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Nitric oxide (NO) is a short lived secondary messenger, syn-
thesized by nitric-oxide synthases (NOS). It is believed that the
activity of inducible NOS (iNOS) is regulated primarily at the
transcription level by inducing expression of iNOS mRNA and
protein, which then continuously produces NO, until its degra-
dation. Platelets do not have the nuclear transcriptional regula-
tory mechanisms of the iNOS gene and are believed to generate
NO in response to agonist stimulation via endothelial NOS
(eNOS). However, here we show that agonist-induced NO pro-
duction is only partially eNOS-dependent and is also mediated
by iNOS. Platelet agonist-induced NO production is signifi-
cantly reduced in iNOS-knockout platelets. PlateletNOproduc-
tion occurs within seconds after agonist addition and is not
accompanied by changes in iNOS protein levels, indicating a
signaling-mediated functional activation mechanism of iNOS.
Importantly, iNOS knock-out and iNOS inhibitors reduce ago-
nist-induced platelet secretion and aggregation and cGMP lev-
els, indicating that iNOS activation is important in stimulating
platelets via the newly identified NO-cGMP-dependent platelet
secretion pathway. Furthermore, iNOS knock-out mice have
prolongedbleeding time, suggesting that this novelmode of reg-
ulation of iNOS activity plays a physiologically relevant role in
hemostasis.

Nitric oxide (NO)4 is involved in various biological processes,
such as vasodilation, host defense, tumor development, hemo-
stasis, and thrombosis (1). It is synthesized from L-arginine by
the family of enzymes known as nitric-oxide synthases (NOS).
There are three isoforms of NOS enzymes: NOS1 (neuronal
NOS, nNOS), NOS2 (inducible NOS, iNOS), and NOS3 (endo-
thelial NOS or eNOS) (2). nNOS and eNOS are constitutively

expressed in cells, and the enzymatic activities of eNOS and
nNOS are regulated by intracellular Ca2� levels and protein
phosphorylation (3). iNOS is currently described as a Ca2�-
independent enzyme that is not normally expressed in resting
cells (2). Upon stimulation of several different cell types (such as
endothelial cells and macrophages) with various cytokines or
bacterial lipopolysaccharide, iNOS transcription is induced,
and, within several hours, iNOS protein is expressed. It is
believed that once induced to express, iNOS is always active and
produces NO until the protein is degraded (4, 5). Interestingly,
constitutive expression of low levels of iNOS has been reported
in various tissues, such as kidneys (6), paranasal sinuses (7), and
blood platelets (8, 9). It is unclear, however, whether this con-
stitutively expressed iNOS is active and how its function is
regulated.
Blood platelets do not have nuclei and thus do not have the

ability to regulate protein expression transcriptionally. Upon
exposure to subendothelium-bound agonists, such as vonWil-
lebrand factor or collagen, or soluble agonists, such as throm-
bin, thromboxane A2, and ADP, at sites of vascular injury,
platelets are rapidly activated to form primary thrombi. Ago-
nist-activated platelets generate NO (10, 11). We have recently
shown that platelet agonists induce activation of phosphoi-
nositide 3-kinase and Akt, which activates eNOS (12) and that
eNOS plays an important role in NO synthesis during platelet
activation and in stimulating cyclic guanosine monophosphate
(cGMP)-dependent platelet secretion and secretion-dependent
platelet aggregation (13, 14). Here, we show that NO synthesis
during platelet activation not only involves eNOS, but is also
mediated by the constitutively expressed platelet iNOS. Induc-
ible NOS-derived NO is also important in promoting platelet
activation, both ex vivo and in vivo, via the cGMP-dependent
mechanism.Thus, our data reveal that iNOScanbe activated by
a physiologically important mechanism that is posttransla-
tional and independent of previously identified transcriptional
regulation.

EXPERIMENTAL PROCEDURES

Materials—Protein synthesis inhibitor puromycin was from
Sigma. iNOS inhibitors, 1400W and aminoguanidine, and
cGMP analog 8-bromo-cGMPwere from Calbiochem. Human
�-thrombin was purchased from Enzyme Research Laborato-
ries. Luciferin/luciferase reagent and collagen were purchased
from Chronolog. INOS- and eNOS-deficient mice, back-
crossed for more than 10 generations to C57BL background,
and C57BL/6 control mice were obtained from Jackson labora-
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tory, and colonies were maintained at the University of Illinois
Biological Resources Laboratory.
Preparation of Washed Platelets—Fresh blood from healthy

volunteers was anticoagulated with 1/7 volume of acid-citrate
dextrose as described (15). For the preparation of mouse plate-
lets, 8–12-week-old mice of either sex were anesthetized with
an intraperitoneal injection of pentobarbital, and blood was
drawn from the inferior vena cava (15). Blood from five to six
mice of either genotype was pooled, and platelets were isolated
by differential centrifugation as described (15). Platelets were
washed two times with CGS buffer (0.12 M sodium chloride,
0.0129M trisodiumcitrate, and 0.03M D-glucose, pH6.5), resus-
pended in modified Tyrode’s buffer, and allowed to rest for at
least 1 h at room temperature before use (16).
Platelet Aggregation and Secretion—Platelet aggregation was

measured in a turbidometric platelet aggregometer (Chro-
nolog) at 37 °C with stirring (1,000 rpm). Platelets were prein-
cubated for 5min at 37 °Cwith various concentrations of inhib-
itors or corresponding vehicle controls before the addition of
platelet agonists. In some experiments, 8-bromo-cGMP was
added immediately after the addition of platelet agonist. Plate-
let secretionwasmonitored in parallel with platelet aggregation
as ATP release in a platelet lumiaggregometer (Chronolog)
with the addition of luciferin/luciferase reagent to the platelet
suspension. Quantification was performed using the ATP
standard. Statistical analysis was performed using a paired
t test.
NO Measurements—Washed mouse platelets in Tyrode’s

bufferwere stimulatedwith thrombin under stirring conditions
at 37 °C. NO release was measured electrochemically in real
time using nafion-coated porphyrinic microsensor, calibrated
with standard NO solutions (17). In some experiments, plate-
lets were preincubated with 200 �M puromycin or vehicle con-
trol for 10min. Thesemeasurementswere done using commer-
cial free radical analyzer Apollo 4000 and nitric oxide sensor
ISO-NOPF (World Precision Instruments) calibrated with NO
donor, S-nitroso-N-acetyl-D,L-penicillamine solutions in 0.1 M
copper(II)-sulfate, according to the manufacturer’s instruc-
tions. Statistical analysis was performed using a t test.

Measurement of Platelet cGMP
Levels—Washed mouse platelets,
resuspended in modified Tyrode’s
buffer, were stimulated with colla-
gen for 5 min in a platelet aggre-
gometer with stirring (1,000 rpm) at
37 °C. Washed human platelets
were preincubated with iNOS
inhibitors for 5 min or an equal vol-
ume of vehicle control at 37 °C
before the addition of agonist and
incubated in a platelet aggregome-
ter with stirring (1,000 rpm) for 5
min. The reaction was stopped by
the addition of ice-cold 12% (w/v)
trichloroacetic acid, the samples
were centrifuged at 2,000 � g for 15
min at 4 °C, and the supernatantwas
extracted four times with 5 volumes

of water-saturated diethyl ether. The samples were lyophilized,
and cGMP concentrations were determined using a cGMP
enzyme immunoassay kit from Amersham Biosciences-Phar-
macia Biotech. Results are expressed as mean � S.E. Statistical
significance between groups was determined by a t test.
iNOS Detection in Platelets—RNA was isolated from C57

black or iNOS knock-out mouse platelets with the total RNA
extraction kit from Promega. Total RNA was reverse-tran-
scribed using Thermoscript RT-PCR (Invitrogen), following
the instructions of the manufacturer. One-tenth of each reac-
tionwas used as a cDNA template for the PCR. iNOScDNAwas
amplified over 45 cycles with a forward primer 5�-CCAAGGT-
TGTCTGCATGGA-3� and reverse primer 5�-TGTCATGAG-
CAAAGGCGCA-3�. PCR products (expected size, 220 bp)
were separated on 2% agarose gels containing ethidium bro-
mide and visualized under a UV lamp. A control PCR was done
from same cDNA preparations using primers specific for glyc-
eraldehyde-3-phosphate dehydrogenase. To exclude the possi-
ble contamination from leukocytes, RNA template was isolated
from washed leukocytes, and RT-PCR was performed using
identical primers and PCR conditions as described for platelets.
Isolation of leukocytes was performed as described (18).
To detect iNOS protein in mouse platelets, washed platelets

(2 � 109 platelets/ml) resuspended in modified Tyrode’s buffer
were solubilized with an equal amount of solubilization buffer
(0.1 M Tris, 10 mM EGTA, 150 mM NaCl, 2% Triton X-100, pH
7.4) containing 0.2 mM E64, 2 mM phenylmethylsulfonyl fluo-
ride, 0.08 unit/ml aprotinin, 2mMNaF and incubated on ice for
20min. After centrifuging for 15min at 13,000� g at 4 °C, both
supernatant and pellets were respectively solubilized in SDS-
PAGE sample buffer and analyzed by SDS-PAGE andWestern
blotting using an anti-iNOS monoclonal antibody (BD Trans-
duction Laboratories). In most experiments, iNOS protein was
only detected in the Triton X-100-insoluble pellet. For detec-
tion of iNOS protein in human platelets, 4 � 109/ml platelets
were solubilized as above. After centrifugation, platelet lysates
were immunoprecipitated with a monoclonal anti-iNOS anti-
body or control IgG. Immunoprecipitates were analyzed by

FIGURE 1. Partial inhibition of thrombin-induced NO production by eNOS knock-out. Equal numbers of
washed mouse platelets (109/ml) isolated from wild-type C57 black mice (WT) or eNOS knock-out (eNOS�/�)
mice were stimulated with 0.1 unit/ml thrombin. NO release was measured in real time with a porphyrinic
microsensor. Shown are representative traces (A) and quantitative data from four experiments (B).

Functional Activation of Inducible Nitric-oxide Synthase

28828 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 43 • OCTOBER 24, 2008



SDS-PAGE and Western blotting with the rabbit polyclonal
anti-iNOS antibody.
eNOS Detection in Platelets—Washed platelets resuspended

in modified Tyrode’s buffer were solubilized with 50 mM �-
octylglucoside, 10mMHepes, 10mM EDTA, 0.15 MNaCl, 1 mM

phenylmethylsulfonyl fluoride, 0.1 mM E64, pH 7.4. After cen-
trifugation, the lysates were incubated with 2�,5�-ADP-agarose
beads, and bound proteins were analyzed by SDS-PAGE and
Western blotting with eNOS-specific antibody (Transduction
Laboratories).
Bleeding Time Analysis—Mice of either sex (10–15 weeks

old, 24–30 g) were anesthetized with pentobarbital (100 �g/g).
Tailswere cut 0.5 cm from the tip and immediately immersed in
0.15 M NaCl at 37 °C. Bleeding was followed visually, and time
to stable cessation of bleeding (no rebleeding within 1min) was
recorded. Data were analyzed by Mann-Whitney and log-rank
tests.

RESULTS

Role of iNOS in Agonist-induced Platelet NOProduction—To
investigate which NOS isoform is responsible for agonist-in-
ducedNOproduction in platelets, wild-type or eNOS�/�plate-
lets were stimulated with thrombin and analyzed for NO
release in real time using an electrochemical detectionmethod.
NO production in eNOS�/� platelets was reduced only by
approximately 50%, compared with wild-type platelets (Fig. 1).
Partial reduction in NO production in eNOS�/� platelets
implies the presence of another NOS isoform. This result is
consistent with our recent data that eNOS knock-out platelets
showed partial reduction in agonist-induced cGMP elevation
(13).
Previous reports have detected low levels of iNOS, but not

neuronal NOS in human platelets (8, 9), although its functional
state remained unknown. Indeed, we have detected the expres-
sion of iNOS mRNA (Fig. 2A) in wild-type but not iNOS�/�

mouse platelets by RT-PCR. The PCR amplicon of iNOS
mRNA fragment is unlikely to be from contaminating leuko-
cytes in platelet preparation because this specific 220-bp band
was not detected in RNA isolated from blood leukocyte prepa-
rations containing up to 50 times higher concentration of leu-
kocytes than the concentration of contaminating leukocytes in
the platelet preparation (106/ml leukocytes versus 2 � 104/ml
leukocytes in platelet preparation) (Fig. 2A). This indicates that
the observed iNOSmRNAwas derived from platelets. Consist-
ent with the expression of iNOS mRNA in wild-type platelets,
we also detected low levels of iNOS protein expression in wild-
type but not in iNOS�/� platelets byWestern blotting (Fig. 2,C
and D). These data suggest that resting mouse platelets consti-
tutively express iNOS. iNOS is also detected in human platelets
(Fig. 2E).
To investigate whether platelet iNOS is functional, wild-type

or iNOS�/� platelets were stimulated with thrombin, and NO
production was measured. Platelets from iNOS-knock-out
mice showed significantly reduced NO production compared
with wild-type platelets (Fig. 3,A and B). Because iNOS-knock-
out platelets express levels of eNOS comparable with wild-type
platelets (Fig. 3C), the reduction in NO production in iNOS-

knock-out platelets suggests that agonist stimulation of plate-
lets induces iNOS-dependent NO synthesis.
iNOS Activation Does Not Result from Increased iNOS Pro-

tein Expression—Agonist-induced NO production in platelets
occurs within seconds after thrombin stimulation and peaks at
approximately 2–3 min (Figs. 1A and 3A). This type of signal is
indicative of transient activation of enzymatic function of
already expressed iNOS protein, which, unlike the transcrip-
tional regulation of iNOS, has not been known previously.
Platelets do not have a nucleus. Although platelets contain a
significant amount of mRNA and have the potential for de novo
protein synthesis (19, 20), significant protein synthesis occurs

FIGURE 2. Expression of iNOS in platelets. A and B, mouse platelet RNA was
isolated from 2.5 � 109 platelets/ml wild-type (WT) or iNOS knock-out plate-
lets (iNOS�/�), and RT-PCR was performed with primers specific for iNOS (A) or
a housekeeping gene, GAPDH (B). Leukocyte contamination of platelet prep-
aration was 2 � 104/ml. RNA isolated from WT mouse leukocytes (WBC) of
indicated concentrations was also analyzed by RT-PCR using iNOS-specific
primers under the same conditions as for platelet preparations to verify that
iNOS fragment was not from leukocyte contamination (A). C, Western blotting
detection of iNOS protein in the Triton X-100-insoluble fraction of WT or
iNOS�/� mouse platelets. A mouse monoclonal anti-iNOS antibody was used
to detect iNOS. An antibody against �-tubulin was used to monitor loading. D,
Western blotting results from each of three experiments described in C were
scanned and quantitated for uncalibrated optical density using National Insti-
tutes of Health ImageJ. Optical density of iNOS band was compared between
wild-type and iNOS�/� platelets and expressed as percentage of wild type.
Statistical significance was analyzed using a paired t test. The percentage
value of the iNOS�/� lane reflects the background level optical density. E,
washed human platelet lysates were incubated with iNOS-specific antibody
or IgG control. Immunoprecipitates were Western blotted for iNOS.
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in response to agonist stimulation only after much longer incu-
bation (21). To exclude the possibility that agonist-stimulated
iNOS activity results from de novo iNOS protein synthesis, we
have compared the protein expression levels between resting
and thrombin-stimulated platelets. Indeed, we show that iNOS
protein levels are similar before and after 5min of agonist stim-
ulation (Fig. 3, D and E), indicating that agonist-stimulated
iNOS activation is independent of changes in the levels of iNOS
protein expression. As a further support to this conclusion, we

also obtained data that preincuba-
tion with a protein synthesis inhibi-
tor puromycin under conditions
shown previously to abolish protein
translation (22, 23) did not affect the
thrombin-induced NO production
in wild-type or eNOS knock-out
platelets (data not shown). Consist-
ent with these results, we have also
obtained data that there is no signif-
icant de novo synthesis of Bcl-3, a
protein shown to be synthesized
after prolonged platelet activation,
after 5 min of agonist stimulation of
mouse platelets under the same
experimental conditions that iNOS-
dependent NO synthesis was dem-
onstrated (data not shown). Thus, it
appears that agonist-induced NO
production does not involve
increased iNOS protein levels. Con-
sequently, these results indicate that
platelet iNOS is activated by a plate-
let agonist-induced signaling mech-
anism that regulates the enzymatic
function of constitutively expressed
iNOS protein.
Role of iNOS in Platelet Activa-

tion and Hemostasis—To deter-
mine whether agonist-induced acti-
vation of iNOS is important in
regulating platelet activation, plate-
lets from wild-type or iNOS-defi-
cientmice were stimulated with low
concentrations of thrombin and
assayed for platelet aggregation (Fig.
4A). iNOS�/� platelets showed sig-
nificantly inhibited aggregation
response, indicating that iNOS
plays an important role in platelet
activation. The inhibitory effect of
iNOS knock-out is characteristic of
a defect in platelet secretion. To
determine whether iNOS knock-
out affects platelet secretion, ATP
release was measured concomi-
tantly with platelet aggregation.
Low dose thrombin-induced plate-
let secretion was inhibited signifi-

cantly in iNOS�/� platelets (Fig. 4A). To determine whether
iNOS activation also plays a role in platelet activation induced
by other platelet agonists, wild-type or iNOS-deficient platelets
were stimulated with a low dose of collagen. Similar to throm-
bin-stimulated platelets, iNOS�/� platelets showed decreased
collagen-induced secretion and aggregation response (Fig. 4B).
Thus, iNOS participates in mouse platelet activation induced
by different platelet agonists. The defect in platelet aggregation
of iNOS knock-out platelets could be overcome at higher ago-

FIGURE 3. Activation of iNOS-dependent NO production by platelet agonists. A and B, equal numbers of
washed mouse platelets isolated from wild-type mice (WT) or iNOS�/� mice were stimulated with 0.1 unit/ml
thrombin. NO release was measured in real time with a porphyrinic microsensor. Shown are representative
traces (A) and quantitative data from four experiments (B). C, platelet lysates from wild-type (WT), iNOS knock-
out (iNOS�/�), or eNOS knock-out (eNOS�/�) mice were incubated with ADP-agarose beads. The bead-bound
proteins were then immunoblotted with a monoclonal anti-eNOS antibody as described (13). To confirm that
equal numbers of platelets were used in the assay, platelet lysates were also immunoblotted with an anti-integrin
�3 antibody. D, washed mouse platelets isolated from wild-type (WT) or iNOS�/� mice were stimulated with or
without 0.1 unit/ml thrombin. iNOS was then detected by Western blotting as described under “Experimental
Procedures.” Equal loading was monitored by immunoblotting with an anti-tubulin antibody. E, Western blotting
results from each of three experiments as shown in D were scanned and quantitated using National Institutes of
Health ImageJ for uncalibrated optical density. The ratio of optical density of iNOS band in thrombin-stimulated
wild-type platelets to that of resting wild-type platelets is expressed as percentage of wild type.
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nist concentrations (Fig. 4, C and D). This is not unexpected
because eNOS also mediates agonist induced NO production
and contributes to platelet activation (13).
To test the effect of iNOS knock-out on hemostasis in vivo,

we have determined bleeding time in a standard tail bleeding
assay in mice. Consistent with the data from ex vivo studies, we
found that iNOS knock-out mice had significantly prolonged
bleeding time compared with wild-type controls. Median
bleeding time for iNOS�/� mice was 208 s, whereas wild-type
mice had a median bleeding time of 115.5 s, p � 0.05 (Mann-
Whitney test). The effect of iNOS knock-out on bleeding
time was also significant by a log rank test (p � 0.05) (Fig. 5).

Taken together, the studies on
iNOS knock-out suggest that the
described posttranslational activa-
tion of iNOS occurs under physio-
logical conditions and plays an
important role in platelet activation
and hemostasis.
Human platelets also express low

levels of iNOS protein (8, 9) (Fig.
2D). To investigate the role of iNOS
in human platelet activation,
washed human platelets were prein-
cubated with iNOS-specific inhibi-
tors 1400W (24) or aminoguanidine
(25) and stimulated with a low con-
centration of agonists. Both agents
inhibited platelet secretion and the
second wave of platelet aggregation
induced by low dose thrombin (Fig.
6A). These iNOS inhibitors also
reduced collagen-stimulated hu-
man platelet secretion and aggrega-
tion (Fig. 6B). The inhibitory effects
of both inhibitors are dose-depend-
ent, with marked inhibition already
observed at 25 �M (supplemental
Fig. 1). It has been reported that
aminoguanidine is 10 times more
selective for iNOS over eNOS with
an IC50 of 330 �M for eNOS,
whereas 1400W exhibits higher
than 4,000-fold selectivity for iNOS
over eNOS and an IC50 of 1,000 �M
for eNOS (2). It has also been
reported that 300 �M 1400W had
only a slight effect on eNOS activity
in a tissue-based activity assay (24).
Therefore, although we do not
exclude very limited effects of these
inhibitors onNOproduction gener-
ated by other enzymes, it is likely
that the inhibitory actions of these
agents result predominantly from
iNOS inhibition. Thus, iNOS-medi-
ated NO production plays an
important role in low dose agonist-

induced human platelet secretion and the secretion-dependent
second wave of platelet aggregation.
iNOS Promotes Platelet Activation in a cGMP-dependent

Manner—NOregulates cellular functions by cGMP-dependent
and -independent signaling pathways. In the cGMP-dependent
pathway, agonist-stimulated NO activates soluble guanylyl
cyclase and induces cGMP synthesis, which then further acti-
vates the cGMP-dependent protein kinase. To investigate the
role of iNOS in cGMP production, we examined the effect of
iNOS knock-out or iNOS inhibitors on collagen-induced
cGMP production. Consistent with previous studies, collagen
induced cGMP elevation (26). Collagen-induced cGMP eleva-

FIGURE 4. Stimulatory role of iNOS in mouse platelet aggregation and secretion. Representative aggrega-
tion and secretion traces of washed wild-type (WT) or iNOS�/� mouse platelets stimulated with 0.02 unit/ml
thrombin (A), 0.5 �g/ml collagen (B), 0.05 unit/ml thrombin (C), or 5 �g/ml collagen (D). The statistical
difference between WT and iNOS�/� platelets was analyzed using a paired t test with following results:
A, aggregation p � 0.0053, n � 5; secretion p � 0.0086, n � 5; B, aggregation p � 0.0106, n � 6; secretion
p � 0.0052, n � 4.
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tion was significantly inhibited by iNOS-knock-out (Fig. 7A) or
iNOS inhibitors (Fig. 7B), suggesting that NO produced by the
agonist-activated iNOS plays an important role in agonist-
stimulated cGMP elevation. Inhibition of cGMP production by
iNOS knock-out was partial, which is consistent with our pre-
vious results that eNOS also plays a role in agonist-induced
platelet NO production and cGMP elevation (13). Thus, both
eNOS and iNOS are important in stimulating the cGMP-de-
pendent signaling pathway, which explains why the respective
knockouts show relatively mild defects in platelet activation.
To determine whether the role of agonist-induced iNOS

activation in stimulating platelet activation is mediated via the
cGMP-dependent signaling pathway, we investigated whether
a membrane-permeable cGMP analog could reverse the inhib-

itory effect of the iNOS inhibitor
1400W on platelet activation. Low
concentrations of cell-permeable
8-bromo-cGMP reversed the inhib-
itory effect of the iNOS inhibitor on
platelet aggregation and secretion
(Fig. 7C). Therefore, agonist-in-
duced iNOS activation is upstream
of the cGMP/protein kinaseG path-
way, which was recently found to
play a stimulatory role in platelet
activation (14, 27).

DISCUSSION

The data presented in this study
demonstrate the novel activation of
iNOS protein by intracellular sig-
nals. These data also indicate that
constitutively expressed low levels
of iNOS serve as a “low output” NO
productionmechanism that is phys-
iologically important in mediating
platelet secretion, aggregation, and
primary hemostasis.
The role of NO in many physio-

logical and pathological processes
has been the subject of a great many
controversies. However, it is
becoming increasingly evident that
NO plays biphasic roles both physi-
ologically and pathophysiologically
in many cells. Thus, the effects of
low concentrations of NO on a
physiological or pathological event
often contradict the effects of high
concentrations of NO. Biphasic
roles of NOhave been shown in leu-
kocytes and macrophages (28–30).
Similarly, NO exerts both stimula-
tory and inhibitory effects during
tumor development depending on
NO concentrations (31). In heart,
liver, and kidney, NO has been
shown to be both proapoptotic and

antiapoptotic, depending on the amount of synthesized NO
and the redox environment (32–34). In platelets, it has been
known for many years that high concentrations of NO donors
(micromolar range) inhibit platelet function (35, 36). However,
we have shown recently that low concentrations of NO (low
nanomolar range) stimulate platelet activation via the cGMP-
dependent protein kinase pathway, again indicating a biphasic
effect of the NO-cGMP pathway in platelet activation (12, 13,
27, 37). It is important to note that the controversy on the role
of NO in platelets has been complicated by the fact that inves-
tigators in some studies used platelet preparations that are
desensitized and thus no longer responsive to low concentra-
tions of agonists (such as 0.1 unit/ml thrombin) (38). Studies
using desensitized platelets are naturally unable to show the

FIGURE 5. Effect of iNOS deficiency on bleeding time. Tail bleeding time experiments were performed as
described under “Experimental Procedures.” Shown is the percentage of mice still bleeding as a function of
time. The difference between wild-type (WT) (black line) and iNOS-deficient mice (iNOS�/�) (gray line) was
significant by a log rank test (p � 0.031).

FIGURE 6. Stimulatory role of iNOS in human platelet aggregation and secretion. A and B, representative
aggregation and secretion traces of washed human platelets preincubated for 5 min at 37 °C with 100 �M

iNOS-specific inhibitors 1400W or aminoguanidine (AG) and stimulated with 0.02 unit/ml thrombin (A) or 0.7
�g/ml collagen (B). The statistical difference between control and inhibitor-treated platelets was analyzed
using a paired t test with following results: A, 1400W aggregation p � 0.0024, n � 4, 1400W secretion p �
0.0442, n � 4; aminoguanidine aggregation p � 0.0018, n � 3, aminoguanidine secretion p � 0.0227,
n � 3; B, 1400W aggregation p � 0.0025, n � 4, 1400W secretion p � 0.0374, n � 4; aminoguanidine aggre-
gation p � 0.0138, n � 4, aminoguanidine secretion p � 0.0136, n � 3.
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stimulatory effect of NO on platelet activation induced by low
concentrations of agonists. Our study is consistent with the
biphasic effect of NO in platelets and further shows that low
concentrations of NO can be produced by iNOS during platelet
activation.
Cells regulateNO levels by regulating the activity and expres-

sion of different isoforms ofNOS.Traditionally, eNOShas been
considered to be a low output enzyme that synthesizes low lev-
els ofNO, believed to serve the physiological role of a secondary
messenger. Conversely, it is believed that iNOS is a high output
NOS whose expression is inducible at the transcriptional level
and that upon expression, iNOS is always active and synthesizes
high levels of NO (4, 5). Catalytic activity of iNOS is almost 10
times higher than eNOS (39, 40). However, it has been shown
recently that the principal NOS isoform mediating NO over-
production responsible for cardiovascular dysfunction during
anaphylactic shock is eNOS rather than iNOS (41), indicating
that isoforms other than iNOS can serve as a high output source
of NO. However, constitutive expression of low levels of iNOS
has been reported in different tissues, including platelets (8, 9),
but the functions of this constitutively expressed iNOS were
previously unknown. Our data clearly show that constitutively
expressed iNOSprotein in platelets can be activated by agonist-
induced intracellular signaling to produce NO and that iNOS
appears to contribute to approximately half of the NO pro-
duced during platelet activation. The significant contribution
of the barely detectable levels of iNOS in platelet NO synthesis
is probably because iNOS protein has much higher catalytic
efficiency than eNOSprotein (40).More importantly, our study
uncovers a novel nontranscriptional regulatory mechanism
that activates the function of constitutively expressed iNOS.
Our data demonstrate that low concentrations of NO

derived from platelet iNOS, similar to eNOS-derived NO, acti-
vate soluble guanylyl cyclase to produce cGMP, which stimu-
lates platelet secretion and thus aggregation. As discussed
above, because of the presence of eNOS, the functional defects
of iNOS knock-out mice are mild and are only shown when
platelets are stimulated with very low concentrations of ago-
nists. However, to our surprise, iNOS knock-out mice showed
prolonged bleeding time.NO is a known vessel dilator, and thus
the effect of reduced NO production by iNOS knock-out on
vascular wall should favor a shortened bleeding time. Thus, our
results suggest that NO generated by platelet iNOS may play a
stimulatory role in in vivo hemostasis. Interestingly, a previous
study showed that when iNOS expression in vascular wall was
induced by tumor necrosis factor-�, the high concentrations of
NO it produced were associated with a reduction in injury-
induced thrombosis in vivo (42). Our data, when combined
with these results, suggest a biphasic role for iNOS in vascula-
ture. Constitutively expressed iNOS can be activated during
platelet activation by posttranslational signaling and thus serve
as a low output NOS that promotes platelet activation and
hemostasis, but high levels of iNOS transcriptionally induced to
express in vascular wall cells by cytokines such as tumor necro-
sis factor-� during inflammation serve as a high output NOS
that is associated with the inhibitory effect on thrombosis (42).
Taken together, our results are not only significant to our

understanding of the roles ofNO signaling pathway in platelets,

FIGURE 7. Roles of cGMP in iNOS-mediated platelet activation. A and B,
wild-type (iNOS�/�) and iNOS-deficient (iNOS�/�) mouse platelets (A) or
human platelets pretreated with or without iNOS inhibitors 1400W (0.1
mM) and aminoguanidine (AG) (0.1 mM) (B) were stimulated with 0.5 �g/ml
collagen for 5 min. cGMP levels (mean � S.E., n � 3) were then deter-
mined. C, washed human platelets pretreated with 100 �M 1400W or
buffer (Control) were stimulated with 0.5 �g/ml collagen followed by the
addition of 1 �M 8-Br-cGMP or vehicle. Note that the addition of a low
concentration of 8-Br-cGMP partially reversed the inhibitory effect of the
iNOS inhibitor on platelet aggregation (p � 0.0111, n � 3) and secretion
(p � 0.0351, n � 3).
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but are also of general significance for the following reasons.
First, these data for the first time indicate that iNOS can be
expressed as a relatively inactive form in cells which becomes
activated in response to stimuli. Second, they indicate that
there are two different iNOS activation mechanisms: a fast
functional activation in which iNOS responds to stimuli imme-
diately without requiring the induction of protein synthesis,
and the slow transcriptional regulation that leads to the pro-
duction of a large quantity of NO. Finally, our data indicate that
iNOS can function both as a low output and a high output NOS
and can be responsible for the biphasic roles of NO in cellular
functions. It would be very interesting to understand further
how iNOS function is activated by intracellular signaling.
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