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ABSTRACT Aggregation of human washed platelets with
collagen is accompanied by a concentration-dependent increase
in cyclic GMP but not cyclic AMP. NG-Monomethyl-L-arginine
(L-MeArg), a selective inhibitor of nitric oxide (NO) synthesis
from L-arginine, reduces this increase and enhances aggrega-
tion. L-Arginine, which has no effect on the basal levels of cyclic
GMP, augments the increase in this nucleotide induced by
collagen and also inhibits aggregation. Both of these effects of
L-arginine are attenuated by L-MeArg. The anti-aggregatory
action of L-arginine is potentiated by prostacyclin and by
M&B22948, a selective inhibitor of the cyclic GMP phospho-
diesterase, but not by HL725, a selective inhibitor of the cyclic
AMP phosphodiesterase. L-Arginine also inhibits platelet ag-
gregation in whole blood in a similar manner, although the
concentrations required are considerably higher. L-Arginine
stimulates the soluble guanylate cyclase and increases cyclic
GMP in platelet cytosol. This stimulation is dependent on
NADPH and Ca2' and is associated with the formation of NO.
Both the formation of NO and the stimulation of the soluble
guanylate cyclase induced by L-arginine are enantiomer spe-
cific and abolished by L-MeArg. Thus, human platelets contain
an NO synthase which is activated when platelets are stimu-
lated. The consequent generation of NO modulates platelet
reactivity by increasing cyclic GMP. Changes in the activity of
this pathway in platelets may have physiological, pathophys-
iological, and therapeutic significance.

Platelets possess a soluble guanylate cyclase which, when
activated, induces an increase in cyclic GMP (1). It was
originally thought that the increase in this nucleotide which
occurs in response to aggregating agents (2, 3) was respon-
sible for aggregation (4, 5). The function of cyclic GMP,
according to the yin yang hypothesis in vogue at the time (6),
was to antagonize the actions of cyclic AMP, an increase in
the levels of which was known to inhibit platelet aggregation
(7, 8). In 1981, however, it was found that the nitrovasodi-
lators and nitric oxide (NO), which stimulate the soluble
guanylate cyclase and increase the levels of cyclic GMP,
concomitantly inhibit aggregation. This led to a reassessment
of the yin yang hypothesis and to the suggestion that the
increase in cyclic GMP may rather be related to inhibition of
platelet aggregation (9).
We have found that the vascular endothelium synthesizes

NO from the terminal guanidino nitrogen atom(s) of L-
arginine (10). This occurs through the action of a soluble
enzyme, the NO synthase (11), which is inhibited by the
L-arginine analogue N0-monomethyl-L-arginine (L-MeArg)
(12). This biochemical system, which we have called the
L-arginine/NO pathway (13), is now known to exist in many
other cells (14), and we have proposed that it is the endog-

enous transduction mechanism for the stimulation of the
soluble guanylate cyclase (13).

In view of these findings and of the fact that L-arginine has
been shown to inhibit platelet aggregation by an unknown
mechanism (15, 16), we have investigated the existence and
biological role of the L-arginine/NO pathway in human
platelets.

MATERIALS AND METHODS
Washed Platelets. Blood was obtained from healthy volun-

teers who had not taken drugs for 10 days prior to the study.
Prostacyclin-washed platelets were prepared from blood
collected into a trisodium citrate/prostacyclin mixture, and
they were finally resuspended in Tyrode's solution contain-
ing 2 mM Ca2' as described previously (17). Aggregation was
induced by collagen (0.1-10.0 ,ug/ml) and was monitored for
6 min in a Payton dual-channel aggregometer by the method
of Born and Cross (18).

Intraplatelet cyclic GMP was measured in the presence of
M&B22948 (1 ,uM). Platelet aggregation was terminated after
3 min by addition of 100 ,ul of 20% HC104; the samples were
then neutralized with K3PO4 (1.08 M, 200 ,l) and, after
centrifugation (12,000 x g for 2 min), samples were assayed
for cyclic GMP content by specific radioimmunoassay (19).
Cyclic AMP in the neutralized sample was also assayed by
specific radioimmunoassay using a commercially available
kit (Amersham).

Platelet Aggregation in Blood. Hirudin (200 units/ml) was
used to prevent blood from clotting without altering the
concentration of divalent cations (20). Blood samples were
incubated in duplicate (37°C, stirring at 900 rpm) in a Payton
dual-channel aggregometer for 3 min prior to addition of
collagen (0.01-3.0 ,g/ml). After a further 3 min, samples
were taken and the free platelets were counted, using a whole
blood platelet counter (Ultra Flo 100, Clay Adams) as pre-
viously described (21).

Preparation of Platelet Cytosol. Washed platelets (7-8 X
1010) were resuspended in 5 ml of buffer (0.32 M sucrose, 10
mM Hepes, 1 mM DL-dithiothreitol, pH 7.4) and were
homogenized by sonication twice for 5 s with a Soniprep
(MSE). The homogenate was centrifuged at 150,000 X g for
30 min. The supernatant was passed through a 2-ml column
of cation-exchange resin (AG 50W-X8) to remove endoge-
nous arginine. The NO synthase in the platelet cytosol was
determined either as activation of the soluble guanylate
cyclase or as formation of NO.

Activation of the Soluble Guanylate Cyclase. In experiments
in which NO synthase was assayed by activation of the
soluble guanylate cyclase the column effluent was also
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passed through a 2-ml column of Sephadex G-25 to remove
low molecular weight components. The resulting platelet
cytosol was stored on ice and used within 30 min.

Incubations for cyclic GMP formation were initiated by
addition of 100 Al of platelet cytosol (5 ,ug of protein) to
prewarmed (370C) buffer, to give (final concentrations) 25
mM Tris HC1, 5 mM GTP, 5 mM MgCl2, 1 mM 3-
isobutyl-1-methylxanthine, pH 7.2 at 370C. After 20 min of
incubation the reaction was terminated and the cyclic GMP
in the mixture was determined as described for washed
platelets.

Spectrophotometric Determination of NO. Platelet cytosol
was prepared from 1-2 x 1011 platelets as described above,
except that the Sephadex G-25 step was omitted. In some
experiments the Ca2+ concentration was controlled with
Ca2+/EGTA buffers such that the final free Ca2+ concentra-
tion was 0.03-3.0 AuM as described previously (22). The
cytosol was divided into two 3-ml samples (40.1 ± 1.7 mg of
protein per ml, n = 3) and NO production was determined by
the method of Feelisch and Noack (23). This method is based
on the rapid and stoichiometric reaction of NO with oxyhe-
moglobin to yield methemoglobin and nitrate. Briefly, each
3-ml sample was incubated with oxyhemoglobin (5 ,M) at
370C in a dual-wavelength spectrophotometer (Shimadzu,
Kyoto) and the rate of NO-induced formation of methemo-
globin was measured for 15 min as the difference in absor-
bance between 401 and 411 nm (401 nm is the maximum and
411 nm is the isobestic point for the difference spectrum of
methemoglobin vs. oxyhemoglobin). The rate of NO forma-
tion was linear over this time.

Reagents. Collagen (Hormon-Chemie, Munich), leech re-
combinant hirudin, L-arginine, D-arginine, L-homoarginine,
L-lysine, NADPH, and DL-dithiothreitol were all from Sigma.
Prostacyclin sodium salt, L-MeArg, and N0-monomethyl-
D-arginine (D-MeArg) were all from Wellcome. 2-0-
Propoxyphenyl-8-azapurine-6-one (M&B22948, May &
Baker, Dagenham, United Kingdom), 9,10-bimethoxy-
3-methyl-2-mesitylimino-3,4,6,7-tetrahydro-2,4-pyrimido-
(6,1-A)-isoquinoline-4-one hydrochloride (HL725, Hoechst),
3-isobutyl-1-methylxanthine (Aldrich), Sephadex G-25 (Phar-
macia), and AG 5OW-X8 (Bio-Rad) were obtained as indi-
cated. Hemoglobin was prepared as described (24). Arginine
analogues and hirudin were dissolved and diluted in distilled
water and all the other compounds were made up as de-
scribed previously (25). All reagents were incubated with
washed platelets or blood for 3 min prior to the addition of the
aggregating agent.

Statistics. All values are means ± SEM of n experiments.
Values were compared by using the t test for unpaired data
and P < 0.05 was considered as statistically significant.

RESULTS
Platelet Aggregation and Cyclic GMP Levels. Collagen

(0.1-10.0 ,ug/ml) induced a concentration-dependent aggre-
gation of washed platelets (Fig. 1), which was accompanied
by an increase in intraplatelet cyclic GMP (Fig. 2) but not
cyclic AMP (not shown).
The aggregation induced by collagen at 1 ,tg/ml was

inhibited by L-arginine (Figs. 1 and 3) in a concentration-
dependent manner with an IC50 of 8.9 ± 1.0 ,M (n = 5). This
anti-aggregating effect was not affected by HL725 (1 fM), but
it was potentiated by a subthreshold concentration of pros-
tacyclin (0.1 nM; not shown) or by M&B22948 (1 AM; Fig. 3),
such that the IC50 values were 2.8 ± 0.5 ,uM and 2.3 ± 0.7
AM, respectively (n = 5).

L-Arginine (30 /LM) did not affect basal cyclic GMP levels
(0.9 ± 0.2 pmol per 108 platelets, n = 5). However, it
significantly enhanced the rise in cyclic GMP induced by
collagen (Fig. 2). L-MeArg (1-30 ,uM), in contrast, potenti-
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FIG. 1. Effect of L-arginine and L-MeArg on platelet aggregation
induced by collagen. e, Control, no additions. Platelet aggregation is
enhanced by L-MeArg (10 ,uM; v) and inhibited by L-arginine (30 ,uM;
o). The inhibitory effect of L-arginine (30 ,uM) is prevented by
L-MeArg (30 /LM; o). Each value is the mean ± SEM from five
separate experiments.

ated collagen-induced aggregation (Fig. 1) and decreased the
collagen-induced rise in cyclic GMP (Fig. 2). The anti-
aggregating effect and the enhancement of cyclic GMP levels
induced by L-arginine were also inhibited by L-MeArg (Figs.
1 and 2). Hemoglobin (1 uM) or D-MeArg (100 ,uM) had no
effect on either collagen-induced aggregation or rise in cyclic
GMP (n = 3 for each).
L-Homoarginine was a weak inhibitor of platelet aggrega-

tion. At 100 ,uM, it inhibited significantly platelet aggregation
by 15% ± 5% (n = 3). This was increased to 55% ± 10% (n
= 3, P < 0.05) in the presence of M&B22948 (1 ,M).
D-Arginine, D-MeArg, L-lysine (all at 100 ,uM, n = 3), and
hemoglobin (1 ,uM; n = 3) had no effect on platelet aggre-
gation.
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FIG. 2. Effect of L-arginine and L-MeArg on cyclic GMP (cGMP)
formation induced by collagen. Collagen (0.3, 1.0, and 3.0 Ag/ml)
results in a dose-dependent increase in the formation of cyclic GMP
above basal levels. This effect is inhibited by L-MeArg (10 ,uM). In
contrast, L-arginine (30 ,uM) enhances the formation of cyclic GMP
induced by collagen. This effect of L-arginine is abolished by
L-MeArg (30 ,uM). All incubations were carried out in the presence
of M&B22948 (1 uM). Each value is the mean - SEM from five
separate experiments.
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FIG. 3. Effect of L-arginine on
collagen-induced platelet aggrega-
tion. (A) L-Arginine (3-30 ,uM) in-
hibits platelet aggregation induced
by collagen (1 ,ug/ml) in a dose-
dependent manner. The numbers
beside the tracings show concentra-
tions of L-arginine in AuM. (B) The
aggregation of platelets induced by
collagen (1 ,ug/ml) is only slightly
inhibited by L-arginine (3 A&M; +
L-Arg). This effect of L-arginine is
potentiated by M&B22948 (1 ,uM; +
M&B + L-Arg). M&B22948 does
not affect aggregation on its own.
Tracings are representative of five
similar experiments.

In blood, collagen (0.01-3.0 gg/ml) also induced platelet
aggregation, an effect shown as a concentration-dependent
decrease in the number of free platelets to 5% ± 3% (n = 5)
of the initial count at the highest concentration. This aggre-
gation was inhibited by L-arginine with an IC50 of 234 ± 43
gM (n = 5). The anti-aggregatory effect of L-arginine was
reversed by L-MeArg (30-1000lM) and significantly poten-
tiated by subthreshold doses of prostacyclin (0.1 nM) or by
M&B22948 (1 ,M), such that the IC50 values were 108 ± 9
and 122 ± 15 ,uM, respectively (n = 4). L-Homoarginine was
also a weak inhibitor of platelet aggregation in blood, causing
a significant inhibition of 13% ± 5% (n = 3) at 1000 ,uM. This
was increased to 38% ± 9% (n = 3) in the presence of
M&B22948 (1 KM). D-Arginine, D-MeArg, and L-lysine, at
concentrations up to 1000 ,uM, had no effect on collagen-
induced aggregation in blood.

Activation of the Soluble Guanylate Cyclase. The basal rate
of cyclic GMP formation in platelet cytosol from which the
low molecular weight components had been removed was
0.10 ± 0.06 nmol/min per ml. This was significantly elevated
to 2.2 ± 0.5 nmol/min per ml by addition of sodium nitro-
prusside (30 ,uM) (Fig. 4).

L-Arginine alone (3-300 ,uM) did not affect the rate of
formation of cyclic GMP (n = 5). However, in the presence
of NADPH (300 ,uM), it caused a significant increase in the
rate of formation of cyclic GMP (Fig. 4). All further deter-
minations of guanylate cyclase activity in platelet cytosol
were carried out in the presence ofNADPH at 300 ,tM, which
was found to be maximally effective (data not shown). Cyclic
AMP formation was not observed in these incubations (<0.01
nmol/min per ml, n = 3). L-Homoarginine (300 uM) was
approximately 1/5th as effective as L-arginine in stimulating
guanylate cyclase activity in platelet cytosol, while D-
arginine (300 ,uM) had no effect (Fig. 4).
The stimulation of guanylate cyclase by L-arginine (300

,uM) was inhibited in a concentration-dependent manner by
hemoglobin (IC50 = 0.22 ± 0.06 uM; n = 5) and L-MeArg
(IC50 = 35.3 ± 7.1 ,uM; n = 5).

NO Synthase. The basal rate of NO formation in platelet
cytosol from which the low molecular weight fraction had not
been removed was 8.0 ± 2.7 fmol/min per mg of protein (n
= 3). This was abolished (<2 fmol/rnin per mg of protein; n
= 3) by L-MeArg (100 ,uM). Addition of L-arginine (10-100
,uM), but not D-arginifle (up to 100 AM), resulted in a
concentration-dependent increase in the rate of formation of
NO. Addition of L-MeArg (100 AM) reduced the rate of NO
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FIG. 4. NO synthase activity assayed by activation of guanylate
cyclase in platelet cytosol. The basal activity of guanylate cyclase is
enhanced by sodium nitroprusside (30 ,M; SNP). L-Arginine alone
(300 AM) has no significant effect on the rate of formation of cyclic
GMP, but it induces significant enhancement in the presence of
NADPH (300,UM). D-Arginine (300 ,uM) + NADPH has no effect,
whereas L-homoarginine (300 ,M; L-Har) + NADPH is a weak
activator. All incubations were carried out in the presence of
3-isobutyl-1-methylxanthine (1 mM). Each value is the mean - SEM
of five separate experiments.
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FIG. 5. NO formation in platelet cytosol. The basal rate of NO
formation is enhanced in a concentration-dependent manner by
L-arginine (10, 30, 100 A.M) but not by D-arginine (100 jAM). NO
formation induced by L-arginine (100 jIM) is abolished by L-MeArg
(100 ,.M). Each value is the mean - SEM of three separate
experiments.

formation in the presence of L-arginine (100 ,uM) to below the
limit of detection (Fig. 5). In the absence of Ca2' (1 mM
EGTA) the L-arginine (100 ,M) -induced formation of NO
was not detectable (<2 fmol/min per mg of protein). The
addition of Ca2+ (0.03-3.00 AM) caused a concentration-
dependent increase in the rate of NO formation (Table 1) to
a maximum of 110 ± 11 fmol/min per mg of protein (n = 3).

DISCUSSION
Platelet aggregation induced by collagen was accompanied by
an increase in cyclic GMP. L-MeArg, an inhibitor of the NO
synthase in other tissues (14), inhibited this increase in cyclic
GMP and potentiated aggregation. Furthermore, L-arginine,
the substrate for NO generation (10), enhanced the increase
in cyclic GMP and inhibited aggregation. Both of these
effects of L-arginine were inhibited by L- but not D-MeArg
and were potentiated by M&B22948, a selective inhibitor of
the platelet cyclic GMP phosphodiesterase (26), but not by
HL725, a selective inhibitor of the cyclic AMP phosphodi-
esterase (27). Furthermore, prostacyclin, which synergizes
with NO to inhibit platelet aggregation (25, 28), also syner-
gized with L-arginine in this respect. All these effects are
consistent with the formation of NO from L-arginine by the
platelets. Furthermore, the NO formed activates soluble
guanylate cyclase to elevate intraplatelet cyclic GMP levels,
leading to down-regulation of platelet reactivity. Whether the
NO formed also influences platelet reactivity by a cyclic
GMP-independent mechanism, such as by stimulation of
ADP-ribosylation (29), remains to be established.

Support for the existence of the L-arginine/NO pathway in
the platelets comes from experiments with platelet cytosol. In
these an increase in cyclic GMP was observed not only with
sodium nitroprusside, a compound that releases NO (23), but
also with L-arginine and to a lesser extent with L-homo-

Table 1. Effect of Ca2+ on NO synthesis by platelet cytosol
Free Ca2+, NO formation,

AuM fmol/min per mg protein
0.03 ND
0.10 22 ± 4
0.30 110 ± 18
3.00 102 ± 14

Results are mean ± SEM (n = 3). ND, not detectable.

arginine. The effect of L-arginine was enantiomer specific,
inhibited by L-MeArg, and dependent on the presence of
NADPH, indicating the enzymatic nature of this reaction. In
addition, measurements in the platelet cytosol demonstrated
an L-arginine- and NADPH-dependent formation ofNO which
was inhibited by L-MeArg, providing conclusive evidence for
the existence of the L-arginine/NO pathway in the platelets.
The formation of NO from L-arginine in platelet cytosol

was dependent on the free Ca2l concentration over the range
0.10-3.00 ,uM, indicating that the NO synthase in platelets is
Ca2' dependent. These concentrations of Ca2' are similar to
those over which the brain NO synthase is activated and are
comparable to the changes in intracellular Ca2+ concentra-
tion in platelets after stimulation (30). It is therefore likely
that, as we have previously proposed for the brain NO
synthase (22), it is this rise in Ca + that activates the NO
synthase in platelets.
These data show that the platelet enzyme is similar to that

in the endothelium (10), the brain (22), and the adrenal gland
(31), for all of them are Ca2+ dependent and do not utilize
L-homoarginine effectively as a substrate. These two char-
acteristics are not, however, shared by the macrophage (32)
and neutrophil (33) enzymes. Further evidence for the plate-
let NO synthase being of the endothelial type comes from the
finding that it requires only NADPH for activity, unlike the
macrophage enzyme, which requires other low molecular
weight cofactors (34, 35).
Hemoglobin, a powerful inhibitor ofthe actions ofNO (25),

did not reverse the effects of L-arginine in washed platelets.
However, it was the most effective inhibitor of the increase
in cyclic GMP induced by L-arginine in platelet cytosol,
indicating that hemoglobin did not penetrate the platelet
membrane efficiently. Thus, the L-arginine/NO pathway acts
as an intraplatelet negative feedback mechanism to regulate
reactivity. This is different from the vascular smooth muscle,
which relaxes in response to NO generated in a different cell,
the endothelium.

Interestingly, L-arginine did not increase the basal levels of
cyclic GMP in unstimulated platelets but did so when they
were activated with collagen. This shows that this NO
synthase can utilize exogenous substrate only once it is
activated, a fact that we have previously observed in the
neutrophil (33). Whether this is a function of the uptake of
arginine into the cell or of the regulation of the NO synthase
by the substrate is not yet known. In this context it is worth
noting that L-arginine was 1/20th to 1/30th as active as an
inhibitor of platelet aggregation in blood as in washed plate-
lets. This may be a reflection of a down-regulation of L-
arginine uptake into the platelets by the high concentrations
(48-140 ,uM; refs. 36 and 37) of L-arginine in blood.
The relationship between intracellular and extracellular

arginine and its biological relevance remains to be estab-
lished. It is possible that a decrease in the levels of L-arginine
may enhance platelet reactivity and be prothrombotic. In
contrast, an increase in dietary L-arginine might result in a
decrease in platelet reactivity and therefore provide an an-
tithrombotic effect. Since L-arginine will be utilized not only
by the platelets but also by endothelial cells and phagocytes,
the potential biological consequences of this intervention
might be significant for the prevention or treatment of dis-
eases other than arterial thrombosis.

Finally, the description of the formation of NO from
L-arginine in the platelets further exemplifies the widespread
distribution and the biological relevance of the L-arginine/
NO pathway as the endogenous activator of the soluble
guanylate cyclase (13).

We are indebted to Dr. M. Feelisch for help with NO measure-
ments and to Mrs. E. A. Higgs and Mrs. G. Henderson for assistance
in the preparation of this manuscript.
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