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ABSTRACT
Thrombin induces platelet activation through an early, revers-
ible stage of platelet aggregation, which is followed by a later,
irreversible stage of platelet aggregation. Without intervention,
events leading to pathological platelet activation can result in
vessel occlusion, acute coronary syndrome, and stroke. There-
fore, a better understanding of events leading to platelet-me-
diated clot formation may provide insight into new therapeutic
targets. Once activated, protease activated receptors (PARs)
are essential in regulating events leading to platelet aggrega-
tion. We have determined a signaling cascade through PAR1,
which involves phosphatidylinositol (PI) kinases, phosphatidyl-
inositol bisphosphate (PIP2), and Rap1 activation (independent
of P2Y12) in the formation of a stable platelet aggregate. The

putative phosphatidylinositol-3 kinase (PI3K) inhibitor
LY294002 was found to reduce basal and PAR-stimulated PIP2
levels by mass spectrometry and to inhibit PAR1-mediated
stable platelet aggregation. Rap1 activation in platelets (during
time points corresponding to the late, irreversible phase of
aggregation) was found to require the PI signaling pathway.
Perturbation of PI3K signaling by isoform-selective inhibitors
had differential effects on Rap1 activation through PAR1 and
PAR4. Hence, it is possible to disrupt lipid signaling pathways
involved in stable clot formation without inhibiting early clot
formation, offering a new potential target for antiplatelet ther-
apy.

Research spanning nearly three decades has firmly estab-
lished the role of platelet activation in the pathophysiology of
cardiovascular disease and acute coronary syndromes (El-
wood et al., 1991; Ross, 1999; Gurbel and Bliden, 2003),
because platelet activation plays a critical role in the forma-
tion of intravascular thrombus at the site of arterial injury or
plaque rupture (Fuster et al., 1992). Under pathological con-
ditions, a local increase in thrombin concentrations may re-
sult in a perpetual feed-forward activation of platelets, re-

sulting in subsequent occlusion of coronary vessels and
stroke. In platelets, thrombin signals through the activation
of protease-activated receptors (PAR1 and PAR4). Inhibition
of specific points in PAR signaling pathways leads to the
attenuation of normal aggregation kinetics (Holinstat et al.,
2007), suggesting that regulation of PAR1- and PAR4-medi-
ated aggregation does not occur through identical signaling
cascades.

Phosphatidylinositol phosphates PIP, PIP2, and PIP3

(PIPn) are produced upon the activation of PI-kinases. In
human platelets, PI(4,5)P2 (PIP2) is the major substrate for
PI(3,4,5)P3, (PIP3) and both of these have been implicated in
thrombin-mediated signaling processes in platelets (Hartwig
et al., 1995; Yang et al., 2004). A number of studies have
investigated the role of PI3-kinase (PI3K) � in outside-in
signaling, and studies suggest a potential role for other PI3K
isoforms in inside-out signaling (Jackson et al., 2005; Schoen-
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Fig. 1. PAR1-mediated platelet aggregation requires PI-kinase and AKT signaling in the human platelet. Washed platelets were treated with 100 �M
LY294002 for 15 min, 50 �M 2-MeSAMP for 5 min, 20 �M AKTi X for 1 h, or both 2-MeSAMP and LY294002. After treatment, platelet aggregation
and Rap1 activation were measured after stimulation with either 20 �M PAR1-AP or 200 �M PAR4-AP. a, treatment with LY294002 or AKTi X
significantly inhibited PAR1-AP but not PAR4-AP-stimulated platelet aggregation (n � 4). PAR4-AP was able to rescue PAR1-AP-induced platelet
aggregation treated with LY294002 or AKTi X (n � 3). b, PAR-induced platelet aggregation after treatment with 2-MeSAMP, LY294002, or 2-MeSAMP
and LY294002 (n � 3). C, washed platelets were treated either with or without LY294002 or AKTi X. Platelets were then stimulated with either
PAR1-AP or PAR4-AP for various times (0, 0.5, 1, 5, 10, or 15 min), and the level of Rap1 activity was determined relative to unstimulated conditions.
Total Rap1 from platelet lysates was measured to confirm equal protein loading for each condition. PAR1-mediated Rap1 activation was significantly
attenuated after treatment with either LY294002 (n � 6) or AKTi X (n � 3) for control; �, P � 0.05. D, washed platelets were treated either with or
without 2-MeSAMP or LY294002 and 2-MeSAMP. Platelets were then stimulated with either PAR1-AP or PAR4-AP for various times (0, 0.5, 1, 5, 10,
or 15 min), and the level of Rap1 activity was determined (n � 3). Total Rap1 from platelet lysates was measured to confirm equal protein loading for
each condition. PAR-mediated Rap1 activation was significantly attenuated after treatment with LY294002 and 2-MeSAMP versus control conditions
(�, P � 0.05). For analysis of PAR4-AP, Rap1 activation was compared in platelets treated with LY294002 versus those treated with both LY294002
and 2-MeSAMP (�, P � 0.05).
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waelder et al., 2007). PIP3 (and its precursor PIP2) may serve
a critical role in platelet function. In platelets, activation
with thrombin has been shown to stimulate PIP2 production
(Nolan and Lapetina, 1990), and activation of the thrombin
receptor with the thrombin receptor-activating peptide has
been shown to cause redistribution of platelet phosphatidyl-
inositol-4-phosphate-5-kinase type I (PI5K) to the cytoskel-
etal fraction (Yang et al., 2004). Consistent with its role in
actin-mediated processes, thrombin has been shown to regu-
late PI5K association with cytoskeletal components (Grondin
et al., 1991), and blocking cytoskeletal regulators such as Rho
kinase has been shown to reduce PIP2 accumulation (Grata-
cap et al., 2001).

We have suggested previously a requirement for signaling
through phospholipase D (PLD) in PAR1- but not PAR4-
mediated aggregation (Holinstat et al., 2007). The previous
work used primary alcohols to suppress the production of
1-heptadecanoyl-2-(9-tetradecenoyl)-sn-glycero-3-phosphate
(PA) by PLD (via transphosphatidylation) (Singer et al.,
1997) and propranolol, known to inhibit the lipid phospha-
tase involved in the conversion of PA to DAG (Koul and
Hauser, 1987). These pharmacological techniques suggest
that platelet aggregation through PAR1 is sensitive to agents
involved in PLD-mediated PA production and DAG down-

stream of PA. This phospholipase C-independent pool of DAG
may play a critical role in the regulation of Rap1. Further-
more, because PIP2 is an essential cofactor for PLD activa-
tion, this may render the PAR1 pathway particularly sensi-
tive to agents that perturb PIP2 formation.

Rap1, a Ras family member, is highly expressed in human
platelets. In vivo, activation of Rap1 has been shown to play
a crucial role in the maintenance of hemostasis after vascular
insult (Crittenden et al., 2004; Chrzanowska-Wodnicka et al.,
2005). Furthermore, Rap1 activation is regulated through
both G-protein-coupled receptor activation and outside-in
signals via integrin activation (Brass, 2003). The temporal
regulation of Rap1 activity may provide the key to under-
standing its role in platelet homeostasis and aggregation,
because the biochemical signals that shift the aggregate from
unstable (reversible) to stable (irreversible) (Ruggeri, 2002)
most likely determine the extent of vessel occlusion under
pathological conditions.

A multidisciplinary approach involving a combination of
detailed biochemical and pharmacological studies is pre-
sented herein, which helps elucidate the pathway from PAR1
stimulation to stable aggregation, regulated by specific PI-
kinases and characterized by persistent Rap1 activation.
This study also highlights the interplay between Rap1, lipid

Figure 1. (Continued)
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signaling, and the mechanisms regulating transient versus
irreversible platelet aggregation. Our findings (using activat-
ing peptides at their EC100) suggest that phosphatidylinosi-
tol signaling is intimately tied to PAR1-mediated stable
platelet aggregation. We demonstrate that inhibition of PI-
kinases interferes with sustained platelet activation medi-
ated by PAR1 activation and attenuates PAR1-mediated ac-
tivation of Rap1. PI3K�, -�, and possibly -� may play unique
roles in the regulation of PAR1-mediated formation of stable
platelet aggregates that are distinct from those activated by
PAR4 stimulation. Furthermore, direct-infusion MS PIPn

analysis reveals that LY294002 mediates reductions in basal
and stimulated PIP2 levels, which is composed in large part
of PI(4,5)P2 (Pettitt et al., 2006), suggesting that this com-
pound has effects not only on PI3 kinases but also on other
enzymes such as PI5 kinases. Hence, PIP2, PIP3, PI3K, and
PI5K are implicated in the PAR1-mediated pathway, leading
to persistent Rap1 activation and stable platelet aggregation.

Materials and Methods
Materials. Human �-thrombin (2700 NIH units/mg) was pur-

chased from Enzyme Research Laboratories (South Bend, IN). PAR1
(PAR1-AP; SFLLRN) and PAR4 (PAR4-AP; AYPGKF) were pur-
chased from GL Biochem (Shanghai, China). All solvents used for
extraction, mass spectrometry, and nondeuterated and fully deuter-
ated primary butanol were purchased from EM Scientific (Gibbs-
town, NJ) and Acros Organics (Fairlawn, NJ). 1,2-Dioctanoyl-sn-
glycero-3-(phosphoinositol-4,5-bisphosphate) was purchased from
Avanti Polar Lipids (Alabaster, AL). Anti-Rap1 antibody was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Blocking
buffer and anti-rabbit IRDYE 800 antibody were purchased from
LI-COR Biosciences (Lincoln, NE). Anti-PIP5K� was purchased from
AbCam Inc. (Cambridge, MA). Anti-phospho-AKT was purchased
from Cell Signaling Technologies (Danvers, MA). Protein A Sepha-
rose Beads were from GE Healthcare (Chalfont St. Giles, Bucking-
hamshire, UK). Aggregometers and supplies were purchased from
Chrono-Log (Havertown, PA). Propranolol and 2-MeSAMP were pur-
chased from Sigma-Aldrich (St. Louis, MO). 10-(4�-(N-diethylami-
no)butyl)-2-chlorophenoxazine (AKT inhibitor X; AKTi X) and PI-103
were purchased from Calbiochem (San Diego, CA). PI3K inhibitors
(TGX-115, SW14, and SW30) were provided by Kevan Shokat (Uni-
versity of California San Francisco, San Francisco, CA).

Human Platelets. Human platelets were obtained from healthy
volunteers within the Vanderbilt University community. Studies
were approved by the Vanderbilt University Institutional Review
Board. Informed consent was obtained from all individuals before
blood donation. All experiments were performed on washed platelets
that were prepared as described previously (Holinstat et al., 2007).
Platelets for the PIPn analysis were washed three times and resus-
pended in buffer without acid citrate dextrose. Reported results are
the data obtained using platelets from multiple subjects. Unless
otherwise noted, all experiments were conducted with a platelet
concentration of 3 � 108 platelets/ml and agonist concentrations
corresponding to maximal receptor activation with thrombin, PAR1-
AP, or PAR4-AP (10 nM, 20 �M, and 200 �M, respectively) based on
previous studies (Holinstat et al., 2006, 2007).

Platelet Aggregation. Washed platelets were pretreated with
inhibitors as indicated before the measurement of aggregation re-
sponse to thrombin, PAR1-AP, or PAR4-AP using an aggregometer
with stirring at 1000 rpm at 37°C.

Measurement of RAP1 Activity. Rap1 activity was measured
using GST-RalGDS-Rap1-binding domain that specifically interacts
with activated Rap1 as described elsewhere (van Triest et al., 2001;
Holinstat et al., 2007). Activated Rap1 was detected by immunoblot-
ting with the anti-Rap1 antibody. In parallel experiments using

whole platelet lysate, Rap1 expression was analyzed to confirm equal
protein loading.

Immunoprecipitation of Rap1-Associated Complexes.
Washed platelets were stimulated with 20 �M PAR1-AP for the
indicated times and lysed with an equal amount of 2� platelet lysis
buffer (100 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2% Igepal CA-630,
1% sodium deoxycholate, 0.05% SDS, 2 mM Na3VO4, 2 mM phenyl-
methylsulfonyl fluoride, 2 �g/ml leupeptin, 2 �g/ml aprotinin, and 2
�g/ml pepstatin). Lysates were precleared with 20 �l of protein A
beads for 1 h. Precleared samples were centrifuged at 4000 rpm at
4°C for 3 min, and supernatants were transferred to fresh 1.5-ml
tubes containing 3 �g of anti-Rap1 antibody and rotated at 4°C for
4 h. Protein A beads (20 �l) were added to each tube, and the tubes
were rotated at 4°C overnight. The next morning, the samples were
washed four times with wash buffer (100 mM Tris-HCl, pH 7.4, 150
mM NaCl, 2 mM Na3VO4, 2 mM phenylmethylsulfonyl fluoride, 2
�g/ml leupeptin, 2 �g/ml aprotinin, and 2 �g/ml pepstatin), and
Rap1-complexes were dissociated from Protein A beads with the
addition of 2� Laemmli buffer, boiled for 5 min, and analyzed for
PI5K� by Western blot analysis.

Phosphatidylinositol Phosphate Determination. Phosphati-
dylinositol extraction was performed as described previously
(Milne et al., 2005), with the following modifications: Washed
platelets were resuspended in Tyrode’s buffer, and 500-�l aliquots
of the platelet suspension were treated as indicated. For
LY294002- and PI-103-treated samples, platelet suspensions were
incubated with inhibitor for 15 min in the dark at 37°C before
stimulation with PAR1-AP agonists. After stimulation with PAR1-
AP, platelets were immediately centrifuged at 4°C at 8000 rpm for
5 min. Samples were kept cold throughout the procedure. Super-
natants were removed, followed by the addition of 400 �l of 1:1
CHCl3/CH3OH. Samples were vortexed, centrifuged at 8000 rpm
for 5 min, and supernatants were discarded. Pellets were ex-
tracted into 200 �l of 2:1 chloroform/methanol containing 0.25%
concentrated HCl. Supernatants were washed twice with 40 �l of
1 N HCl before drying in vacuo (CentriVap Concentrator;
Labconco, Kansas City, MO). Dried lipid(s) were rapidly redis-
solved in 55 �l of 1:1:0.3 CHCl3/CH3OH/H2O. Just before analysis,
5 �l of 300 mM piperidine (Milne et al., 2005) and 1 �l of the
internal standard 1,2-dioctanoyl-sn-glycero-3-(phosphoinositol-
4,5-bisphosphate) (0.11 mg/ml) was added to each sample, and the
sample was vortexed and centrifuged briefly before MS analysis
by direct infusion. Results are normalized relative to PI 38:4 at
885 m/z in bar graphs to control for the efficiency of phospholipid
extraction.

Analysis of PAR1- and PAR4-Mediated Changes in PI Frac-
tion. Lipid extracts were prepared from platelet suspensions as
described previously (Milne et al., 2006) with the following modifi-
cations. Washed platelets were stimulated with PAR1-AP, PAR4-AP,
or the combination of both. After stimulation at 37°C for 15 min, 400
�l of ice-cold 0.1 N HCl/methanol (1:1) was added, vortexed, and
maintained at 4°C. Chloroform (400 �l) was added, samples were
vortexed again, and 40 �l of an internal standard containing equimo-
lar amounts (8 �M) of 25:0 1-dodecanoyl-2-tridecanoyl-sn-glycero-3-
phosphocholine and 31:1 PA was added to the organic layer before
drying in vacuo. Dried lipids were resuspended in 80 �l of chloro-
form/methanol (9:1). Changes for 885 m/z PI fraction in lipid ex-
tracts (relative to internal standard) were analyzed by direct-infu-
sion MS on a Finnigan TSQ Quantum triple quadrupole mass
spectrometer (Thermo Fisher Scientific, Waltham, MA), and the
identity of 885 m/z peak as 38:4 PI was confirmed by tandem mass
spectrometry fragmentation.

Statistical Analysis. Comparison between experimental groups
was made using a t test from the Prism software package (GraphPad
Software Inc., San Diego, CA). Differences in mean values were
considered significant at p � 0.05.
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Results
PI-Kinase Signaling Requirement for Normal PAR1-

Mediated Platelet Aggregation. Several studies have un-
covered important roles for PIPns in the regulation of platelet
function (Hartwig et al., 1995; Yang et al., 2004; Voss et al.,
2007). To determine the role PIPns play in PAR-mediated
platelet aggregation, platelets were stimulated with
PAR1-AP or PAR4-AP in the presence or absence of the PI3K
inhibitor (LY294002), AKT inhibitor (AKTi X)(Thimmaiah et
al., 2005), P2Y12 receptor antagonist (2-MeSAMP), or a com-
bination of LY294002 and 2-MeSAMP (Fig. 1, a and b). Plate-
lets treated with LY294002 or AKTi X resulted in a signifi-
cant decrease in PAR1-AP-mediated maximal platelet
aggregation that became unstable over a matter of minutes,
whereas stimulation with PAR4-AP resulted in minimal in-
hibition of maximal aggregation with no instability observed
for at least 10 min after stimulation (Fig. 1a).

To determine whether the instability of PAR1-AP-medi-
ated platelet aggregation resulting from treatment with
LY294002 and AKTi X was due to direct or indirect PI-kinase
signaling, the Gi/o-linked ADP receptor P2Y12 was blocked
with 2-MeSAMP followed by stimulation with PAR agonists.
We showed previously that the requirement for P2Y12 recep-
tor activation for PAR-induced platelet aggregation dimin-
ishes as the effective concentration of agonist increases (Ho-
linstat et al., 2006). Consistent with these findings, others
have observed the attenuation of PAR-mediated platelet ag-
gregation at submaximal agonist concentrations (Kim et al.,

2004; Woulfe et al., 2004). 2-MeSAMP had a minimal effect
on PAR-mediated platelet aggregation at maximal concen-
trations for PAR1-AP and PAR4-AP (Holinstat et al., 2006)
(Fig. 1, a and b). In addition, treatment of platelets with both
LY294002 and 2-MeSAMP followed by the stimulation with
PAR1-AP resulted in a similar inhibition to what was ob-
served with the treatment of LY294002 alone (p � 0.0863)
(Fig. 1b). PAR4-AP-induced platelet aggregation was sensi-
tive to dual treatment with LY294002 and 2-MeSAMP,
whereas neither inhibitor alone significantly attenuated
platelet aggregation (consistent with our earlier findings that
inhibition of PAR4 signaling requires blocking multiple sig-
naling pathways and inhibition of P2Y12 alone is not enough
to perturb normal PAR4-induced platelet aggregation) (Ho-
linstat et al., 2006). Furthermore, inhibition of PAR1-medi-
ated platelet aggregation with LY294002 or AKTi X was
rescued by the addition of PAR4-AP to form a stable platelet
aggregate (Fig. 1a), suggesting the independent nature of
PAR4 signaling relative to PAR1.

PAR1-Mediated Rap1 Activity Is Sensitive to Agents
that Perturb PI-Kinase Signaling. Rap1 has been shown
to play a crucial role in platelet hemostasis after vascular
injury (Crittenden et al., 2004; Chrzanowska-Wodnicka et
al., 2005). Because several groups report a temporal regula-
tion of Rap1 after stimulation of the thrombin receptors in
human platelets (Franke et al., 2000; Holinstat et al., 2007),
Rap1 activation was measured at various time points after
stimulation with PAR1 or PAR4, with or without various

Fig. 2. PI3K regulation of PAR1-me-
diated stable platelet aggregation.
Washed platelets were treated with or
without PI3K inhibitors to determine
PAR1-AP-mediated aggregation sen-
sitivity to the PI3K signaling path-
way. a, sensitivity of PAR signaling to
LY294002 reveals dose-dependent in-
hibition as measured by aggregation
(n � 4; �, P � 0.05; ��, P � 0.01). b, the
dose response for platelet aggregation
of PAR1-AP (0.5–40 �M) and
PAR4-AP (10–400 �M) in the pres-
ence or absence of 100 �M LY294002
was measured (n � 5; ��, P � 0.01). c,
to confirm that LY294002 inhibited
PI3K-mediated activation of AKT,
AKT phosphorylation was measured
in platelets in the absence or presence
of 100 �M LY294002 followed by stim-
ulation with PAR1-AP or PAR4-AP
(n � 5).
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combinations of PI-kinase inhibitors (Fig. 1, c and d). Under
control conditions, PAR1 stimulation resulted in an early
activation of Rap1, which was sustained for all time points
measured. Pretreatment with LY294002 had no observable
effect on early Rap1 activation but resulted in significant
inhibition of Rap1 activity at 5 min after stimulation (Fig.
1c). Likewise, pretreatment with AKTi X had no observable
effect on the early activation of Rap1 but resulted in an
attenuation of Rap1 at later time points after PAR1-AP, but
not PAR4-AP.

Because treatment with 2-MeSAMP did not attenuate
platelet aggregation, it is likely that the P2Y12 receptor is not
required for PAR-induced Rap1 activation. Therefore, plate-
lets treated with 2-MeSAMP or 2-MeSAMP plus LY294002
were stimulated with either PAR1-AP or PAR4-AP, and Rap1
activation was measured at various time points. Similar to
what was observed for aggregation, 2-MeSAMP alone does
not inhibit PAR-mediated Rap1 activation, whereas treat-

ment with 2-MeSAMP and LY294002 results in the complete
inhibition of PAR-mediated Rap1 activation within 5 min
(Fig. 1d).

Formation of Stable Platelet Aggregates Requires
Specific Isoform(s) of PI3K. PI3K has been shown to play
a significant role in the formation of a stable platelet aggre-
gate (Woulfe et al., 2004; Camps et al., 2005; Jackson et al.,
2005). Because LY294002 inhibited PAR1-mediated stable
platelet aggregation, we sought to determine the dose-depen-
dence of this inhibition on PAR1, PAR4, and thrombin sig-
naling (Fig. 2a). As expected, PAR1-induced platelet aggre-
gation was the most sensitive to treatment with LY294002,
with an IC50 of 100 �M (consistent with the effective inhib-
itory concentration known to inhibit PI3K activity in plate-
lets), whereas PAR4-AP- and thrombin-mediated aggrega-
tion were only inhibited at higher concentrations of
LY294002. We further identified the relative sensitivity of
each PAR to the inhibition of PI3K by measuring the dose-

Fig. 3. PAR-mediated aggregation and Rap1 activation show sensitivity to specific isoforms of PI3K. Washed platelets were treated with or without
varying concentrations of the small-molecule PI3K inhibitors TGX-115, PI-103, SW-14, or SW-30 to determine isoform sensitivity to PAR-mediated
platelet activation. a, washed platelets were treated with varying concentrations of PI-103 or TGX-115 followed by stimulation with 20 �M PAR1-AP
or 200 �M PAR4-AP. Platelet aggregation 10 min after stimulation was recorded for each condition. PI-103 dramatically inhibits PAR1-mediated
platelet aggregation at 10 �M. (n � 6; �, P � 0.05; ��, P � 0.01). b, washed platelets were treated with or without 10 �M PI-103 or 10 �M TGX-115
for 15 min. PAR1-AP-mediated Rap1 activation was measured at various times after stimulation. PAR1-mediated Rap1 activation was sensitive to
treatment with PI-103 (n � 6; �, �0.05) but not TGX-115 (n � 3). c, washed platelets were treated with or without 10 �M PI-103 or 10 �M TGX-115
for 15 min. PAR4-AP-mediated Rap1 activation was measured at various times after stimulation. PAR4-mediated Rap1 activation was insensitive to
treatment with PI-103 (n � 6) or TGX-115 (n � 3). d, washed platelets were treated with varying concentrations of SW-14 or SW-30 followed by
stimulation with PAR1-AP or PAR4-AP. Platelet aggregation 10 min after stimulation was recorded for each condition. PAR1 and PAR4 show
sensitivity to both inhibitors in a dose-dependent manner (n � 6).
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dependence of PAR1-AP and PAR4-AP to aggregation in the
absence and presence of 100 �M LY294002 (Fig. 2b). Al-
though PAR4-AP showed little sensitivity to treatment with
LY294002 at any point along the dose-response curve, PAR1-
AP-mediated aggregation was significantly inhibited at 10
�M agonist and did not overcome LY294002-mediated inhi-
bition even at very high concentrations of agonist (40 �M
PAR1-AP). In agreement with others, we found that both
PAR1 and PAR4 induce AKT phosphorylation in platelets
(Kim et al., 2004; Woulfe et al., 2004) (Fig. 2c). Although only
PAR1-mediated platelet aggregation exhibited sensitivity to

LY294002 at concentrations typically used to perturb PI3K,
PAR1- and PAR4-mediated AKT phosphorylation was elim-
inated in the presence of LY294002. This indicates that
LY294002 exhibits differential effects on PAR1- and PAR4-
mediated platelet aggregation in human platelets and is con-
sistent with the PARs signaling through distinct pathways
with differential dependence on PI-kinase signaling.

To identify which isoform(s) of PI3K mediate PAR1- and
PAR4-induced stable platelet aggregation, PAR1-AP- and
PAR4-AP-mediated platelet aggregation was measured in
the presence of an inhibitor to either PI3K�, -�, and -� (PI-

Figure 3 (Continued)
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103) or PI3K� and -� (TGX-115) (Fig. 3a). PAR1-mediated
aggregation was significantly attenuated by treatment with
PI-103 but not TGX-115, whereas PAR4-induced aggregation
was not appreciably affected by either compound. To further
identify the biochemical intermediate(s) responsible for PI-
103-mediated instability in PAR1-mediated platelet aggrega-
tion, Rap1 activation was measured after treatment with
either PI-103 or TGX-115 (Fig. 3, b and c). Stimulation of
Rap1 by PAR1-AP but not PAR4-AP was sensitive to PI-103
as early as 5 min after stimulation. In all conditions tested,
attenuation of Rap1 signaling at time points later than 1 min
was accompanied by defects in stable aggregate formation,
underscoring the requisite nature of Rap1 signaling in stable
platelet activation (Crittenden et al., 2004; Chrzanowska-
Wodnicka et al., 2005). In addition, we treated the platelets
with two novel small-molecule inhibitors of PI3K shown to
have specificity toward PI3K� and -� (SW14 and SW30). The
IC50 values for SW14 toward PI3K� and PI3K� are 9 �M and
21 nM, respectively, whereas the IC50 values for SW30 to-
ward PI3K� and PI3K� are 85 and 1.3 �M, respectively. The
observed IC50 values for PAR1-AP with SW14 and SW30 was
10 and 25 �M, respectively, whereas the IC50 values for
PAR4-AP was 3 and 40 �M, respectively (Fig. 3d).

Lipid Regulation of PAR1-Mediated Platelet Func-
tion through PI-Kinases. To determine the relative levels
of PIPns formed after stimulation of PAR1, washed platelets
were treated with PAR1-AP versus buffer control for 10 min.
Platelet extracts were examined by MS analysis using direct
infusion of lipid extracts. Increases in 38:4 PIP2 levels were
observed after treatment of platelets with PAR1-AP (Fig. 4a),
shown relative to PI in the platelet extract, which controls for
the efficiency of phospholipid extraction, given that the levels
of 38:4 PI at 885 m/z were not perturbed by PAR1 stimula-
tion. The levels of 38:4 PI at 885 m/z did not change signif-
icantly in seven separate experiments performed in triplicate
upon stimulation with either PAR1-AP or PAR4-AP alone. In
fact, changes in the PI fraction required the simultaneous
activation with both PAR1-AP and PAR4-AP together (used
as a positive control in this experiment) to elicit even a small
change in the 38:4 PI fraction (p � �0.001), suggesting that
the levels of PI are tightly regulated in platelets. Fragmen-
tation of 38:4 PIPns (the most abundant PIPn species in
platelets) revealed characteristic 20:4 and 18:0 fatty acyl
chain constituents for all PI, PIP, and PIP2 species (data not
shown), consistent with other published liquid chromatogra-
phy/mass spectrometry analyses of platelet extracts (Pettitt
et al., 2006). PIPn levels were examined at specific time
points after stimulation (Fig. 4b). Relative increases in PIP2

levels in platelets were detected as early as 1 min after
PAR1-AP treatment and reached a maximum level at 3 min.
Significant increases in PIP2 were observed for at least 15
min after stimulation with PAR1-AP. Similar increases in
PIP2 occurred upon stimulation with PAR4-AP (results not
shown); however, because only PAR1-mediated aggregation
was sensitive to perturbation by agents directed at PI-kinase
signaling, we focused our investigation on PIPn production
downstream of PAR1 activation.

Because agents known to perturb PI-kinase signaling also
interfere with PAR1-mediated Rap1 activation, and because
PI5K phosphorylates the predominant form of PIP in plate-
lets (Pettitt et al., 2006), we wanted to determine whether
PI5K formed a physical interaction with the Rap1 protein

complex after PAR1-AP stimulation. Washed platelets were
stimulated with PAR1-AP for up to 10 min, Rap1 was immu-
noprecipitated, and the immunoprecipitates were immuno-
blotted for PI5K�. This analysis indicated that PI5K� is
present in complex with Rap1 at high levels after a 5-min
stimulation with PAR1-AP but was absent in unstimulated
Rap1 complexes (Fig. 4c).

LY294002 Effects on PAR1-AP-Stimulated Platelet
Aggregation Is Linked to Decreases in PIP2. Given the
sensitivity of PAR1-mediated aggregation to agents that per-
turb PI-kinase signaling, we investigated the effect of
LY294002 on PAR1-mediated changes in PIP2 levels that, in
human platelets, consist of mainly PI(4,5)P2 (Pettitt et al.,
2006). Surprisingly, pretreatment with LY294002 blocked
the PAR1-AP-mediated increase in PIP2 levels (Fig. 4d).
Treatment of unstimulated platelets with LY294002 also
caused a decrease in basal PIP2 levels. Although treatment of
platelets with LY294002 also decreases PAR4-AP-mediated
PIP2 levels (results not shown), it does not seem to have a
marked effect on the ability of PAR4-AP to stimulate aggre-
gation; therefore, we focused our investigation on the rele-
vant signaling events stimulated by PAR1-AP.

These results suggest that LY294002 may indirectly de-
crease PIP3 formation in platelets by reducing substrate
availability, because PIP2 is the substrate required for PI3K-
mediated PIP3 formation. Our results demonstrate that pre-
treatment with LY294002 ablates PAR-mediated increases
in PIP2 levels and reduces basal levels by nearly half, sug-
gesting that LY294002 has effects on PI5K and on PI3K.
Together with results from Fig. 4c, these results suggest that
LY294002 may exert effects on aggregation via decreases in
PIP2 mediated by the inhibition of PI5K�.

Given the effects of LY294002 on PIP2 levels and its ability
to interfere with PAR1-AP-mediated platelet activation, the
effects of PI-103 on PIPn levels before and after PAR1 stim-
ulation were examined. Although PI-103 had no effect on
basal levels of PIP2, it moderately inhibited (Fig. 4e, p �
0.049) PAR1-stimulated PIP2 levels, an effect barely signifi-
cant from a statistical standpoint. Nevertheless this suggests
that PI-103 is a more specific PI3K inhibitor than LY294002
(Fig. 4d). This decrease may indicate a small effect on PI5K�
or may be due to effects on PI3K in the formation of the
relatively minor PI(3,4)P2 and extremely minor PI(3,5)P2

fractions detected in platelets (Pettitt et al., 2006).
PAR1-Induced Irreversible Platelet Aggregation Re-

quires PLD Component for Signaling. PAR1-mediated
temporal regulation of Rap1 activity was shown previously to
be influenced by primary alcohols (Holinstat et al., 2007)
which, upon activation of PLD, has been shown to participate
in transphosphatidylation to form phosphatidyl alcohols
(Singer et al., 1997). PLD is also known to require PIP2 as an
essential cofactor for activity (Brown et al., 1993; Liscovitch
et al., 1994; Henage et al., 2006;). Because primary alcohols
(but not tertiary ones) that perturb PLD-mediated PA forma-
tion (Singer et al., 1997) inhibited PAR1-mediated aggrega-
tion in a temporally similar manner as LY294002, we sought
to determine whether effects mediated by these primary al-
cohols could be rescued by PAR4 in a manner similar to what
was observed for the inhibition of PI-kinase and AKT in Fig.
1. Attenuation of PAR1-AP-mediated platelet aggregation by
agents that either directly or indirectly reduce DAG forma-
tion (Koul and Hauser, 1987; Singer et al., 1997) was rescued
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Fig. 4. PAR1-induced PIP2 formation is
inhibited by LY294002. Washed plate-
lets were analyzed for the formation of
PIP2 after stimulation with 20 �M
PAR1-AP. a, acidified extracts obtained
from quiescent (top) or platelets stimu-
lated with PAR1-AP for 5 min (bottom)
were analyzed by direct-infusion MS
(Milne et al., 2005). Levels of PIP and
PIP2 relative to the stable PI fraction
are indicated by a red line. b, time-de-
pendence of PAR1-AP-mediated PIP2
increases in platelets (n � 2–4, in trip-
licate; �, P � 0.03; ��, P � 0.003; ���,
P � �0.0001). c, platelet lysates were
stimulated with PAR1-AP for up to 10
min and immunoprecipitated with anti-
Rap1 followed by immunoblotting with
an anti-PI5K� antibody. PI5K� was
found to be present after 5-min stimu-
lation with PAR1-AP but not under un-
stimulated conditions (bar graph). d,
MS analysis of platelet extracts reveals
a significant increase in 38:4 PIP2 upon
PAR1 stimulation (n � 2–4, in tripli-
cate; ���, P � 0.007), which is elimi-
nated by pretreatment with LY294002
for 15 min. e, MS analysis using direct
infusion of platelet extracts reveals a
minor decrease in PAR1-AP-mediated
38:4 PIP2 production (time) after pre-
treatment with PI-103 (500 nM) (n �
3–5, in triplicate; not significant, P �
0.049); Ab, antibody; IB, immunoblot;
IP, immunoprecipitated.
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by the addition of PAR4-AP (Fig. 5, a and b). This experiment
implies that impairment in either PAR1-activated PI-kinase
or DAG signaling downstream of PLD interferes with the
formation of a stable platelet aggregate, whereas PAR4 po-
tentially signals through a broader cascade of pathways and
hence does not require either of these steps.

Discussion
PAR1-mediated stable platelet aggregation involves a set

of lipid signals, which include the requisite activation of
PI-kinases involved in the formation of PIP2, PIP3, and prob-
ably involves DAG downstream of PA production. This sig-
naling network is operative in normal human platelets and
may function under prothrombotic conditions. The current
study has for the first time defined a pathway activated
through PAR1 in the human platelet that delineates the roles
of PI-kinases, regulation of PIPns, the importance of DAG
downstream of PA, and prolonged Rap1 activation in the
formation of a stable platelet aggregate.

The early phase, but not the later stable phase of throm-
bin-induced platelet activation, is known to be relatively
insensitive to perturbation of a number of points in the sig-
naling pathway leading to aggregation (Franke et al., 2000;
Holinstat et al., 2007). In this report, PAR1-mediated plate-
let signaling shows sensitivity within 5 min after stimulation
to agents that affect PIP2 levels and late Rap1 activity and to
agents that block signaling downstream of PLD. PAR4-me-
diated activation of stable platelet aggregation, however, is
insensitive to perturbation of most of these signaling path-
ways but is significantly inhibited after dual inhibition of
platelet signaling with the broad-spectrum PI-kinase inhib-
itor LY294002 and 2-MeSAMP (a similar inhibition of PAR4-
mediated platelet aggregation was observed upon simulta-
neous inhibition of both calcium mobilization and signaling

through P2Y12; Holinstat et al., 2006). The underlying differ-
ence in signaling between these receptors may be explained
by the relative difference in signaling to the G�q pathway
observed in PAR1- and PAR4-mediated calcium mobilization.
PAR1-induced increases in calcium mobilization are short-
lived (Covic et al., 2000) compared with prolonged calcium
increases mediated by PAR4 stimulation. This difference in
calcium signaling may indicate that PAR1 requires alterna-
tive signaling mechanisms (relative to those used by PAR4)
to maintain a persistent level of activated Rap1 and subse-
quent integrin activation to reinforce the newly formed plate-
let aggregate. Hence, PAR1 regulation of PIP2 levels (which
would probably affect PLD, because PLD requires PIP2 for
activation) (Brown et al., 1993; Liscovitch et al., 1994) may
play a critical role in feed-forward signal amplification. This
is consistent with findings that both PIP2 and PA (shown
here to be crucial for stable platelet aggregation) can bind to
and activate PI5K in vitro (Jarquin-Pardo et al., 2007). PA-
derived DAG formation may also play a role in feed-forward
signal amplification through PKC (Henage et al., 2006), a
cellular modulator of PLD activation, as well as CalDAG-
GEF, an activator of Rap1 known to be highly expressed in
platelets. Thus, PAR1 has a complex lipid-signaling mecha-
nism by which it may maintain a relatively high level of Rap1
activation, resulting in a stable platelet aggregate. In com-
parison, PAR4, although having a lower affinity for throm-
bin, has a more persistent signal that is less sensitive to
inhibition of any one point in its signaling cascade. Once
activated, PAR4 may progress along multiple signaling cas-
cades, and its blockade requires the inhibition of multiple
signaling pathways (Fig. 1) (Holinstat et al., 2006).

LY294002 is commonly thought of as a relatively specific
inhibitor of PI3K signaling. Mass spectrometry-based lipid
analysis demonstrated that LY294002 also blocks other PI-
kinases, particularly those involved in the formation of PIP2.
The nonspecific nature of this pharmacological inhibitor ne-
cessitates the use of other, more specific pharmacological
tools to identify the signaling pathways mediating PAR-in-
duced physiological responses such as platelet aggregation.
Our study showed that LY294002 significantly decreased
levels of PIP2 (and probably PIP3 downstream from it), pre-
venting the formation of a stable platelet aggregate after
stimulation of PAR1. In addition, our laboratory showed re-
cently that another PI3K inhibitor, wortmannin, signifi-
cantly affects PAR1 but not PAR4 signaling in the platelet
(Voss et al., 2007), with no effect on Ca2� transients induced
by either PAR1 or PAR4. Combined with data demonstrating
the presence of PI5K in a protein complex with activated
Rap1, the formation of PIP2 through PI5K activity seems to
play a potentially important role in sustained PAR1-medi-
ated platelet aggregation (Yang et al., 2004).

PI3K may also play a critical role, because blocking phos-
phorylation of AKT is sufficient to inhibit the later, stable
phase of platelet aggregation through the PAR1 pathway.
PI3K� or -� in particular are implicated by the ability of the
isozyme specific PI3K�/�/� inhibitor PI-103, but not the
PI3K�/� inhibitor TGX-115, to attenuate PAR1-mediated
platelet activation at subtype-specific concentrations (Fig.
3).Because, even at high concentrations, TGX-115 was un-
able to inhibit PAR-mediated platelet activity, PI3K� and -�
can be ruled out as playing a crucial role in PAR-mediated
formation of stable platelet aggregates. Combining the find-

Fig. 5. PAR4 activation rescues PAR1-mediated platelet aggregation in
PLD inhibited conditions; 200 �M PAR4-AP rescues 20 �M PAR1-medi-
ated aggregation impaired by 100 �M propranolol treatment for 10 min
(a) or 0.3% 1-butanol treatment for 4 min (b) (n � 3; �, P � 0.05).
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ings of PAR-mediated platelet activation with the use of
TGX-115 and PI-103 limits the potential crucial PI3K iso-
form(s) to PI3K� and/or PI3K�. The development of more
specific PI-kinase inhibitors is essential to elucidating the
specific contributions of the various PI-kinases involved in
the formation of a stable platelet aggregate. Two small-mol-

ecule inhibitors recently developed in the lab of Kevan
Shokat were used in this study to determine whether the
PAR-mediated stable aggregate defects described here could
be identified as PI3K� versus PI3K� (SW14 and SW30; Fig.
3c). These inhibitors, combined with the data in Figs. 1 to 3,
indicate that the PI3K signal regulating PAR1 and PAR4 is

Fig. 6. Model for early- and late-phase
platelet aggregation regulated through
PAR1. Thrombin signals stable activa-
tion of human platelets through sequen-
tial PAR1-mediated pathways. a, initial
DAG formation leads to activation of
PKC, a potent activator of PLD, which
converts 1-dodecanoyl-2-tridecanoyl-sn-
glycero-3-phosphocholine to PA and
subsequently DAG (with lipid phos-
phate phosphohydrolases). The cofactor
for PLD, PIP2, is formed after the com-
plex formation of active Rap1, PI3K,
and PI5K, leading to a continuous gen-
eration of DAG formation and a contin-
ued positive feedback on RapGEF and
subsequent Rap1 activation that can be
inhibited by inhibiting any one of these
processes. b, there are two phases to
platelet activation: an early unstable
(reversible), and a late stable (irrevers-
ible) phase, which signal through dis-
tinct pathways after activation of PAR1.
The early phase of platelet activation
results in activation primarily of the Gq
and G13 G-protein pathways, which
subsequently induce the activation of
Rap1 through RapGEF (CalDAG-GEF).
This mode of activating Rap1 induces
early platelet aggregation. After this
early activation phase, platelets require
maintenance of the platelet aggregate
through specific constituents of the
PAR1 signaling pathway, including PI-
kinase and PLD-signaling components,
to attain irreversible platelet aggrega-
tion (a hallmark of second-phase activa-
tion of the human platelet). This rein-
forcement maintains Rap1 activity and
platelet aggregation, which may allow
for a stable platelet plug (and under
pathological circumstances, complete
vessel occlusion).
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complex and differs for each receptor pathway. PAR4 seems
to rely most heavily on PI3K�, whereas PAR1 may rely on a
complement of PI3Ks, including PI3K� and PI3K�.

Although others have indicated a potential role for PI5K
(Morris et al., 2000) and PI3K (Banfic et al., 1998; Jackson et
al., 2005; Schoenwaelder et al., 2007) in the progression of
platelet activation and thrombosis, this is the first report
linking PAR1-mediated formation of a stable platelet aggre-
gate to persistent Rap1 activation, activation of PI-kinases,
and signaling through PLD. This novel signaling network
requires a feed-forward activation of the lipid cycle by regu-
lating both lipid kinases and lipid pools, which are directly or
indirectly linked to PIPn levels (Fig. 6a).

The inability of PKC or PI-kinase inhibitors to block early
PAR1-mediated Rap1 activation (Franke et al., 2000) pro-
vides evidence for a positive feedback loop that initially ac-
tivates Rap1 through a RapGEF (potentially CalDAG-GEF;
Cifuni et al., 2008) but requires additional RapGEF activa-
tion through, perhaps, a different pool of CalDAG-GEF (Fig.
6a). Recent evidence supports a role for multiple RapGEFs
regulating Rap1 function in platelets (Cifuni et al., 2008).
Furthermore, the identification of a protein complex contain-
ing Rap1 and PI5K that forms after PAR1-mediated platelet
activation gives evidence for potential regulation mediating
continual Rap1 activation and resulting in stable platelet
aggregation. Recruitment of these proteins to the Rap1 com-
plex may allow for a fine-tuned regulation of local phospha-
tidylinositol synthesis, leading to continued inside-out sig-
naling to integrin IIbIIIa and stability of a platelet plug.
Future studies will be aimed at determining the nature of
this positive feedback loop in regulation of the formation of
stable platelet aggregates by PAR1.

The current study exemplifies the necessity for a phys-
iologically regulated feed-forward system to achieve per-
sistent platelet activation, because inhibition anywhere
along the PAR1 signaling cascade will result in a loss of
Rap1 activation accompanied by instability of the platelet
plug. Stronger PAR4-mediated activation at higher throm-
bin concentrations in the platelet plug lead to stable plate-
let aggregation in the presence of inhibitors of PAR1-
specific signaling pathways. Current antiplatelet drugs
that target platelet receptors [clopidogrel and eptifibatide
(CAPRIE Steering Committee, 1996; PURSUIT Trial In-
vestigators, 1998)] or directly inhibit circulating thrombin
(bivalirudin) (Di Nisio et al., 2005) result in an increased
risk of bleeding, a complication that often leads to pathol-
ogies as serious as the thrombosis they were meant to
treat, such as intracranial hemorrhage and gastrointesti-
nal bleeding. Recent findings have begun to elucidate al-
ternative targets for antiplatelet intervention, which pre-
serve the ability to respond to vessel injury (Fig. 6b).
Future investigation of the specific signaling pathways
activated downstream of PAR1 in both the unstable and
stable phases of platelet activation, or the yet-unknown
signals downstream of PAR4 that do not require PI5K,
PI3K, and PLD, may lead to the development of specific
inhibitors with reduced side effects for treating disorders
such as deep vein thrombosis, acute coronary syndrome,
and stroke. This study highlights the rich complexity of
lipid signaling underlying transient versus irreversible
platelet aggregation and new potential therapeutic tar-
gets.
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