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Summary
Background—The serine-threonine kinase Akt plays an important role in regulating platelet
activation. Stimulation of platelets with various agonists results in Akt activation as indicated by
Akt phosphorylation. However, the mechanisms of Akt phosphorylation in platelets are not
completely understood.

Objectives and Methods—We used P2Y12 knockout mice to address the role of P2Y12 in Akt
phosphorylation in response to thrombin receptors in platelets.

Results—Thrombin or the PAR4 thrombin receptor peptide AYPGKF at high concentrations
stimulated substantial phosphorylation of Akt residues thr308 and Ser473 in P2Y12 deficient
platelets. AYPGKF-induced Akt phosphorylation is enhanced by expression of recombinant
human PAR4 cDNA in Chinese hamster ovary (CHO) cells. P2Y12-independent Akt
phosphorylation was not inhibited by integrin inhibitor peptide RGDS or integrin β3 deficiency.
Akt phosphorylation induced by thrombin or AYPGKF in P2Y12 deficient platelets was inhibited
by the calcium chelator dimethyl-BAPTA, the Src family kinase inhibitor PP2, and PI3K
inhibitors, respectively.

Conclusions—Our results reveal a novel P2Y12-independent signaling pathway mediating Akt
phosphorylation in response to thrombin receptors.

Introduction
Platelets play a central role in hemostasis and thrombosis. Upon vascular injury, platelets are
activated by various soluble and immobilized agonists. The signaling associated with
platelet activation includes a series of rapid positive feedback loops that greatly amplify the
activation signals and enable robust platelet recruitment at the site of vascular injury. Akt is
a serine/threonine protein kinase [1]. Three isoforms of Akt have been identified in both
human and mouse cells, including Akt 1, Akt 2, and Akt 3 [2,3]. Akt 1 and Akt 2 occur in
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blood platelets [4–6]. Both Akt 1 and Akt 2 play important roles in platelet activation [5–8].
Akt regulates platelet function, in part by phosphorylating and inhibiting GSK beta [9].

Activation of Akt is a consequence of phosphorylation of residues Thr308 in the activation
loop and Ser473 in the hydrophobic phosphorylation motif [10]. In platelets, Akt is
phosphorylated upon stimulation with various platelet agonists [4–6,11–15]. The ADP
receptor P2Y12 plays an important role in Akt phosphorylation not only in response to ADP,
but also in response to other platelet agonists, such as U46619 and thrombin [12–14].
However, it is controversial whether Akt phosphorylation induced by thrombin depends on
the Gi pathway activated by secreted ADP. Kim et al. [13] have suggested that thrombin-
induced Akt phosphorylation is mainly P2Y12 dependent, and is potentiated by the G12/13
pathway [16]. The lack of Akt phosphorylation in Gq deficient platelets [5] was explained by
a defect in platelet secretion of ADP [13]. In contrast, Resendiz, et al. [14] have shown that
thrombin can elicit Akt phosphorylation through a P2Y12-independent mechanism. All these
conclusions are based on experiments using the ADP receptor P2Y12 antagonist, AR-
C69931MX, which has recently been shown to increase intracellular cAMP levels and
inhibit platelet activation through a P2Y12-independent mechanism [17]. Therefore, the role
of P2Y12 in Akt phosphorylation needs to be re-evaluated. The work described below
resolves this issue using P2Y12 deficient platelets rather than the P2Y12 antagonist AR-
C69931MX.

In this study, we present data documenting a previously undescribed mechanism that
mediates Akt phosphorylation in platelets. The data presented here demonstrate that
thrombin or AYPGKF at high concentrations stimulates Akt phosphorylation via both ADP/
P2Y12/Gi-dependent and ADP/P2Y12/Gi-independent mechanisms. Furthermore, the data
demonstrate that the thrombin-induced Akt phosphorylation evident in the P2Y12 deficient
platelets is Gq, Ca2+, Src family kinase and PI3K-dependent. These results characterize a
P2Y12-independent signaling pathway that elicits Akt phosphorylation in response to
thrombin stimulation.

Materials and Methods
Materials

α-Thrombin was purchased from Enzyme Research Laboratories (South Bend, IN). PAR 4
peptide AYPGKF was custom-synthesized at Biomatik USA, LLC (Wilmington, DE). ADP
and the P2Y12 receptor antagonist 2MeSAMP were from Sigma. AR-C69931MX was from
the Medicines Company (Parsippany, NJ). Luciferase/luciferin reagent was from Chrono-log
(Havertown, PA). The Akt inhibitors Akt IV and SH-6, the PI3K inhibitors LY294002 and
wortmannin, the Src family kinase inhibitor PP2, the PKC inhibitors Ro-31-8220 and
Gö6976, the PKC activator PMA, the TXA2 analog U46619, and forskolin were purchased
from Calbiochem (San Diego, CA). Calcium chelator dimethyl-BAPTA, Fura-2/AM, and
Pluronic F-127 were from Invitrogen. Calcium ionophore A23187 was from Fisher
Scientific. A rabbit polyclonal antibody against a recombinant human Akt 1 fragment
(amino acid residues 345–480) and a rabbit anti-PAR4 polyclonal antibody were purchased
from Santa Cruz Biotechnology Inc., and rabbit monoclonal antibodies against
phosphorylated Ser473 or Thr308 residues of Akt and phosphorylated Tyr416 of Src were
from Cell Signaling Technology (Beverly, MA). cAMP ELISA kit was from Amersham
Biosciences.

Animals
Mice deficient in Gαq [18], P2Y12 [19], and integrin β3 [20] were generated as described
previously. Littermate wild type mice from heterozygous breeding were used as controls.
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Mice were bred and maintained in the University of Kentucky Animal Care Facility
following institutional and National Institutes of Health guidelines after approval by the
Animal Care Committee.

Expression of human PAR4 cDNA or P2Y12 constructs in Chinese hamster ovary (CHO)
Cells

Human PAR4 and P2Y12 cDNA were cloned by RT-PCR using human platelet mRNA as
template and verified by sequencing. PAR4 or P2Y12 was subcloned in the pcDNA3.1/
Zeo(−) vector and transfected into CHO cells using LipofectAMINE plus (Life
Technologies, Inc.). PAR4 stable cell lines were established by selection with 0.4 mg/ml
zeocin containing culture medium and flow cytometric cell sorting with a polyclonal anti-
human PAR4 antibody that recognizes the extracellular domain of PAR4. Expression of
PAR4 was further assessed by Western blotting. P2Y12 stable cell lines were established by
selection with 0.4 mg/ml zeocin containing culture medium and screened by examining their
ability to inhibit forskolin-induced cAMP production.

Preparation of mouse platelets
Washed platelets from knockout mice and wild type controls were prepared as described
previously [12]. Briefly, blood was collected from the abdominal aorta of isofluorane-
anesthetized mice (8–10 weeks) using 1/7 volume of ACD as anticoagulant. For each
experiment, blood was pooled from five to six mice of each genotype. Platelets were then
washed twice with CGS (0.12 M sodium chloride, 0.0129 M trisodium citrate, 0.03 M D-
glucose, pH 6.5), resuspended in modified Tyrode’s buffer (12 mM NaHCO3, 138 mM
NaCl, 5.5 mM glucose, 2.9 mM KCl, 2 mM MgCl2, 0.42 mM NaH2PO4, 10 mM HEPES,
pH 7.4) at 3 × 108/ml, and incubated for 1 h at 22°C before use.

Western blot analysis of Akt and Src phosphorylation
Washed platelets were stimulated with various concentrations of thrombin or AYPGKF in a
platelet aggregometer at 37° for 5 min and then solubilized in SDS-PAGE sample buffer.
Platelets were pre-incubated with various inhibitors at the indicated concentrations or
vehicle control at 37° for 5 min prior addition of the platelet agonists to examine the effects
of inhibitors on Akt phosphorylation. To examine Akt phosphorylation in CHO cells, cells
expressing vector, PAR4, or P2Y12 were resuspended in Tyrode’s buffer (5 × 106/ml) and
incubated with ADP (10 μM) or AYPGKF (500 μM) at 37° for 2 or 5 min. Platelet or cell
lysates were analyzed by SDS-PAGE on 4–15% gradient gels and immunoblotted using a
polyclonal anti-Akt antibody, rabbit monoclonal antibodies specific for the phosphorylated
Akt residues Ser473 or Thr308, or phosphorylated Src residue Tyr416 (Cell Signaling
Technology, Beverly, MA),

Determination of intracellular cAMP levels
Washed platelets from P2Y12 deficient or wild type mice were pre-incubated with platelet
agonists for 5 min at 37°C. Platelets were then added with forskolin and incubated for
additional 5 min at 37°C. The reaction was stopped by addition of equal volumes of ice-cold
12% (wt/vol) trichloroacetic acid. cAMP levels were measured using a cAMP enzyme
immunoassay kit (Amersham Biosciences) [21].

Calcium Mobilization
Intraplatelet calcium was measured using Fura-2/AM as described previously [22]. Briefly,
washed mouse platelets were incubated with 12.5 μM Fura-2/AM/0.2% Pluronic F-127
(Invitrogen) for 45 min at 37°C. After washing with CGS [12] once more, platelets were
resuspended to 3 × 108/ml in Tyrode’s solution. Continuous fluorescent measurements were
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analyzed by excitation at 340 nm and 380 nm, and emission was measured at 509 nm using
a model LS55 Luminescence Spectrometer (Perkin-Elmer Cetus). The intracellular Ca2+

level was expressed as relative fluorescence calculated based on the ratio of emissions
simultaneously using FL Win Lab 4.0 software (Perkin-Elmer Cetus).

Results
Thrombin or AYPGKF induces Akt phosphorylation in P2Y12 deficient platelets

The mechanisms of Akt phosphorylation elicited by thrombin or thrombin receptor peptide
stimulation of platelets were re-evaluated using P2Y12 deficient platelets. We examined Akt
phosphorylation in response to various concentrations of thrombin in P2Y12 deficient
platelets to determine whether or not P2Y12 is required for thrombin-stimulated Akt
phosphorylation. As demonstrated in Fig. 1A and 1B, stimulation of platelets with
increasing concentrations of thrombin led to a dose-dependent increase of Akt
phosphorylation in the washed platelets from wild type mice. Surprisingly, while Akt
phosphorylation induced by a low concentration of thrombin (0.025U/ml) was abolished in
P2Y12 deficient platelets, thrombin at high concentrations induced substantial Akt
phosphorylation in the P2Y12 deficient platelets, demonstrating a P2Y12-independent
mechanism mediating thrombin induced Akt phosphorylation. Thrombin-induced Akt
phosphorylation in the P2Y12 deficient platelets is unlikely to be dependent on secreted
ADP, because ADP induced Akt phosphorylation was abolished in the P2Y12 deficient
platelets (Fig. 1C).

In mouse platelets, PAR4 is a major thrombin signaling receptor. Similar to high
concentrations of thrombin, the PAR4-activation peptide, AYPGKF, stimulated Akt
phosphorylation in the P2Y12 deficient platelets (Fig. 1D and E). Likewise, AR-C69931MX
reduced but did not abolish Akt phosphorylation in response to thrombin and PAR4,
respectively in wild type platelets (Fig. 1F and 1G). In contrast, AR-C69931MX failed to
affect thrombin-induced Akt phosphorylation in P2Y12 deficient platelets. These data
demonstrate that there are P2Y12-dependent and -independent pathways mediating Akt
phosphorylation in response to thrombin receptors and that the effect of AR-C69931MX on
Akt phosphorylation is specifically mediated by the ADP receptor P2Y12.

The thrombin receptor PAR4 couples to Gq and G12/13 pathways. Activation of the Gi
pathway by thrombin in mouse platelets is dependent on secreted ADP interacting with its
receptor P2Y12 [23]. Consistent with the previous report, thrombin or AYPGKF repressed
approximately 60% of forskolin-stimulated cAMP production in wild type mouse platelets,
but not in P2Y12 deficient platelets (Fig. 1H). Thus, thrombin- or AYPGKF-induced Akt
phosphorylation in P2Y12 deficient platelets is Gi independent.

AYPGKF induces Akt phosphorylation in recombinant CHO cells expressing human PAR4
cDNA

Kim et al. [13] have suggested that chemokines secreted by platelets may activate the Gi and
Gz pathways, and thereby induce P2Y12-independent Akt phosphorylation. Therefore, to
address this suggestion and the general role of platelet secretion in P2Y12-independent Akt
activation, we established a CHO cell line expressing human PAR4 cDNA and investigated
whether stimulation of thrombin receptor PAR4 could directly induce Akt phosphorylation
(Fig 2A). CHO cells express endogenous PAR4 (Fig. 2A). Consequently, stimulation of
CHO cells with the PAR4 peptide AYPGKF induced Akt phosphorylation. Expression of
recombinant PAR4 dramatically enhanced AYPGKF-stimulated Akt phosphorylation in
comparison with vector-transfected CHO cells (Fig. 2B), demonstrating that stimulation of
thrombin receptor PAR4 is able to elicit Akt phosphorylation in the absence of platelet
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secretion. It is unlikely that PAR4-induced Akt phosphorylation in CHO cells involves the
P2Y12 pathway, because CHO cells apparently do not express functional P2Y12. This
conclusion is supported by the observation that ADP failed to stimulate Akt phosphorylation
and inhibit forskolin-induced cAMP production in CHO cells (Fig. 2C and 2D). As a
positive control, ADP stimulated Akt phosphorylation and inhibited forskolin-induced
cAMP production in a recombinant CHO cell line expressing human P2Y12 cDNA (Fig. 2C
and 2D). Interestingly, Akt was phosphorylated in the CHO cell line expressing human
P2Y12 cDNA even without ADP stimulation, suggesting that P2Y12 is partially activated
when expressed in CHO cells.

Thrombin-induced Akt phosphorylation in P2Y12 deficient platelets is independent of
integrin αIIβ3 outside-in signaling

It has been reported that integrin αIIbβ3 outside-in signaling stimulates PKB/Akt
phosphorylation [24,25]. Therefore, we examined the effect of the integrin inhibitor RGDS
on thrombin-induced Akt phosphorylation in the P2Y12 deficient platelets to investigate this
question. Thrombin-induced Akt phosphorylation was not diminished, rather it was
enhanced by RGDS treatment in the P2Y12 deficient platelets (Fig. 2E). Furthermore,
thrombin-induced Akt phosphorylation was also enhanced, not inhibited in the integrin β3
deficient platelets, compared to the wild type controls (Fig. 2F). More importantly, in the
presence of P2Y12 antagonists, which blocked the P2Y12 pathway, thrombin-induced Akt
phosphorylation was higher in β3 deficient platelets than that in wild type platelets.
Together, these data demonstrate unequivocally that integrin αIIbβ3 outside-in signaling is
not required for, but negatively regulates, thrombin-induced, P2Y12-independent, Akt
phosphorylation.

ADP receptor P2Y12-independent Akt phosphorylation requires Gq-induced increases of
Ca2+ concentration

Platelet secretion elicited by thrombin requires Gq signaling [18]. Platelet secretion from
dense granules is completely absent in thrombin-stimulated Gq deficient platelets as
indicated by ATP release. Akt phosphorylation induced by thrombin is abolished in the Gq
deficient platelets (data not shown) [5], suggesting a requirement for Gq signaling in P2Y12-
independent Akt phosphorylation induced by thrombin. Two major signaling effects
resulting from activation of phospholipase C by Gq signaling are an increase of intracellular
Ca2+ concentration and PKC activation. Therefore, we examined the effect of dimethyl-
BAPTA on Akt phosphorylation in P2Y12 deficient platelets to investigate the role of
intracellular Ca2+ in Gi-independent Akt phosphorylation in response to thrombin
stimulation. As shown in Fig. 3, dimethyl-BAPTA markedly inhibited Akt phosphorylation
stimulated by thrombin (Fig. 3A) and AYPGKF (Fig. 3B), respectively in the P2Y12
deficient platelets. Thus, an increase of intracellular calcium concentration is required for
P2Y12-independent Akt phosphorylation in response to thrombin.

The ability of the calcium ionophore, A23187, to induce Akt phosphorylation in P2Y12
deficient platelets was examined to determine whether or not an increase of intracellular
calcium concentrations is sufficient to induce Akt phosphorylation. A23187 indeed
stimulated Akt phosphorylation in P2Y12 deficient platelets, although Akt phosphorylation
elicited by A23187 is weaker in the P2Y12 deficient platelets than in wild type platelets (Fig.
3C).

Next, we evaluated the role of PKC in P2Y12-independent Akt phosphorylation. The PKC
inhibitor Ro-31-8220 abolished platelet secretion in P2Y12 deficient platelets induced by
AYPGKF (data not shown), but did not significantly affect Akt phosphorylation induced by
AYPGKF (Fig. 3D). Also, Akt phosphorylation induced by AYPGKF was not inhibited by
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Gö6976, a selective inhibitor for conventional PKC. In contrast, Ro-31-8220 and Gö6976,
respectively inhibited Akt phosphorylation induced by a PKC activator PMA in the P2Y12
deficient platelets (Fig. 3E), indicating that the PKC inhibitors are effective in inhibiting
PKC activity in platelets. These results confirm that Akt phosphorylation induced by
thrombin receptors in the P2Y12 deficient platelets is independent of platelet secretion and
that PKC is not required for P2Y12-independent Akt phosphorylation stimulated by
thrombin receptors.

TXA2-induced Akt phosphorylation is largely dependent on P2Y12 signaling
A physiological platelet agonist, TXA2, activates platelets through its G-protein coupled
receptor TP. TP couples to both Gq and G12/13. Therefore, we hypothesized that a TXA2
analog, U46619, should be able to induce Akt phosphorylation in P2Y12 deficient platelets.
U46619, indeed, induced Akt phosphorylation in the P2Y12 deficient platelets. However,
unlike thrombin, U46619-induced Akt phosphorylation is dramatically decreased by P2Y12
deficiency (Fig. 4A–B), suggesting that TXA2-induced Akt phosphorylation is largely
P2Y12 dependent. Since we have shown that P2Y12-independent Akt phosphorylation
requires Ca2+, we reasoned that U46619 might elicit a low level of Ca2+ mobilization.
U46619-induced Ca2+ mobilization was comparable between wild type and P2Y12 deficient
platelets (Fig. 4C), indicating that secreted ADP does not significantly contribute to TXA2
elicited Ca2+ mobilization. As expected, U46619-induced Ca2+ levels in P2Y12 deficient
platelets were much lower than those elicited by thrombin (Fig. 4D–F). Also, the Ca2+

elicited by U46619 quickly returned to basal level after it reached the peak. In contrast, in
thrombin-treated platelets, Ca2+ maintained high levels after it reached the peak. These
results demonstrate that compared to thrombin receptor, TXA2 receptor is a weak activator
for Gq.

The role of PI3K in P2Y12-independent Akt phosphorylation induced by thrombin receptors
Akt is downstream of PI3K-dependent pathways [4,5,12,13]. Akt phosphorylation induced
by either AYPGKF or thrombin in P2Y12 deficient platelets is abolished by the PI3K
inhibitors LY294002 and wortmannin, respectively (Fig. 5A and 5B), demonstrating that
P2Y12-independent Akt phosphorylation induced by thrombin receptors is PI3K dependent.
Consistently, A23187-induced Akt phosphorylation in P2Y12 deficient platelets was also
inhibited by LY294002 and wortmannin, respectively (Fig. 5C).

The role of Src family kinases in P2Y12-independent Akt phosphorylation induced by
thrombin receptors

Src family kinases (SFKs), especially Lyn kinase, have been shown to play a role in
regulating Akt phosphorylation induced by thrombin [26]. The effect of the selective SFK
inhibitor PP2 on Akt phosphorylation induced by either A23187 or thrombin was examined
in P2Y12 deficient platelets to investigate the role of SFKs in P2Y12-independent Akt
phosphorylation. Akt phosphorylation stimulated by thrombin or AYPGKF was also
inhibited by pre-treatment of platelets with PP2 (Fig. 5D and 5E), demonstrating an
important role of SFKs in P2Y12-independent Akt phosphorylation in response to thrombin.
PP2 also markedly inhibited Akt phosphorylation induced by A23187 (Fig. 5F).

Activation of SFKs can be monitored by phosphorylation of residue Tyr416. In P2Y12
deficient platelets, thrombin stimulates phosphorylation of Tyr416, which was inhibited by
pre-treatment of the platelets with dimethyl-BAPTA (Fig. 5G and 5H), suggesting that
thrombin-induced activation of SFKs is downstream from Ca2+ signaling.
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Discussion
In this study, we present evidence documenting the function of a P2Y12-independent
mechanism for thrombin-stimulated Akt phosphorylation in platelets. The data demonstrate
that Gq-dependent calcium mobilization plays a critical role in P2Y12-independent Akt
phosphorylation (Fig. 3), and that thrombin-induced, P2Y12-independent, Akt
phosphorylation is mediated through the Src/PI3K pathway (Fig. 5).

Almost all platelet agonists stimulate Akt phosphorylation in both human and mouse
platelets [4–6,11–13]. However, the mechanisms for Akt phosphorylation in response to
platelet agonists have not been completely elucidated. The role of Gq signaling in Akt
phosphorylation induced by thrombin is controversial. Woulfe et al. showed that Akt
phosphorylation in response to thrombin stimulation is downstream of Gq-dependent PI3K
activation [5]. This conclusion was questioned by some later studies [13,16]. Kim et al
reported that thrombin and AYPGKF respectively failed to stimulate significant Akt
phosphorylation in platelets pretreated with the P2Y12 antagonist AR-C69931MX or in the
platelets from clopidogrel treated mice [13]. Therefore, it was concluded that Akt
phosphorylation induced by thrombin receptors depends on the Gi activation induced
primarily by secreted ADP through its receptor P2Y12 [13]. In this model, the absence of
Akt phosphorylation in Gq deficient platelets is due to the lack of ADP secretion [13,16].

Because of the new results that raise questions of the specificity of AR-C69931MX [17], we
examined thrombin-stimulated Akt phosphorylation in P2Y12 deficient platelets. Our results
remove the ambiguity concerning the mechanism of thrombin-induced Akt phosphorylation
resulting from the work of Srinivasan et al. [17]. Data from our studies also confirm the
important role of the ADP receptor P2Y12 in thrombin-induced Akt phosphorylation, and
demonstrate a P2Y12-independent pathway mediating Akt phosphorylation at high
concentrations of thrombin. These findings confirm and extend a previous report that
thrombin can induce P2Y12-independent Akt phosphorylation in human platelets [14]. A
recent report that GPVI-mediated signaling can also induce P2Y12-independent Akt
phosphorylation [15] demonstrates the wide distribution of this means of Akt activation in
platelets.

The data presented here support the conclusion that P2Y12-independent Akt phosphorylation
in response to thrombin requires Gq but not Gi signaling. This conclusion is drawn from the
following data: (1) P2Y12-independent Akt phosphorylation induced by thrombin or
AYPGKF is inhibited by dimethyl-BAPTA, demonstrating that Ca2+ mobilization, which is
downstream from Gq signaling, is required for the P2Y12-independent Akt phosphorylation;
(2) Akt phosphorylation stimulated by thrombin or AYPGKF is absent in the Gq deficient
platelets (data not shown) [5], demonstrating that Gq, but not G12/13 [27], is required for the
Gi-independent Akt phosphorylation; and (3) AYPGKF-stimulated Akt phosphorylation
occurs in CHO cells expressing human PAR4 cDNA in the absence of platelet secretion,
suggesting that Gi is not required for PAR4-induced Akt phosphorylation.

Akt is one of the major downstream effectors of phosphoinositide 3-kinase (PI3K). It has
been shown that Akt phosphorylation downstream of P2Y12 requires the PI3K signaling
[12,13]. Our data indicate that Gi-independent Akt phosphorylation is also PI3K dependent
(Fig. 5A–C). Src family kinases play an important role in the Gi-mediated Akt
phosphorylation [16]. Our data demonstrate that Gq/Ca2+-dependent Akt phosphorylation
also requires the SFKs. That is evident because (1) SFKs are activated by thrombin in P2Y12
deficient platelets, as evidenced by phosphorylation of SFKs at residue Tyr416 in P2Y12
deficient platelets; (2) Akt phosphorylation induced by thrombin or AYPGKF in the P2Y12
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deficient platelets was abolished by PP2; (3) A23187-stimulated Akt phosphorylation in
P2Y12 deficient platelets was inhibited by PP2.

Unlike human platelets that express both PAR1 and PAR4 receptors, mouse platelets
express PAR3 and PAR4, and PAR3 does not transduce signals. Therefore, PAR4 is the
major signaling receptor for thrombin in mouse platelets [28]. While it is controversial
whether or not thrombin receptor PAR1 directly couples to Gi, PAR4 is believed to only
couple to Gq and G12/13 [25,29]. Thus, thrombin induced Gi activation in mouse platelets is
totally dependent on secreted ADP/P2Y12. In conclusion, we have demonstrated a novel
P2Y12-independent signaling pathway mediating Akt phosphorylation in response to
thrombin receptors. The finding that there is a Gq/Ca2+-dependent, in addition to the ADP/
P2Y12/Gi-dependent pathway mediating Akt activation in response to thrombin will increase
our understanding of the role of the PI3K/Akt pathway in platelet activation.
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Figure 1. Akt phosphorylation in response to thrombin or AYPGKF in P2Y12 deficient platelets
(A–E), Washed platelets from P2Y12 deficient mice and littermate wild type controls were
incubated with increasing concentrations of thrombin (Throm) (A), ADP (C), or AYPGKF
(AY) (D) at 37°C in a platelet aggregometer for 5 min, and solubilized with SDS-PAGE
sample buffer. Phosphorylation of Akt was detected by Western blotting with rabbit
monoclonal antibodies specifically recognizing the phosphorylated Akt residues Ser473 or
Thr308. A rabbit polyclonal antibody against total Akt was used to verify equal loading.
Immunoblotting results as in experiments described in panels (A) and (D) were scanned and
quantitated. Values were normalized with respect to wild type platelets stimulated with
lowest concentration of thrombin (B) or AYPGKF (E) for each immunoblot and are
expressed as relative phosphorylation (mean ± SD from 3 separate experiments). (F–G)
Washed platelets from P2Y12 deficient mice and littermate wild type controls were
incubated with AR-C69931MX (1 μM) for 5 min, and then added with thrombin (F), or
AYPGKF (G) at 37°C in a platelet aggregometer for 5 min, and solubilized with SDS-PAGE
sample buffer. (H), Washed platelets (1 × 108/ml) from P2Y12 deficient or wild type mice
were pre-incubated with thrombin (0.25 U/ml) or AYPGKF (0.5 mM) at 37 °C for 5 min.
These platelets were treated for 5 min with forskolin (10 μM). cAMP concentrations were
determined by using a cAMP immunoassay kit.
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Figure 2. Akt phosphorylation in recombinant CHO cells and the role of integrin outside-in
signaling in P2Y12-independent Akt phosphorylation
(A), CHO cells were transfected with human PAR4 cDNA or pCDNA 3.1/Zeocin (−)
(Vector). Expression of PAR4 was shown by Western blotting using an anti-human PAR4
polyclonal antibody. (B), Vector- or PAR4-transfected CHO cells were incubated with
buffer or AYPGKF (0.5 mM) at 37 °C for 2 or 5 min. Phosphorylation of Akt was detected
by Western blot. (C) CHO cells were transfected with human P2Y12 cDNA or pCDNA 3.1/
Zeocin (−) (Vector). CHO cells expressing vector or P2Y12 were incubated with ADP (10
μM) for 5 min. The cells were then incubated with forskolin (10 μM) for 5 min. cAMP
concentrations were determined by using a cAMP immunoassay kit. (D), Vector- or P2Y12-
transfected CHO cells were incubated with buffer or ADP (10 μM) at 37 °C for 5 min.
Phosphorylation of Akt was detected by Western blot. (E), Washed platelets from P2Y12
deficient mice or wild type controls were pre-incubated with RGDS peptide (2 mM) for 5
min, and then stimulated with thrombin (0.25 U/ml) or AYPGKF (0.5 mM) at 37°C in a
platelet aggregometer for 5 min. (F), Washed platelets from β3 deficient mice or wild type
controls were pre-incubated with 2MeSAMP or AR-C69931MX, and then stimulated with
thrombin at 37°C in a platelet aggregometer for 5 min.
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Figure 3. The role of Ca2+ and PKC in P2Y12-independent Akt phosphorylation induced by
thrombin or AYPGKF
(A–B), Washed platelets from P2Y12 deficient mice were pre-incubated with dimethyl-
BAPTA (10 μM) or DMSO for 5 min and followed by treated with 0.25 U/ml thrombin (A)
or 0.5 mM AYPGKF (B) for 5 min at 37°C in a platelet aggregometer. (C), Washed platelets
from wild type or P2Y12 deficient mice were stimulated with increasing concentrations of
A23187. (D–E), Washed platelets from P2Y12 deficient mice were pre-incubated with PKC
inhibitors Ro-31-8220 (1 μM), Gö6976 (1 μM) for 5 min and followed by treatment with
AYPGKF (D) or PMA (100 ng/ml) (E) for 5 min at 37°C in a platelet aggregometer.
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Figure 4. TXA2-induced Akt phosphorylation and calcium mobilization
(A–B), Washed platelets from P2Y12 deficient mice and littermate wild type controls were
incubated with increasing concentrations of thrombin or U46619 at 37°C in a platelet
aggregometer for 5 min (A). Immunoblotting results were scanned and quantitated. Values
were normalized with respect to wild type platelets stimulated with lowest concentration of
U46619 (B) for each immunoblot and are expressed as relative phosphorylation (mean ± SD
from 3 separate experiments). (C), Washed platelets from P2Y12 deficient or wild type mice
were labeled with 12.5 μM Fura-2/AM/0.2% Pluronic F-127 and resuspended in Tyrode’s
solution. Platelets were then stimulated with increasing concentration of U46619. Changes
in the intracellular free calcium level were measured every 2 s and expressed as a ratio of
fluorescence (FL) detected at 509 nm emission with an excitation wavelength of 340 nm and
380 nm. Statistical data from three experiments are shown. (D–F), Washed platelets from
P2Y12 deficient mice were labeled with 12.5 μM Fura-2/AM/0.2% Pluronic F-127. Platelets
were then stimulated with increasing concentration of U46619 (E) or thrombin (F).
Statistical data from three experiments are shown in (D), and representative data are shown
(E and F).
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Figure 5. The role of PI3K and Src family kinase in P2Y12-independent Akt phosphorylation in
response to thrombin, AYPGKF, or A23187
(A–C), Washed platelets from P2Y12 deficient mice were pre-incubated with LY294002 (20
μM) or wortmannin (100 nM), stimulated with AYPGKF (0.5 mM) (A), thrombin (0.25 U/
ml) (B), or A23187 (0.5 μM) (C). (D–F), Washed platelets from P2Y12 deficient mice were
pre-incubated with PP2 (10 μM) or DMSO, stimulated with thrombin (D), AYPGKF (E), or
A23187 (F). G and H, Washed platelets from P2Y12 deficient mice were pre-incubated with
BAPTA (10 μM) or DMSO, stimulated thrombin (G), or AYPGKF (H). Src phosphorylation
was detected by Western blotting with a rabbit monoclonal antibody specifically recognizing
the phosphorylated Src residue Tyr416.
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