Bllbao, Spain

Received September 1 3, 1995; Accepted April 15, 1996

SUMMARY
Different drugs that elevate the cGMP levels inhibit the agonist-
induced platelet activation. The mechanisms of action of cGMP
probably include inhibition of both phospholipase C and the

increase in intracellular Ca2� concentration, and these effects
seem to be mediated by cGMP-dependent protein kinases.
However, in most studies, cells were preincubated with nitro-

vasodilators before stimulation. The effect of the preincubation
with sodium nitroprusside before stimulation or the simulta-
neous addition of sodium nitroprusside and thrombin has been
compared. The simultaneous addition of sodium nitroprusside
and thrombin was able to inhibit without any significant delay
the platelet aggregation. This rapid effect was correlated with
an inhibition of both the maximum increase in intracellular Ca2�
concentration and the phospholipase C activity. Also, the si-
multaneous addition of sodium nitroprusside and thrombin

clearly accelerated the decline in the Ca2� signal, which was
not observed in platelets preincubated with sodium nitroprus-

side. The rapid inhibition induced by sodium nitroprusside was
correlated with a rapid and significant increase in the cGMP
levels and reversed when platelets were pretreated with meth-
ylene blue. The inhibitor of cAMP-dependent protein kinase
Rp-8-(4-chlorophenylthio)-adenosine-3’ ,5’-cyclic monophos-
phorothioate was able to abolish nearly completely the inhibi-
tory effect induced by sodium nitroprusside independent of the
protocol used. Thus, the rapid inhibition induced by sodium
nitroprusside seems to be induced by a rapid phosphorylation-
dependent mechanism. In addition, both cGMP- and cAMP-

dependent protein kinase seem to be involved; however, the
cAMP-dependent protein kinase seems to be more important.

Aggregation of human platelets has been shown to be a

critically important event in the processes of hemostasis and

thrombosis. Thrombin, a serine protease, is a potent platelet-

activating agent. Platelet activation by thrombin involves a
series of rapid biochemical changes that lead to shape

change, granule secretion, and aggregation. Stimulation of
human platelets by thrombin is associated with the hydroly-

sis of phosphatidylinositol-4,5-bisphosphate, generating the

two second messengers Ins(1,4,5)P3 and 1,2-diacylglycerol
(for a review, see Ref. 1). Ins(1,4,5)P3 releases Ca2� from

intracellular stores. In addition, in platelets the thrombin-
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induced increase in [Ca2�], results from Ca2� entry from the

extracellular space. Platelet stimulation also produces 1,2-

diacylglycerol, which activates protein kinase C.

On the other hand, many platelet inhibitors elevate the

level of cyclic nucleotides and inhibit the platelet activation.

Therefore, the preincubation with different drugs that ele-

vate the cGMP levels or cGMP analogs inhibits shape change

(2), secretion (3, 4), and platelet aggregation (2, 5-7) induced

by agonists. The mechanism of action of cGMP in platelet

function is poorly defined and probably includes inhibition of

both (a) phospholipase C (3, 4, 8) and (b) Ca2� mobilization

from intracellular stores and Ca2� influx (2, 3, 7, 9-11). In

addition, the phospholipase A�/arachidonic acid pathway

seems to be an important target for the physiological actions

of cGMP and for the pharmacological action of nitrovasodi-

ABBREVIATIONS: lns(1,4,5)P3, inositol-1 ,4,5-trisphosphate; [Ca2�],, intracellular calcium concentration; PKG, cGMP-dependent protein kinase;

PKA, cAMP-dependent protein kinase; SNP, sodium nitroprusside; SNAP, S-nitroso-N-acetylpenicillamine; SIN-i , 3-morpholinosydnomidine;
OPT, ophthalaldehyde; PGE1 , prostaglandin E1; EGTA, ethylene glycol bis-(J3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; HEPES, 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid; FLP, Fura-2-loaded platelets; NFLP, non-Fura-2-loaded platelets; PMA, phorbol-12-myristate-13-acetate;
VASP, vasodilator-stimulated phosphoprotein; 8-pCPT-cGMP, 8-(4-chlorophenyl-thio)cGMP; Rp-8-pCPT-cGMPS, Rp-8-(4-chlorophenylthio)-

guanosine-3’,5’-cyclic monophosphorothioate; Rp-8-CPT-cAMPS, Rp-8-(4-chlorophenylthio)-adenosine-3’,5’-cyclic monophosphorothioate;
Sp-5,6-DCI-cBiMPS, Sp-5,6-dichloro-i -f3-ribofuranosyl-benzimidazole-3’,5’-monophosphorothioate; lnsP1, inositol monophosphate; lnsP2, mo-
sitol bisphosphate; lnsP3, inositol trisphosphate.
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lators ( 12). However, the molecular basis of the inhibition of

platelet function by cGMP-elevating agents is not well Un-

derstood. These effects seem to be mediated by PKG (10,

13-15). It has been purified a 46-kDa platelet protein termed

VASP, which is phosphorylated by both PRA and PKG in

human platelets and support the view that VASP phosphor-

ylation is an important component of the intracellular mech-

anism of action of these vasodilators in human platelets (10,

16-19). More recently, VASP has been characterized as a
novel focal adhesion protein (20), and the VASP phosphory-

lation by both PKA and PKG seems to be closely associated

with the inhibition of aggregation by regulation of the fibrin-

ogen receptor (21). In addition, cGMP may achieve its intra-

cellular effects by other mechanisms. Nitrovasodilators such

as SNP that increase the cGMP levels can increase the cAMP

levels, probably through a cGMP-inhibited cAMP phosphod-

iesterase, an enzyme known to be present in many cells,

including platelets (5, 22-24). Therefore, the cAMP can con-

tribute to the inhibitory effects ofnitrovasodilators in human

platelets by activation of the cAMP signal transduction cas-

cade. In addition, PKG-deficient platelets (obtained from pa-

tients with chronic myelogenous leukemia) represent an-

other example of cGMP effects being mediated by PKA. The
treatment of these platelets with SNP caused a small phos-
phorylation of a substrate protein, presumably via PKA (14).

Also, cGMP exerts major effects in some cells through other

mechanisms (for a review, see Ref. 25).

It is known that the rapid interaction between platelets

and endothelial cells is an important event in the regulation

of the platelet reactivity. In addition to other factors, endo-

thelial cells release endothelium-derived relaxing factor (now

thought to be nitric oxide), which, via specific stimulation of

the guanylate cyclase, increases the cGMP levels and blocks

the platelet activation. Therefore, the addition of indometh-

acm-treated endothelial cells to activated platelets rapidly

induced platelet disaggregation (26). Although it is known

that the nitrovasodilators inhibit the platelet activation, in

most of these studies the cells were preincubated with nitro-

vasodilators before stimulation with different agonists. To

the best of our knowledge, only BrUne and Ullrich (27) have

observed that 12-hydroperoxy-5,8,10,14-eicosatetranoic acid

inhibited the aggregatory response and significantly in-

creased the cGMP levels without an apparent time delay. In

the current study, the effect of preincubation with SNP be-

fore stimulation or the simultaneous addition of SNP and

thrombin have been compared. SNP inhibited the thrombin-

induced platelet aggregation without significant time delay.
We discuss the mechanisms involved in this rapid inhibition.

Experimental Procedures

Materials. Fura-2 acetoxymethylester was obtained from Boeh-

ringer Mannhein; the reagent OPT, the serotonin for standard, KT-

5720, and KT-5823 were obtained from Calbiochem (San Diego, CA);

thrombin, SNP, methylene blue, PGE1, EDTA, EGTA, HEPES,

SNAP, and SIN-i were obtained from Sigma Chemical (St. Louis,

MO); myo-12-3H]inositol and enzyme immunoassay kits for cAMP

and cGMP were obtained from Amersham International (Bucking-
hamshire, UK); and 8-pCPT-cGMP, Rp-8-pCPT-cGMPS, Rp-8-CPT-

cAMPS, and Sp-5,6-DC1-cBiMPS were obtained from Biolog (Bre-

men, Germany). The other materials were purchased from various

sources and were reagent grade.

Measurement of [Ca2�11 levels. Levels of [Ca2�]1 were moni-

tored as described previously (28, 29). Briefly, washed human plate-

lets at 2.5 x 10� cells/ml were loaded with Fura-2 by incubation at

370 for 45 mm with 1 jiM Fura-2. Cells were washed by centrifugation

and resuspended at 2.5 x iO� cells/ml. Aliquots (0.5 ml) of cells were

transferred to a cuvette and prewarmed at 37#{176}.Fluorescence was

measured with a Perkin-Elmer spectrofluorimeter model LS-5B

equipped with a thermostatically controlled cuvette holder and mag-

netic stirrer. Fura-2 fluorescence was monitored continuously using

monochromator settings of 340 nm (excitation) and 505 nm (emis-

sion). The [Ca2�I levels were calculated as described previously (28,

29). Fluorescence from external dye, assessed by the addition of

excess EGTA to separate samples, was subtracted from the total

fluorescence signal.
Platelet aggregation measurement. Platelet aggregation mea-

surements were realized as described previously (28, 29). Briefly, a

Menarini model Aggrecorder II PA-3220 was used. Washed human

platelets (0.5 ml) at 2.5 x 10� cells/ml were placed in siliconized glass

aggregometer cuvettes (0.5 ml) and prewarmed to 37#{176}without stir-

ring. The samples were then placed in the 37#{176}-thermostated aggre-

gometer and stirred (1000-1050 rpm) before the addition of the

effectors. Aggregation was measured as the maximum change per-

centage in light transmission against a buffer blank for 10 mm. For

experiments of platelet aggregation with FLP, the cells were loaded

with Fura-2 as described above.

Measurement of secretion of serotonin. The secretion of se-
rotonin was measured by the fluorimetric method as described pre-

viously by Hoimsen and Dangelmaier (30). The reagent OPT, at 0.5%

(w/v) in ethanol, was mixed with 10 volumes of 8 N HC1. Serotonin
creatinine sulfate (for standard) was dissolved to 1 mM in 1 N HCI
and stored protected from light in small portions at -20#{176}.Standard

solutions of serotonin (from 0 to 1 �.tM) were made in deionized water

just before measurement. Washed human platelets at 3 X 108

cells/ml were placed in siliconized glass aggregometer cuvettes (0.9

ml) and prewarmed at 37#{176}.Subsequently, samples were placed in the

aggregometer (37#{176})and stirred (1000-1050 rpm). After stimulation,

100 �tl ofSO mM ice-cold EDTA, pH 7.4, was added. All samples were

then centrifuged for 30 sec at 4#{176}and 12,000 X g except the samples

used to determine the total content of serotonin. Tnchloroacetic acid

(120 �l offi M) was added to 600 Ml ofsupernatant. The samples were

centrifuged for 2 mm at room temperature and 12,000 x g in an
Eppendorf centrifuge. OPT reagent (2 ml) was added to the super-

natants, and the samples were placed in a boiling water bath for 10

mm. The samples were cooled in ice and washed twice with chloro-

form. Fluorescence was measured with a spectrofluorimeter (LS-5B,

Perkin-Elmer) with excitation at 360 nm and emission at 475 nm at

room temperature in quartz cuvettes. Standards and blanks were

processed as the samples. The secretion of serotonin was calculated

as described previously (30).

Measurement of [3H]inositol phosphates. Measurement of
[3Hjinositol phosphates was carried out as described previously (28).

Briefly, washed human platelets were incubated with myo-[2-3H]-

inositol at 37#{176}for 3 hr. Subsequently, cells were washed to remove

unincorporated radiolabeled inositol and resuspended in HEPES

buffer at 6-8 108 cells/ml. Platelet suspensions (0.5 ml) were pre-

warmed at 37#{176}for 5 mm. Subsequently, samples were placed in the

aggregometer (37#{176})and stirred (1000-1050 rpm). After stimulation,

the reaction was stopped by the addition of 0.5 ml of ice-cold 10%
(v/v) perchloric acid. Samples were centrifuged at 1000 X g for 5 mm,

and the supernatant was neutralized with 1.5 M KOH/75 mM HEPES

and recentrifuged at 1500 x g for 5 mm. Then, the supernatant was

diluted with 10 mM HEPES (pH 7.4)12 mM EDTA. The [3H]inositol

phosphates were separated by anion-exchange chromatography on a
Dowex AG1-X8 column (Bio-Rad Laboratories) as described prey-

ously (28). The radioactivity of the column eluates was quantified

with a Tri-Carb liquid scintillation spectrometer (model 2000 CA;

Packard Instrument Company, Meriden, CT).
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Determination of cGMP and cAMP. Washed human platelets
(3 x 108 cells/ml) were placed in siliconized glass aggregometer

cuvettes (0.5 ml), warmed to 37#{176},and stirred (1000-1050 rpm) before
the addition of the effectors. After stimulation, the reaction was

stepped by the addition of 0.5 ml of ice-cool 20% (w/v) trichioroacetic

acid. Samples were kept in ice for 30 mm and centrifuged at 10,000 x

g and 4#{176}for 10 mm. After centrifugation, the supernatants were
washed four times with 1 ml of water-saturated diethyl ether. The

aqueous phase was lyophilized, and the residue was stored at -20#{176}.

Residues were dissolved in 0.05 M acetate buffer, pH 5.8, 0.02% (w/v)

bovine serum albumin, and 0.005% (w/v) thimerosal. cGMP and

cAMP concentrations were determined by enzyme immunoassay us-
ing commercial kits. Cyclic nucleotide was acetylated with acetic

anhydride/triethylamine (1:2, v/v) to increase the sensitivity of the
assay.

Statistical Analysis. Except when indicated, values in figures

are presented as mean ± standard error. Statistical significance of

the results was determined using a Student’s t test.

Results

SNP inhibits the thrombin-induced platelet aggrega-

tion without any significant time delay. Two different

protocols were used in these experiments. In protocol 1, cells

(prewarmed at 37#{176})were incubated for 5 mm with SNP or
vehicle (control samples) (at 37#{176}and stirring at 1000 rpm)

and then stimulated with thrombin. In protocol 2, SNP and
thrombin or vehicle and thrombin were premixed and imme-

diately added to platelets prewarmed at 37#{176}.We examined

the effect of both protocols on NFLP and FLP aggregation
induced by 0.1 unit/mi thrombin (Fig. 1). The control aggre-

gations (in the absence of SNP) of NFLP and FLP obtained

with both protocols were different (-95% and 75% of aggre-

gation, respectively). This effect probably would be caused by
the chelation of [Ca2�i� by Fura-2 in FLP. Therefore, the

increase in [Ca2�]� induced by thrombin in NFLP would be

higher than that in FLP.

Independent ofthe protocol used, SNP inhibited the NFLP

aggregation in a similar degree and in a dose-dependent
manner (p = NS between protocols 1 and 2). In the same

manner as NFLP, SNP inhibited FLP aggregation, dose-

dependently and independent of the protocol used; however,

at low doses of SNP (0.025 and 1 �tM), the inhibition observed

with protocol 1 was slightly greater than that with protocol 2.

The effect of SNP was clearly different in NFLP and FLP

(Fig. 1). In FLP, low doses of SNP strongly inhibited the

aggregation. Therefore, 1 jtM SNP inhibited the FLP aggre-

gation by 75% and 53% (protocol 1 and 2, respectively),

whereas the NFLP aggregation was inhibited by 15% (both

protocols) (values are percentages of inhibition with respect

to the control aggregations). High doses of SNP completely

inhibited the FLP aggregation, whereas SNP was unable to

completely inhibit the NFLP aggregation. The different ef-

fects of SNP on thrombin-induced NFLP and FLP aggrega-

tion may be due to the chelation of intracellular Ca2� by

Fura-2 in FLP. The increase in [Ca2�J1 would be lower in FLP

than in NFLP, and the FLP would be more sensible to an

inhibitory mechanism. This hypothesis was supported by the

effect of0.5 m�i NiCl2 (to block receptor-mediated Ca2� entry

across the platelet plasma membrane) on the inhibition of the

NFLP aggregation induced by SNP. Low doses of SNP were

required to inhibit significantly and completely the NFLP

aggregation in the presence of 1 mM CaCl�/0.5 mrvi NiC12

(data not shown).

In addition, the curves of aggregation of NFLP and FLP

exhibited two entirely different profiles (Fig. 1). SNP delayed

the onset of NFLP aggregation (Fig. 1). Therefore, 1 �tM SNP

remarkably decreased the rate of aggregation, whereas the

maximum aggregation was only slightly inhibited (-45%;

Fig. 1). Concentrations of �5 �tM SNP clearly delayed the

onset of aggregation; however, after 4-5 mm of stimulation,

a sharp aggregation was observed. SNP did not delay the

onset of the FLP aggregation induced by thrombin (Fig. 1).

To verify whether the rapid inhibition induced by SNP is

C
0I

C Fig. 1. Inhibition by SNP of platelet aggregation in-

duced by thrombin. NFLP and FLP were incubated for
5 mm with different concentrations of SNP and then

stimulated with thrombin (protocol 1) or with SNP plus
thrombin (protocol 2). In both cases, platelets were
stimulated in the presence of 1 m� CaCl2. SNP con-
centrations were 0 pM (A), 0.025 gM (B), 1 �tM (C), 5 �M

(D), 100 �.tM (E), and 500 jiM (F) (additional SNP con-
centrations were studied; however, for clarity, only

these SNP concentrations are shown). The thrombin
concentration used was 0.1 unit/mI. T, addition of
thrombin; S+T, simultaneous addition of SNP plus
thrombin. Aggregation traces were obtained in a rep-
resentative experiment. Values represent maximum
aggregation (mean ± standard error) of seven to nine
(NFLP) and six to nine (FLP) experiments with different

. 3�8 C platelet preparations.

. 64±6 B
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obtained with other nitric oxide donors, we studied the in-
hibitory effect of the nitric oxide donors SNAP and SIN-i on
the thrombin-induced NFLP aggregation. Thus, SNAP was

able to inhibit the maximum aggregation induced by throm-
bin in a similar degree and in a dose-dependent manner,

independent of the protocol used (Fig. 2). The curves of ag-

gregation of NFLP in the presence of SNAP and SNP exhib-

ited similar profiles (Figs. 2 and 1, respectively). However,

SNP seems to be more potent than SNAP. For a similar

concentration, SNP more strongly inhibited the NFLP aggre-
gation. Therefore, 5 and 500 jiM SNP inhibited the maximum

aggregation by 25% and 75%, respectively (both protocols),
whereas SNAP inhibited the maximum aggregation by -10%

and -55%, respectively (both protocols) (values are percent-

ages of inhibition with respect to the control aggregations)
(Figs. 1 and 2). Similar results were obtained with the nitric

oxide donor SIN-i (data not shown). In a similar manner to
SNP and SNAP, SIN-i inhibited the NFLP aggregation in-

duced by thrombin without any significant time delay. The
curves of aggregation obtained with SIN-i were similar to

those obtained with SNP and SNAP (data not shown). The

order ofpotency was SNP > SNAP = SIN-i (data not shown).

0
.�

Co

0
.�

CO

42±10(500)

47±13 (250)

70±6 (50)

81±5 (25)
86±2(5)
98±0.4 (Control)

10

Fig. 2. Inhibition by SNAP of platelet aggregation induced by throm-
bin. NFLP were incubated for 5 mm with different concentrations of
SNAP and then stimulated with thrombin (protocol 1) or with SNAP plus
thrombin (protocol 2). In both cases, platelets were stimulated in the
presence of i mM CaCl2. The thrombin concentration used was 0.1
unit/mI. T, addition of thrombin; SNAP+T, simultaneous addition of
SNAP and thrombin. SNAP concentrations (in �M) are indicated in
parentheses. Aggregation traces were obtained in a representative
experiment. Values represent maximum aggregation (mean ± standard
error) of five experiments with different platelet preparations. Similar
results were obtained with the nitric oxide donor SIN-i (data not
shown).

Effect of SNP on thrombin-induced serotonin secre-

tion. To understand the delay in the onset of the NFLP

aggregation shown in Fig. 1 , we studied the serotonin secre-

tion induced by 0. 1 unitiml thrombin (Fig. 3). NFLP were

incubated for 5 mm with 5 �tM SNP before stimulation with

0. 1 unit/ml thrombin (protocol 1). In the absence of SNP, the
serotonin secretion induced by thrombin is quick and peaks

at - 1 mm. However, in the presence of 5 �tM SNP, the

secretion was slower than that in the absence of SNP. In fact,

no secretion was obtained in the first minute after stimula-

tion, and the secretion was clearly delayed. The delay in the

onset of NFLP aggregation and the subsequent sharp aggre-

gation observed in Fig. 1 (at 5 p,M SNP) were associated with

a similar effect on the secretion of serotonin. Also, the max-

imum serotonin secretion induced by 0. 1 unitlml thrombin in
the presence of SNP was lower than that in the absence of
SNP. In fact, 5 ,tM SNP induced a similar inhibition of the

maximum secretion and maximum aggregation values (ob-

tamed at 10 mm), -25% (Figs. 1 and 3). Minimum secretion
was observed in control platelets (addition of vehicle) in both

the absence and the presence of SNP. The total content of

serotonin in platelets in both the absence and the presence of
SNP was similar, 292 ± 18 and 261 ± 26 nmolJiOU cells,

respectively (mean ± standard error).

Effects of SNP on increases in [Ca2�]1 induced by

thrombin. Independent of the protocol used, SNP inhibited

the FLP aggregation induced by thrombin. To understand
the rapid inhibition induced by SNP on FLP aggregation, the
effect of both protocols on increases in [Ca2� J� induced by 0.1
unitlml thrombin was studied in parallel experiments (Fig.

4). As previously reported (2, ii), during the period of prein-
cubation (5 mm) with different concentrations of SNP (pro-

tocol 1), the basal Ca2� levels were not altered significantly
(Fig. 4A). Independent ofthe protocol used, SNP inhibited, to

a similar magnitude and in a dose-dependent manner, the

60

40
0
‘1)
00

0

C�)

0

Fig. 3. Effect of SNP on secretion of serotonin induced by thrombin.
NFLP were incubated for 5 mm with vehicle (#{149})or 5 j.tM SNP (0) in the
presence of 1 mM CaCl2. Then, cells were stimulated with 0.1 unit/mI
thrombin (protocol 1). Reaction was stopped at the indicated times.
Values are mean ± standard error of three experiments performed in
duplicate with different platelet preparations. The secretion is ex-
pressed as percentage of secretion with respect to the total content of

serotonin (100%). Secretion of control platelets (stimulation with vehi-
cle) in the absence (D) and the presence of SNP (z�) is also shown. Error
bars are omitted when smaller than the symbol.
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Fig. 4. SNP inhibits the increases in [Ca2�]� induced by thrombin with-
out a significant time delay. FLP were incubated for 5 mm with different
concentrations of SNP and then stimulated with thrombin (protocol 1;

A) or with SNP plus thrombin (protocol 2; B). In both cases, platelets
were stimulated in the presence of 1 m�i CaCI2. The thrombin concen-
tration used was 0.1 unit/mI. Arrows, addition of thrombin (A) or SNP
plus thrombin (B). Bottom numbers, SNP concentrations (in �.tM) (addi-

tional SNP concentrations were studied; however, for clarity, only these
SNP concentrations are shown). Top numbers, increase in fluorescence
(arbitrary units) (mean ± standard error of six to nine experiments with
different platelet preparations). Fluorescence traces were obtained in a
representative experiment.

maximum increa8e in (Ca2 � I (Fig. 4), which supports the

inhibition of FLP aggregation shown in Fig. 1.

It �l4 clear that the activation by thrombin is rapid. The

addition of thrombin and other agonists induced a sharp
increase in lCa2 � I, and the peak was reached within a few

seconds. In this way, the addition ofSNP plus thrombin was

able to inhibit the rapid increase in lCa2 � l� induced by thrum-

bin. However, different fluorescence traces were observed
(Fig. 4). Thrombin caused a sharp rise in lCa2 � J�, and then a

slow decline in the Fura-2 signal was observed (Fig. 4, control

traces). A slow decline in the Fura-2 signal was also observed

when platelets were incubated with SNP for 5 mm before

stimulation (particularly in the presence of a low dose of
SNP, 0.025 and 1 MM) (Fig. 4A). When cells were stimulated

with SNP plus thrombin, the decline in the Fura-2 signal was

clearly accelerated (Fig. 48). However, blood platelets aggre-

gate in response to many agonists, and this produces a loss in

the fluorescence signal from Fura-2 and looks, based on a

single wavelength (340 nm excitation and 505 nm emission),
like a fall in Ca2 � J�. However, if the ratio method (340/380

nm excitation and 505 nm emission) is used, the loss of signal

is proportionately the same at both wavelengths in a dual

recording so that the ratio of the two signals can measure

lCa24 lm even during the formation of aggregates (31). The
ratio method was used to study this effect (Fig. 5). SNP
(0.025 �.LM) inhibited the maximum increase in Ca2 � I in-

duced by thrombin in a similar magnitude independent of the

protocol used (Fig. 5A). Also, when platelets were stimulated
with SNP plus thrombin (protocol 2), the decline in the

[Ca2 l� was clearly accelerated (Fig. 5A). Similar results
were obtained with 1, 5, 25, and 100 �.tM SNP (data not

Fig. 5. SNP accelerated the decline of the Ca2� levels. FLP were
incubated for 5 mm with SNP and then stimulated with thrombin (pro-
tocol 1) or with SNP plus thrombin (protocol 2) in the presence of 1 m�

CaCl2. The thrombin concentration used was 0.1 unit/mI, whereas the
SNP concentrations were 0.025 �tM (A) and 25 �tM (B, insert). Arrows,

addition of thrombin or SNP plus thrombin (protocols 1 and 2, respec-
tively). In A, for clarity, only the control trace obtained with protocol 1
(incubation with vehicle for 5 mm before stimulation with thrombin) is

shown. A similar control trace was obtained with protocol 2 (stimulation
with vehicle plus thrombin). In B, the control traces are not shown, and
only the early minutes are represented. The traces were obtained in a
representative experiment. Similar results were obtained in four differ-

ent experiments. This experiment was performed by the ratio method.
The fluorescence signals from two excitation wavelengths (340 and 380
nm) at a single emission wavelength (505 nm) were measured. The
autofluorescence was measured at both wavelengths and subtracted
from all data before calculation of the ratios.

shown); however, the effect was less evident at high doses of

SNP because the increase in the lCa2 � I was strongly inhib-
ited. Thus, an accelerated decline in the Fura-2 fluorescence

was clearly observed at a low dose of SNP (0.025 and I MM)

(Figs. 5A and 4 and data not shown), whereas at high SNP

concentrations, the accelerated decline in the Fura-2 fluores-
cence was not as evident because the maximum increase in
the lCa2 � I was strongly inhibited (Fig. 4 and data not
shown). An example based on the use of25 MM SNP is shown
in Fig. 513 (insert).

It is known that the thrombin-induced platelet activation

probably has properties ofboth an enzyme-mediated reaction
and an agonist-receptor equilibrium (for a review, see Ref�

32). In fact, a mechanism for the activation by thrombin has
been described that involves proteolytic cleavage of the re-

ceptor (33). To discard the possibility ofa direct effect of SNP

on the enzymatic activity ofthrombin, we performed an assay

of the enzymatic activity of thrombin using one of its natural
substrates (fibrinogen) by visual estimation of the clotting

time. The esterase activity of thrombin was estimated using
the chromogenic substrate Tos-Gly-l�-Pro-L-Arg-pNA. The ad-
dition of different SNP concentrations to the reaction me-

dium before thrombin or the addition of SNP plus thrombin
did not affect the enzymatic activity of thrombin based on
visual estimation of the clotting time (data not shown). Es-

terase activity of thrombin, using the chromogenic substrate

Rapid Inhibition by cGMP of the Platelet Activation 371
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Tos-Gly-L-Pro-L-Arg-pNA, was not affected by SNP at doses

of �200 MM (SNP added before thrombin or SNP plus throm-

bin). However, in both cases, 500 MM SNP slightly inhibited

the esterase activity of thrombin (statistical significance was

reached) (data not shown). We cannot exclude that at this

concentration ofSNP, the inhibition (or part ofthe inhibition)

could be due to this effect.

Effect of SNP added after thrombin on NFLP and

FLP activation. We studied the effect of 10 MM SNP added

20 sec after 0.1 unitlml thrombin on the NFLP and FLP

aggregation (Fig. 6). The addition of SNP 20 sec after throm-

bin significantly inhibited the NFLP and FLP aggregation

(Fig. 6). The inhibition of NFLP aggregation was smaller

than that of FLP aggregation. This result indicates that the

addition of SNP after thrombin was able to block the cellular

activation. In addition to the effect on platelet aggregation,

we studied the effect on Ca2 � levels using the ratio method

(data not shown). The addition of 10 MM SNP after thrombin

rapidly accelerated the decline in the Fura-2 signal. Similar

effects on the Ca2 � signal have been observed previously in

CorSNP

platelets stimulated with platelet-activating factor (1 1) and

thrombin (9).

SNP rapidly inhibits the thrombin-stimulated phos-

pholipase C activity. It has been described that the prein-

cubation for several minutes with both SNP and metaboli-

cally stable analogues of cGMP inhibited the intracellular

Ca24 mobilization (3, 10, 15) and the phospholipase C activ-

ity stimulated by thrombin (3, 4, 8). Using NiC12 to block

Ca2� influx (28), we also observed that SNP inhibited the
intracellular Ca2 � mobilization induced by thrombin (data

not shown). With the purpose of understanding the rapid

inhibition induced by SNP on the maximum increase in

{Ca2� ] the effect on the phospholipase C activity stimulated

by thrombin was studied (Fig. 7). In the absence of SNP,

thrombin induced rapid rises in InsP2 and InsP3. Thus, at 15

and 30 sec after thrombin addition, the levels of InsP2 and

:�‘ 1,600

0
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Fig. 6. Effect of SNP added after thrombin on platelet aggregation.
NFLP or FLP were stimulated with 0.1 unit/mI thrombin. Twenty sec-
onds later, vehicle (C) or 1 0 �M SNP was added. T, addition of throm-
bin. Experiments were performed in the presence of 1 m� CaCl2.
Values represent maximum aggregation (mean ± standard error) of
nine (NFLP) and four (FLP) experiments with different platelet prepara-
tions. **, p < 0.01 , and ***, p < 0.001 , compared with the respective
value for control.

Time (seconds)

Fig. 7. Effect of SNP on the thrombin-stimulated phospholipase C
activity. [3H]lnositol-labeled platelets were incubated for 5 mm with
SNP and then stimulated with thrombin (protocol 1) (0) or with SNP
plus thrombin (protocol 2) (U) in the presence of 1 mM CaCl2. The
stimulation control (in the absence of SNP) obtained with both proto-
cols was similar; for this reason, the stimulation control shown (#{149})is the
mean ± standard error of the control stimulation obtained under the
two different conditions. The reaction was stopped at the times mdi-
cated. The thrombin concentration used was 0.1 unit/mI, whereas the
SNP concentration was 25 (.�M. Values are mean ± standard error of
two experiments performed in triplicate. lnsP1 (A), InsP2 (B), and lnsP3
(C) were analyzed by anion-exchange chromatography on a Dowex
AG1 -X8 column and eluted. Error bars are omitted when smaller than
the symbol.
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InsP3 rose significantly. The level of InsP1 rose less rapidly

than the levels of InsP2 and InsP3. Without previous prein-
cubation with SNP (protocol 2), SNP inhibited the rapid

increase in the InsP3 levels. In fact, InsP3 levels obtained at

15, 30, and 60 sec were significantly lower than the values
obtained in the absence ofSNP. The InsP2 level at 15 sec was

similar but levels at 30 and 60 sec were lower than values

obtained in the absence of SNP. InsP1 levels at 15 and 30 sec
were similar but InsP1 levels at 60 and 300 sec were lower

than values obtained in the absence of SNP. Therefore, the

simultaneous addition of SNP and thrombin was able to
rapidly inhibit the phospholipase C activity stimulated by
thrombin. In addition, we confirm previous observations in
which the preincubation with SNP before stimulation with

thrombin inhibited the phospholipase C activity.
Increases in cGMP levels induced by SNP. We have

shown that the addition of SNP plus thrombin (protocol 2) or

preincubation for 5 mm with SNP before thrombin (protocol

1) inhibited NFLP and FLP aggregation and the maximum
increase in [Ca2�]1 induced by 0. 1 unitiml thrombin (Figs. 1

and 4, respectively). It is clear that the activation by throm-
bin is very rapid. Therefore, NFLP aggregation was fast

during the first 2 mm after thrombin addition (aggregation of
�70%), reaching maximal values after 5-6 mm of incubation

(Fig. 1, control traces). Also, the addition of thrombin and

other agonists induced a sharp increase in [Ca2 � ]. and the
peak was reached within a few seconds. Therefore, with both
protocols, SNP was able to inhibit the maximum increase of

Ca2� stimulated by thrombin compared with the Ca2� signal

observed in the absence of SNP (Fig. 4). In contrast to pro-
tocol 1, when cells were stimulated with SNP plus thrombin
(protocol 2), an accelerated decline in the thrombin-induced
Ca2� signal was observed (Figs. 4 and 5A). However, this

effect was not as evident at high SNP concentrations (Fig.

SB, insert). In addition, the phospholipase C activity stimu-

lated by thrombin was inhibited by SNP independent of the

protocol used (Fig. 7). To understand the rapid effect of SNP

on platelet activation, we determined cGMP levels (Fig. 8). In

this experiment, three different conditions were used: (a)

SNP was added, and the reaction was immediately stopped;

(b) SNP and thrombin were added, and the reaction was
immediately stopped (protocol 2); and (c) platelets were in-

cubated with SNP for 5 mm before the reaction was stopped
(protocol 1). SNP or SNP plus thrombin quickly increased the

cGMP levels in a dose-dependent manner (Fig. 8). These

results show that SNP was able to immediately increase

cGMP levels and that the addition of SNP plus thrombin did

not alter the levels of cGMP in comparison with the addition
of only SNP. Although it has been described previously that

thrombin increases the cGMP levels, the increase induced by

thrombin is severalfold lower than that induced by SNP (34)
and is probably hidden by the SNP-induced increase. When

the platelets were incubated for 5 mm with SNP (protocol 1),

10 and 25 MM SNP induced cGMP levels similar to those

obtained under the other two conditions. However, the cGMP

level obtained with 100 MM SNP was smaller than those

obtained under the other two conditions, which is probably

due to the breakdown of cGMP by phosphodiesterases.
The time-dependent effect of 10 MM SNP on cGMP levels is

shown in Fig. 9. The maximum cGMP level was obtained at

3 mm of incubation and then declined (probably via the

action of phosphodiesterases). Interestingly, when 10 MM

C,,

I)
0

C

C

0�

0

25 � SNP (no preincubation)

0 SNP+Throm (no preincubation)

20 0 SNP (5 mm preincubation)

0 10 25 100
0

[SNP] (tiM)

Fig. 8. Rapid increase in the cGMP level induced by SNP. NFLP were
prepared and the cGMP levels were measured as described in Exper-
imental Procedures. Three different conditions were used: (a) SNP was
added, and the reaction was stopped immediately; (b) SNP plus throm-

bin (Throm) were added, and the reaction was stopped immediately
(protocol 2); and (c) cells were incubated for 5 mm with SNP before the
reaction was stopped (protocol 1). All of the experiments were per-
formed in the presence of 1 m� CaCI2. Values are mean ± standard
error of two experiments performed in duplicate with different platelet
preparations.

8

6

C,,

5)
c”o

C

C

0

0

Fig. 9. Time course of effects of SNP on cGMP levels in NFLP.
Washed human platelets were incubated with 1 0 j�M SNP for 1 , 3, or 5
mm before the reaction was stopped. Time 0, addition of 1 0 �tM SNP;
the reaction was stopped immediately. The basal level of cGMP is also
indicated. The experiments were performed in the presence of 1 m�i
CaCl2. Values represent mean ± standard error of two experiments
performed in duplicate with different platelet preparations. Error bars
are omitted when smaller than the symbol.

SNP was added and the reaction was immediately stopped

(Fig. 9, time 0), the cGMP level was quickly and significantly

increased with respect to basal level (Fig. 9). The rapid and

significant increase in the cGMP levels supports the inhibi-
tion of the thrombin-induced platelet response without any

significant delay time (especially regarding Ca2 � levels and

phospholipase C activity).
Several investigators have noted a SNP-induced elevation

in cAMP levels in human and rabbit platelets (5, 22-24). In

addition to the increase in cGMP levels, the inhibition of the

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


10

‘,.-, 30

0

� 50
C)

�70

90

A

. Prowcol 1 (+SNP;-MB)

Protocol 2 (+SNP;-MB)

T�e (mm)

B
Protocol 1 Protocol 2

(SNP 5 mm incubation) (SNP+Thrombin)

#{149}PGE10.1�.tM

OSNP25 �tM

012345

Time (mm)

Fig. 10. Time course of effects of SNP on cAMP levels in platelets.
Platelets were incubated with 0.1 �M PGE1 4) or 25 j�M SNP (0) in the
presence of 1 mM CaCl2 for times indicated. The cAMP levels were
measured. Data, mean ± standard error of two experiments done in
triplicate. Error bars are omitted when smaller than the symbol.
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platelet response by SNP could be due to an increase in the

cAMP levels. The use of 0.1 MM PGE1 (a known activator of

the adenylate cyclase) rapidly (s30 sec) elevated the platelet

cAMP level (from - 13 to 136 pmol/i09 cells) and then de-

dined (Fig. 10). The use of 25 MM SNP was not able to

significantly increase the cAMP level within 5 mm (from -12

to 14.8 pmolIiO9 cells within 1 mm) (Fig. 10).

Methylene blue reversed the rapid inhibition in-

duced by SNP on NFLP aggregation. The effect of 25 MM

SNP on NFLP aggregation was studied in cells preincubated

with methylene blue, a known inhibitor of soluble guanylate

cyclase (Fig. 1 1 ). Platelets were pretreated with 2 MM meth-

ylene blue for 15 mm at room temperature, and then cells

were stimulated in accordance with protocol 1 or 2. Fig. hA
shows the effect of the methylene blue on the traces of ag-

gregation, whereas Fig. iiB shows the effect of methylene

blue on the maximum aggregation. Preincubation with SNP

or the simultaneous addition of SNP and thrombin inhibited

the maximum aggregation and delayed the onset of the ag-
gregation. Pretreatment with methylene blue reversed the

inhibition of aggregation induced by 25 MM SNP toward nor-

mal values, independent of the protocol used (Fig. 1 1, A and
B). However, methylene blue nearly completely reversed the

inhibition of the maximum aggregation induced by SNP,

whereas the inhibition of the slope of aggregation did not
revert completely (a small inhibition was still observed corn-

pared with the control trace) (Fig. hA). This result supports

that the inhibition of the NFLP aggregation without any

significant time delay observed with protocol 2 is principally

due to a rapid increase in the cGMP levels mediated by

guanylate cyclase.

Role of PKG and PKA in the inhibition of platelet

aggregation induced by SNP. The inhibition by agents

that elevate the cGMP or cAMP levels seems to be due to the

activation of PKG and PKA, respectively. However, it has

also been shown that cGMP can inhibit the platelet activa-

tion by preventing the breakdown of cAMP by the cGMP-

inhibited cAMP phosphodiesterase (5, 22-24) and that the

PIcA activation may be responsible, at least in part, for the

inhibition of platelet function by SNP. In fact, low intracel-

150

c�: 120

zz� 90

0

E
�60

�30

0

0
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-MB +MB -MB +MB

Fig. 11. Effect of methylene blue on the inhibition induced by SNP.
NFLP were pretreated with 2 j.�M methylene blue (+MB) or vehicle
(-MB) for 15 mm at room temperature. Then, the cells were stimulated
in accordance with protocol 1 [preincubation with SNP or vehicle (C) for
5 mm before stimulation] or protocol 2 [stimulation with SNP plus
thrombin (SNP) or vehicle plus thrombin (C)]. A, Effect on aggregation
traces. The control aggregations (in the absence of SNP) were not
affect by methylene blue. For this reason and for clarity, only the control
aggregation obtained with protocol 1 in the absence of methylene blue
is shown. Traces represented were obtained in a representative exper-
iment. B, Effect on the maximum aggregation. The SNP concentration
was 25 �tM, and the thrombin concentration was 0.1 unit/mI. Values are
mean ± standard error of 1 0 experiments with different platelet prep-
arations.

lular levels of cGMP effectively inhibit type III cGMP-inhib-
ited phosphodiesterase in human platelets (35). From this

standpoint, the inhibition of platelet activation could be re-

lated to the cGMP-dependent activation of the PKA. To fur-

ther examine this possibility, selective inhibitors of PKG and

P}(.A were used to elucidate the role of these kinases in the
platelet inhibition. The effect of KT-5823, an inhibitor of the

PKG (36), on the inhibition of the platelet aggregation in-

duced by SNP was examined (data not shown). NFLP were
preincubated for 10 mm at 37#{176}with three different concen-

trations of KT-5823 (125, 250, and 500 n�vi). Then, cells were

stimulated in accordance with protocol 1 or 2. Three different

SNP concentrations were used (1, 10, and 100 .tM). At any

concentration used, KT-5823 did not reduce the inhibitory
effect induced by SNP on NFLP aggregation, either on the

maximum aggregation or on the profile of aggregation (data

not shown). This result could suggest inhibition of platelet
aggregation induced by SNP by PKG-independent mecha-

nisms. However, it is also possible that an effective inhibition

of the PKG in platelets can require higher dose of inhibitor

andlor longer periods of incubation. Thus, we studied the
effect of 20 MM KT-5823 on the inhibition induced by 8-pCPT-
cGMP, a potent and selective activator of PKG in intact cell
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ilar aggregations were observed in both the absence (vehi-

cle) and the presence ofKT-5720 (-95% ofaggregation). In

the absence of KT-5720, PGE1 and SNP (both protocols)
inhibited the maximum aggregation induced by thrombin

(Fig. 13). Therefore, the maximum aggregations in the
presence of PGE1 and SNP (both protocols) were 22% and

45% of aggregation, respectively (75% and 53% of inhibi-
tion with respect to value controls). In the presence of

KT-5720, maximum aggregations induced by thrombin in

the presence of PGE1 and SNP (protocols 1 and 2) were

52%, 73%, and 65%, respectively (Fig. 13) (45%, 24%, and

31% of inhibition with respect to value controls). There-
fore, KT-5720 was able to reduce partially the inhibitory

effects of PGE1 and SNP (both protocols).

The effects of Rp-8-pCPT-cGMPS and Rp-8-CPT-cAMPS,
inhibitors of PKG and PICA, respectively (37, 38), on the

inhibition induced by SNP was also examined (see Fig. 12).

preparations (13) (data not shown). NFLP were preincubated
for 45 mm at 37#{176}with 20 MM KT-5823 or vehicle. Then, cells

were also incubated for 15 mm with 0.5 mM 8-pCPT-cGMP or
vehicle and stimulated with 0. 1 unitiml thrombin. In the

absence of KT-5823, 8-pCPT-cGMP weakly inhibited the

maximum aggregation, whereas it clearly inhibited the ye-
locity of platelet aggregation (see Fig. 12C). Therefore,

8-pCPT-cGMP produced a change in the velocity of platelet

aggregation induced by thrombin. The preincubation with 20

MM KT-5823 did not affect the inhibitory effect (velocity of
platelet aggregation) induced by 8-pCPT-cGMP (data not
shown).

We have also studied the effect ofthe KT-5720, a specific

inhibitor of PKA (36), on the inhibition induced by PGE1

and SNP (both protocols) (Fig. 13). In the absence of PGE1

or SNP, 25 MM KT-5720 did not affect the thrombin-in-

duced platelet aggregation (data not shown). In fact, sim-
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Fig. 12. The inhibitory effect of SNP was abolished
by Rp-8-CPT-cAMPS. NFLP were previously prein-
cubated with 0.8 mM Rp-8-pCPT-cGMPS or vehicle
(A-C) or with 0.5 mM Rp-8-CPT-cAMPS or vehicle

(D-F) for 45 mm at 37#{176}.Subsequently, cells were also
preincubated with 10 �M SNP or vehicle for 5 mm at
370 before stimulation with 0.1 unit/mI thrombin (pro-
tocol 1) (A and D); stimulated with SNP plus thrombin
or vehicle plus thrombin (protocol 2) (B and E); or also
preincubated with 0.5 mM 8-pCPT-cGMP or vehicle
(C) and 0.1 mM Sp-5,6-DCI-cBiMPS or vehicle (F) for
15 mm at 37#{176}before stimulation with 0.1 unit/mI
thrombin. D-F, Traces in the presence of only Rp-8-
CPT-cAMPS were omitted for clarity but were similar
to the control traces. Platelets were stimulated in the
presence of 1 mM CaCI2. Arrows, addition of thrombin
(A, C, D, and F) and the addition of SNP plus thrombin
or vehicle plus thrombin (B and E). Traces represent
the average curves ± standard error of four (A), five
(B), eight (C), and three (D-F) experiments with differ-
ent platelet preparations.
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Fig. 13. Effect of KT-5720 on the inhibition induced by PGE1 and SNP.
NFLP were preincubated with 25 jiM KT-5720 (+) or vehicle (-) for 45

mm at 37#{176}.Subsequently, cells were incubated with 5 x i0� M PGE,
for 5 mm before stimulation with 0.1 unit/mI thrombin (A); incubated
with 10 �M SNP for 5 mm before stimulation with 0.1 unit/mI thrombin
(protocol 1) (B); or stimulated with SNP plus thrombin (protocol 2) (C).
Platelets were stimulated in the presence of 1 m� CaCl2. Values rep-
resent maximum aggregations (mean � standard error) of three exper-
iments with different platelet preparations.

The preincubation with 0.8 mM Rp-8-pCPT-cGMPS slightly

inhibited the velocity of the platelet aggregation induced by

0.1 unitlml thrombin (Fig. 12, A-C, traces +Rp). The inhib-

itory effects of SNP observed with both protocol 1 (Fig. 12A)

and protocol 2 (Fig. 12B) were only partially reduced by

Rp-8-pCPT-cGMPS. In a similar manner to SNP, the inhib-

itory effect of8-pCPT-cGMP (principally on the velocity of the

aggregation) was also partially reduced by Rp-8-pCPT-

cGMPS (Fig. 12C). It is clear for the standard error shown in
Fig. 12, A-C, that a high variability was observed. Thus, in

some experiments, a clearer effect of the Rp-8-pCPT-cGMPS

on the inhibition induced by SNP or 8-pCPT-cGMP was ob-

served, whereas in other experiments, no effects of Rp-8-

pCPT-cGMPS were observed. However, even in the experi-

ments with a clearer effect, Rp-8-pCPT-cGMPS induced only

partial reversions. Similar results were obtained with 0.2 mi�vt

Rp-8-pCPT-cGMPS (data not shown). In contrast to Rp-8-

pCPT-cGMPS, Rp-8-CPT-cAMPS nearly completely abol-

ished the inhibitory response induced by SNP (both proto-

cols) and Sp-5,6-DC1-cBiMPS, a specific activator ofPKA (39)

(Fig. 12, D-F, respectively). Thus, in the absence of SNP or

Sp-5,6-DC1-cBiMPS, the preincubation with 0.5 mM Rp-8-

CPT-cAMPS did not affect the platelet aggregation induced

by 0. 1 unitlml thrombin (for this reason and for clarity, the

curves in the presence of only Rp-8-CPT-cAMPS have been

omitted in Fig. 12). The PKA activator Sp-5,6-DC1-cBiMPS

completely inhibited the thrombin-induced platelet aggrega-

tion (Fig. 12F). However, in the presence of Rp-8-CPT-

cAMPS, the inhibitory response induced by Sp-5,6-DC1-

cBiMPS was nearly completely abolished (Fig. 12F).

Surprisingly and in a similar manner to Sp-5,6-DC1-cBiMPS,

the inhibitory effect of SNP (independent of the protocol

used) was nearly completely abolished by Rp-8-CPT-cAMPS

(Fig. 12, D and E).

Discussion

The preincubation for 5 mm with SNP before stimulation

with thrombin or the simultaneous addition of SNP and

thrombin inhibited the NFLP and FLP aggregations and the

increases in [Ca2 � 1 in FLP in a dose-dependent manner

(Figs. 1 and 4, respectively). Other nitric oxide donors (SNAP

and SIN-i) also inhibited the NFLP aggregation induced by

thrombin without a significant time delay and to a similar
order of magnitude (Fig. 2 and data not shown). The inhibi-
tion induced by SNP of the increase in [Ca2�11 correlates

better with the inhibition of FLP aggregation than with the

inhibition of NFLP aggregation (Figs. 1 and 4). In addition,

the simultaneous addition of SNP and thrombin clearly ac-
celerated the decline in the Fura-2 signal (Figs. 4 and 5A).

However, this effect was evident at low doses of SNP (0.025

and 1 MM), whereas it was not as evident at major SNP

concentration (Figs. 4 and 5B, insert) (probably because the

increase in [Ca2�]� was strongly inhibited). The rapid inhibi-

tion observed was accompanied by a rapid and significant

increase in cGMP levels (Figs. 8 and 9) and reversed when

platelets were pretreated with the inhibitor of guanylate

cyclase, methylene blue (Fig. 1 1). Thus, the inhibition by

SNP of the platelet activation without a significant time

delay seems to be principally due to a rapid increase in the

cGMP levels mediated by guanylate cyclase. Considerable

evidence suggests that the inhibition of the platelet response

by cAMP- and cGMP-elevating agents in human platelets is

primarily due to the inhibition of agonist-induced phospho-

lipase C activation (3, 4, 8). In these, as in other many

studies, cells were preincubated for � 1 mm with SNP before
stimulation. In our study, the inhibition of aggregation and

the Ca2 � response without any significant time delay and the

rapid increase in cGMP levels support that cGMP-elevating
vasodilators inhibit the platelet response at an early step at

the activation cascade. We confirm a previous observation in

which the preincubation with SNP before stimulation with

thrombin inhibited the phospholipase C activity. Surpris-

ingly, the simultaneous addition of SNP and thrombin was

also able to inhibit the rapid activation of the phospholipase

C induced by thrombin (Fig. 7). However, the mechanism of
phospholipase C inhibition by SNP in platelets has not been

elucidated at the molecular level.

Considerable evidence suggests that the effects of drugs

that elevate cAMP and cGMP are mediated by PKA and

PKG, respectively (10, 13-15). A protein has been purified

and characterized, VASP, whose vasodilator-stimulated
phosphorylation in intact cells is mediated by PKA or PKG,

and VASP phosphorylation seems to be an important compo-
nent of the intracellular mechanism of action of the nitrova-

sodilators in human platelets (10, 13, 16-19). However, the

mechanisms by which PKG and VASP phosphorylation are

involved in platelet inhibition are not clear. Very recently,

Horstrup et al. (21) proposed that VASP phosphorylation in

intact platelets is more closely associated with the inhibition

of aggregation by regulating the fibrinogen receptor than by

inhibiting Ca2� mobilization. In addition, a crossover effect

between cyclic nucleotides and the protein kinases that they
activate may occur. It is clear that SNP increases cGMP

levels and induces PKG activation. Also, it is well established

that SNP is able to induce small increases (in percentages) in

platelet cAMP levels, probably through a cGMP-inhibited
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cAMP phosphodiesterase (5, 22-24) and in this way activates

the cAMP signal transduction cascade. In addition, in PKG-

deficient platelets, SNP caused a small phosphorylation, pre-

sumably via PKA (14). In our study, SNP was not able to

significantly increase the cAMP level (Fig. 10). Other inves-

tigators have not observed effects of SNP on cAMP levels (2,

17). However, low intracellular levels of cGMP can effectively

inhibit the phosphodiesterase in human platelets despite

that high levels of PKG present in this cell type. The cGMP-
binding site of the cGMP-inhibited phosphodiesterase can
successfully compete with the cGMP-binding site of type I

PKG for the available cGMP in intact platelets (35). In addi-

tion, inhibitors of the cGMP-inhibited cAMP phosphodiester-

ase cause small increases in cAMP levels and activation of

PKA, and these effects seem to be associated with the inhi-

bition of the platelet aggregation (40, 41). Therefore, it is

possible that small increases in cAMP levels cause inhibition

of platelet aggregation by PKA activation. In our experi-

ments, SNP, in addition to a cGMPIPKG mechanism, could

activate the cAMPIPKA mechanism. To further examine this
possibility, selective inhibitors of PKA and PKG were used to
elucidate the role of these kinases in the inhibition induced

by SNP of the platelet aggregation.

KT-5823 seems to be an effective inhibitor of PKG in intact

cells (42, 43). KT-5823 concentrations at 0.1-1 MM are usually

used in these studies. In our study, the preincubation for 10

mm with 0.5 MM as a maximal concentration did not prevent

the inhibitory effect of SNP on platelet aggregation. This
result could suggest inhibition of platelet aggregation by

independent mechanisms of PKG. However, there is some
discrepancy between in vitro and in vivo systems regarding

the effective dose of protein kinase inhibitors. Therefore, the

potency of an inhibitor in intact cells is dependent on its

permeability. An effective inhibition can require a longer
period of incubation and/or a higher dose of inhibitor. Also, a
high dose of inhibitor can have nonspecific actions. However,

the preincubation for 45 mm with 20 p.M KT-5823 did not

affect the inhibitory effect induced by 8-pCPT-cGMP, a spe-

cific activator of PKG (13). This result suggests inhibition by
PKG-independent mechanisms. However, in our opinion,
with the use of 8-pCPT-cGMP, KT-5823 could be expected to
revert, at least partially, the inhibitory effect. In addition, it

has been reported that KT-5823 did not inhibit the phosphor-

ylation of vimentin mediated by PKG and that the activation
of neutrophils by KT-5823 may not involve PKG activation
(44, 45). Thus, it is possible that under our experimental

conditions, KT-5823 could not be an effective inhibitor of

PKG in intact platelets. This hypothesis was supported by

the effect of the Rp-8-pCPT-cGMPS, which has been de-
scribed as a selective inhibitor of PKG (37). In fact, Rp-8-
pCPT-cGMPS antagonized the activation of PKG by 8-pCPT-

cGMP. In our study, Rp-8-pCPT-cGMPS partially reverted

the inhibitory effect induced by SNP and 8-pCPT-cGMP.

However, although in some experiments a more evident ef-

fect (Fig. 12) was observed, in other experiments no effect of
Rp-8-pCPT-cGMPS was observed. Although we cannot ex-

plain this variability, the results obtained suggest a partial

inhibition of platelet aggregation by PKG-dependent mecha-
nisms.

On the other hand, we also evaluated the effect of PKA
inhibitors. Thus, KT-5720 partially reverted the inhibitory

effect induced by SNP, suggesting an important role for PKA

in the inhibitory effects induced by SNP. This result was

supported by the results obtained with Rp-8-CPT-cAMPS, an

inhibitor of PKA (38). Surprisingly, the inhibitory effects

induced by SNP were nearly completely abolished by Rp-8-
CPT-cAMPS. In contrast to the partial and highly variable

effects of Rp-8-pCPT-cGMPS, the clear effect of Rp-8-CPT-

cAMPS seems to indicate that the activation of PKA by SNP

could be the more important mechanism in the inhibition of
platelet aggregation induced by SNP. However, the specific-

ity of Rp-8-CPT-cAMPS remains to be elucidated.

Independent of the protocol used, SNP inhibited the max-
imum increase in [Ca2�1 induced by thrombin. The inhibi-

tion could be caused by one or more mechanisms, including

inhibition of phospholipase C, stimulation of Ca2� reuptake

by intracellular stores, stimulation of Ca2� extrusion from

the platelets, or inhibition of Ins(1,4,5)P3-induced Ca2� re-

lease from intracellular stores. With protocol 1, the inhibition

of the maximum increase in [Ca2�]1 induced by thrombin

could be due to inhibition of phospholipase C, whereas an
accelerated decline in the Ca2� signal was not observed.

However, with protocol 2, inhibition of the maximum in-

crease in [Ca2 � 1 could be due to both an accelerated decline
in the Ca2� signal and an inhibition of phospholipase C. An

accelerated decline in the Fura-2 fluorescence was clearly
observed at low dose of SNP, whereas at high SNP concen-

trations, the accelerated declined in the Fura-2 signal was

not as evident, and the inhibition ofphospholipase C could be
more significant at a high dose of SNP.

The addition of SNP after thrombin inhibited the platelet

aggregation (Fig. 6) and rapidly accelerated the decline in the

Fura-2 signal (data not shown). Probably, the effect of the
addition of SNP after thrombin on the decline in [Ca2�]1
reflects sequestration and/or extrusion of Ca2� rather than

inhibition of persisting Ca2� influx and/or mobilization of

internal Ca2�. Whether Ca2�/ATPases are involved in this
process is not clear.

On the other hand, SNP clearly delayed the onset of NFLP

aggregation induced by thrombin. A similar profile in human

platelets incubated with S-nitrosothiols and stimulated with

sodium arachidonate has been reported (6). The delay and

the sharp aggregation observed may be due to a similar effect

on the serotonin secretion (Fig. 3). Wu et al. (34) observed a

similar profile in human platelets incubated with SNP and
stimulated with thapsigargin and PMA. Aggregation was not

observed during the first 3 mm after the addition of thapsi-

gargin and PMA. Then, a sharp aggregation was observed.
Thapsigargin and PMA promoted substantial cGMP efflux at

3 mm after stimulation. Therefore, cGMP escape from plate-
lets seems to be facilitated by the two critical events in the

activation of platelet signaling, increase in [Ca2�11, and acti-

vation of protein kinase C (34). The delay observed in the

onset of the platelet aggregation and the sharp aggregation

could be due to the cGMP efflux; however, whether cGMP
efflux exists under our conditions must be determined.

In conclusion, we confirmed previous observations in which
the preincubation with SNP inhibited the platelet activation

by thrombin. In addition, we have shown that SNP was able

to inhibit the thrombin-induced platelet activation without a

significant time delay. This inhibition seems to be due to a
quick increase in the cGMP levels and supports that the
inhibition occurs in the first steps of the activation cascade.

In fact, the simultaneous addition of SNP and thrombin
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inhibited the phospholipase C activity without affecting the

enzymatic properties of thrombin. The results obtained with

protein kinase inhibitors suggest that SNP, independent of

the protocol used, principally inhibited the platelet activation
by phosphorylation-dependent mechanisms (suggesting that

SNP seems to be able to induce a very rapid phosphoryla-

tion). Also, both PKG and PKA seem to be involved in the

inhibition induced by SNP; however, the PKA-dependent

mechanisms seem to be more important than the PKG-de-

pendent mechanisms in the inhibition induced by SNP. This

hypothesis was supported by the effect of KT-5720 and, prin-

cipally, by the effect of Rp-8-CPT-cAMPS. In our laboratory,

additional studies are under way to determine the specificity

of Rp-8-CPT-cAMPS and clarify the biochemical mechanisms

of action of nitric oxide donors in human platelets.
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