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SUMMARY 
 
 

Platelet activation is critical for the maintenance of hemostasis. Under 

pathological conditions, platelets also play a critical role in thrombosis, a leading 

cause of heart attack and stroke. Platelets are activated by adhesive proteins and 

soluble agonists. This initiates a signal transduction cascade leading to platelet 

adhesion, spreading, secretion, and aggregation, which are important for the 

formation of a platelet plug. Therefore, understanding the mechanisms of platelet 

activation may aid in the development of novel anti-thrombotic agents. 

 PI3 Kinases (PI3Ks) have been shown to be a common and key signal 

mediator in platelet activation. The most well known effector of PI3Ks is Akt. Akt 

is a family of serine threonine kinases with 3 isoforms: Akt1, Akt2, and Akt3. 

Previous studies from our lab and others have shown that Akt1 and Akt2 have 

important roles in stimulating platelet activation. In particular, Akt1 and Akt2 have 

been shown to be important in stimulating the second wave of secretion 

dependent platelet activation induced by thrombin, thromboxane (TXA2), and von 

willebrand factor (vWF), and a major downstream mechanism for the role of Akt1 

and Akt2 is mediated by the NO-cGMP-PKG signaling pathway. Although Akt3 

was not previously identified in platelets in some previous studies, we present 

data in Chapter IV A that Akt3 is expressed in substantial amounts in human and 

mouse platelets. Using platelets isolated from Akt3 knockout mice, to assess the 

role of Akt3 in platelet function, we show that Akt3 is important in stimulating  
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SUMMARY (continued) 
 
 

platelet aggregation and secretion in response to low concentrations of thrombin 

receptor agonists and thromboxane A2 (TXA2), but not collagen or VWF. This is 

in contrast to Akt1 and Akt2, which are important is stimulating platelet activation 

induced by thrombin, TXA2, and vWF, while Akt1 is also important in stimulating 

platelet aggregation in response to collagen. Thus, our study revealed that there 

are differences among Akt isoforms in specific platelet signaling pathways. 

Importantly, we have found that Akt3 also promotes the formation of occlusive 

arterial thrombi in an in vivo FeCl3-induced carotid artery thrombosis model. 

Thus, we show that Akt3 plays an important and distinct role in platelet activation 

and in thrombosis. 

 In identifying a mechanism responsible for the role of Akt3 in platelet 

activation, we demonstrated that Akt3 is important in thrombin-induced 

phosphorylation of glycogen synthase kinase-3β (GSK-3β) at Ser9, which is 

known to inhibit GSK-3β function. Inhibition of GSK-3β reversed the inhibitory 

effect of Akt3 knockout on platelet aggregation and secretion in response to low 

dose thrombin. Thus, Akt3-mediated phosphorylation and inhibition of GSK-3β 

may be a mechanism by which Akt3 stimulates platelet activation.  

 Integrins mediate platelet adhesion and transmit “outside in” signals, 

leading to platelet spreading. PI3Ks play a critical role in outside-in signaling and 

platelet spreading; however, the mechanisms of PI3K activation and function in 

outside-in signaling are unclear. We hypothesized that downstream from PI3K,  



 

 xi 

SUMMARY (continued) 
 

Akt plays a stimulatory role in integrin outside-in signaling and platelet spreading. 

In testing this hypothesis in Chapter III B, we demonstrate that Akt is important in  

integrin outside-in signaling and platelet spreading on fibrinogen using platelets 

treated with an inhibitor of Akt and platelets from Akt3 knockout mice. Our studies 

revealed that Akt isoforms are also important in integrin-dependent 

phosphorylation of glycogen synthase kinase-3β (GSK-3β) and the role of PI3K 

and Akt on platelet spreading is at least partially mediated by inhibition of GSK-

3β. We have determined that integrin-dependent activation of the PI3K-Akt 

pathway requires Src Family Kinase (SFK). In addition, integrin-dependent 

activation of the PI3K-Akt pathway is also promoted by ADP secretion signaling 

through P2Y1 and P2Y12 ADP receptors during spreading. Thus, we have 

characterized an integrin outside-in signaling pathway involving SFK-dependent 

and P2Y12/P2Y1-facilitated activation of the PI3K-Akt pathway, which inhibits 

GSK-3β and promotes platelet spreading. 
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I. LITERATURE REVIEW 

 
 
A. Platelets 
 
 1.  Platelet morphology 

     
          Platelets are small, anucleate cells that circulate in the blood. They are 

derived from precursor megakaryocytes in a process called thrombopoiesis. 

Platelets range in size from 2.0 to 5.0 µm in diameter. Platelets typically circulate 

in the blood for 7-10 days. The exterior surface of the platelet or glycocalyx 

serves as the first site of contact and is covered with receptors that sense 

changes in the platelet environment and facilitate adhesion. The platelet surface 

membrane is a lipid bilayer, similar to that of other cell types (White and Conard, 

1973). The platelet cytoskeleton is important for regulating the platelet shape, 

and serves as a scaffold to bind and activate signaling molecules. The 

cytoskeleton consists of a spectrin-based skeleton, which is adherent to the 

cytoplasmic side of the membrane, a microtubule coil, and cross-linked actin 

filaments with myosin heads (Fox, 2001). The cytoplasmic side of the membrane 

is coated with a hexagonal meshwork of spectrin tetramers, which interconnect 

the ends of actin filaments (Hartwig et al., 1999). Actin filaments are also linked 

to membrane glycoproteins. Importantly, actin filaments are connected to 

glycoprotein Ib (GPIb) through the actin crosslinking and scaffolding protein, 

filamin. In addition, actin interaction with myosin promotes contractile forces (Fox, 

2001). The platelet microtubule coil is formed from a single microtubule that is 
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wound 8 to 12 times into a coil, which supports the shape of the platelet (Haydon 

and Taylor, 1965). Microtubules are rigid, hollow polymers that are assembled 

from α and β tubulin heterodimers (Kenney and Linck, 1985). Platelets have an 

open canalicular system (OCS), which consists of invaginations of the surface 

membrane that form channels that tunnel into the cytoplasm (Escolar and White, 

1991). The channels of the OCS serve as a source for increased surface area for 

spreading platelets and provide a means for small molecules to enter the deepest 

recesses of the cell (Escolar and White, 1991). In addition to the cellular 

organelles such as mitochondria and Golgi apparatus that are common to other 

cell types, platelets contain three major types of granules in the cytoplasm: α-

granules, dense granules, and lysosomes, which may be released during platelet 

activation (more on platelet granule secretion will be discussed in Chapter IC). 

Platelet granules serve as reservoirs of growth factors, adhesive proteins, and 

soluble agonists that further amplify platelet activation and recruit circulating 

platelets. Platelets have a dense tubular system, which represents the residual 

endoplasmic reticulum of the megakaryocyte, and is the major calcium 

sequestering organelle (Ebbeling et al., 1992). The dense tubular system rapidly 

releases this calcium upon platelet agonist stimulation to increase intracellular 

calcium levels. This is initiated by binding of the Phospholipase C (PLC) product, 

inositol triphosphate (IP3), to receptors on the dense tubular system membrane 

(Sage and Rink, 1987).  
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2.  Physiological function 

Platelets play a key role in hemostasis, which is the cessation of 

bleeding. Platelets are also important for thrombosis, which is the pathological 

formation of occlusive thrombi in the vessels. Under normal conditions, platelets 

circulate in a “resting” state. Upon damage to the endothelial cell surface or 

disruption of endothelial monolayers, platelets are exposed to the underlying 

subendothelial matrix and also extracellular matrix of tissues, which consists of 

adhesive proteins such as collagen. Platelets adhere to extracellular matrix 

proteins such as collagen and collagen-bound VWF, via the interaction of these 

adhesive proteins with their respective receptors on platelet membranes. 

Damage to tissues and cells also cause the release or formation of soluble 

agonists such as TXA2, adenosine diphosphate (ADP), or thrombin. These 

soluble agonists activate platelets through their respective receptors and lead to 

the recruitment of additional circulating platelets. Activated platelets release their 

granule contents, which include platelet soluble agonists and adhesive proteins 

that greatly amplify platelet activation and help recruit circulating platelets to the 

site of vascular injury. At the molecular level, the consequence of platelet 

activation is the transformation of the major platelet adhesion receptor integrin 

αIIbβ3, from its resting to activated state, which allows platelets to bind integrin 

ligands such as fibrinogen, VWF and fibronectin, and mediate platelet 

aggregation and stable adhesion. Platelet aggregation is the clustering together 

of platelets, resulting in a thrombus. 
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Activated platelets can release microparticles, which are small 

membrane vesicles. Platelet microparticles are highly procoagulant, because 

they contain the exposed, anionic phospholipid, phosphatidylserine, which 

facilitates the assembly of components of the coagulation cascade (Owens and 

Mackman, 2011). The coagulation cascade is required for thrombin generation 

and conversion of fibrinogen to fibrin, which in turn strengthens the platelet 

thrombus. 

In addition to the central role of platelets in hemostasis and thrombosis, 

platelets play a dynamic role in a number of physiological processes. Platelets 

are important in maintaining vascular integrity. Platelets can interact with 

activated or damaged endothelium mainly through ligation of platelet-endothelial 

cell adhesion molecule-1 (PECAM-1) (Newman, 1994), and endothelial P-

selectin with platelet GPIb and PSGL-1 (Frenette et al., 2000; Frenette et al., 

1995; Romo et al., 1999). Platelets can also bind VWF, a ligand for GPIb and 

integrins, which is secreted from Weibel Palade bodies of activated endothelial 

cells (Wagner et al., 1982). Through platelet-endothelial cell interactions, 

platelets can help maintain the endothelial barrier to prevent excessive leakage 

of fluids and proteins into tissues (Ho-Tin-Noe et al., 2011). Platelets also have 

an important role in inflammation. Leukocytes can roll and tether on activated 

platelets through interaction of platelet P-selectin and leukocyte PSGL-1, which 

promotes leukocyte activation (Mayadas et al., 1993; Norman et al., 1995). 

Activated platelets can promote leukocyte recruitment in inflamed tissues through 
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secretion of a number of inflammatory and immune modulating factors from their 

granules (Ho-Tin-Noe et al., 2011). These include histamine, platelet activating 

factor (PAF), sphingosine-1 phosphate (S1P), platelet factor 4 (PF4), and 

interleukin-1β (IL-1β). Several studies have suggested that secretion of growth 

factors from platelet granules promotes angiogenesis (Feng et al., 2011; Kisucka 

et al., 2006; Rhee et al., 2004), tumorigenesis, and cancer progression (Jain et 

al., 2010). Taken together, platelets play a critical role not only in hemostasis and 

thrombosis, but also in several important physiological and pathophysiological 

processes. Understanding the mechanisms of platelet activation will therefore aid 

in the prevention and treatment of a number of diseases. 

The advancement of research on platelet activation has led to the 

development and clinical use of a number of anti-platelet drugs for the prevention 

and treatment of thrombosis. These established anti-platelet drugs target 

cyclooxygenase (aspirin), integrin αIIbβ3 (abciximab, tirofiban, eptifibatide), and the 

ADP receptor P2Y12 (ticlopidine, clopidogrel). There are however, problems and 

side effects associated with the use of these drugs. A significant amount of 

patients using these anti-platelet agents still experience thrombotic events 

(Yousuf and Bhatt, 2011; Yusuf et al., 2001). Potential explanations for this 

occurence is drug resistance attributable to genetic polymorphisms, and 

competition in metabolism (Michelson, 2010). In addition, the use of anti-platelet 

agents has resulted in bleeding side effects and thrombocytopenia in some 

patients (Michelson, 2010). Therefore, novel anti-platelet agents are needed that 
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inhibit thrombosis, yet maintain hemostasis. Detailed understanding of the 

mechanisms regulating signaling during platelet activation and adhesion are 

essential for the discovery of novel targets for anti-thrombotic therapy.  

 

B.       Signaling during platelet activation and adhesion 
 
 
 Soluble agonists and adhesive proteins bind to their respective platelet 

receptors and induce an intracellular signal transduction cascade. Signaling 

downstream of ligand-occupied platelet receptors converge on several common 

signaling pathways that lead to platelet activation. These signaling pathways are 

responsible for inducing fundamental platelet functions such as shape change, 

granule secretion, and integrin-dependent adhesion and aggregation. These 

platelet signaling events result in several feedback loops and cross-talk between 

signaling pathways that significantly amplify and stabilize platelet thrombus 

formation (For review please see (Li et al., 2010a)). Significant progress has 

been made in recent years to unravel the complex signaling pathways regulating 

platelet activation. The main platelet signaling pathways can be divided into two 

major categories: G-protein coupled receptor signaling pathways and adhesion 

receptor signaling pathways.   

 
 

1.  G-Protein Coupled Receptor Pathways 
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Numerous soluble platelet agonists are generated at sites of vascular 

injury or released from damaged or stimulated endothelial cells, inflammatory 

cells, or from granules of activated platelets at sites of vascular injury. Soluble 

platelet agonists include thrombin, ADP, TXA2, serotonin, platelet activating 

factor, and lysophosphatidic acid. The majority of these soluble platelet agonists 

bind to seven transmembrane spanning receptors, known as G protein-coupled 

receptors (GPCRs), because they are coupled to heterotrimeric G-proteins. 

Heterotrimeric G-proteins consist of an α, β, and γ subunit. Agonist binding 

induces conformational changes in the seven transmembrane receptors that 

allow the receptor to act as a guanine nucleotide exchange factor (GEF) and 

cause the α subunit to be converted from a guanosine diphosphate (GDP)-bound 

form to the active guanosine triphosphate (GTP)-bound form. The GTP-bound α 

subunit dissociates from the receptor and the β/γ complex, and interacts with 

specific downstream effectors. The β/γ complex can also dissociate and interact 

with intracellular signaling targets such as PI3K (Stephens et al., 1997). 

Regulators of G-protein signaling (RGS) proteins regulate Gα signaling by 

accelerating the hydrolysis of the GTP of Gα subunits (Signarvic et al., 2010). 

Platelets express Gq, G12/13, Gi/z, and Gs subfamilies of G-proteins. The major 

soluble platelet agonists that bind to G protein-coupled receptors include TXA2, 

thrombin, and ADP, which will be discussed as follows (Figure 1).  
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Figure 1. G-protein coupled receptor platelet activation signaling 

This figure has been modified from its original form published in ATVB (Li et al., 
2010a). 
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a.  Thromboxane A2 
 
       
      Thromboxane A2 (TXA2) is a short-lived lipid mediator that is the 

product of thromboxane synthase. The enzyme cyclooxygenase catalyzes the 

formation of intermediate prostaglandin endoperoxide PGH2 from arachidonic 

acid. Thromboxane synthase then forms TXA2 from PGH2. Aspirin is widely and 

successfully used as an antithrombotic drug, because it inhibits cyclooxygenase, 

and thus TXA2 production. TXA2 can diffuse through the platelet membrane to 

activate neighboring platelets, and thus serves as an important amplification 

mechanism for platelet activation. TXA2 is quickly converted to non-functional 

thromboxane B2. Because thromboxane is short lived, the synthetic stable 

analog, U46619 is used for platelet experiments in vitro. TXA2 signals through 

binding to thromboxane prostanoid (TP) receptor. Deletion of TP in mice results 

in defects in platelet aggregation and hemostasis (Thomas et al., 1998). TP 

receptor is coupled to G12/G13, and Gq pathways (Djellas et al., 1999; Knezevic 

et al., 1993). Gq activation leads to stimulation of Phospholipase Cβ (PLCβ), 

which catalyzes the generation of inositol triphosphate (IP3) and diacylglycerol 

(DAG). IP3 stimulates calcium mobilization, and DAG activates Protein Kinase C- 

(PKC) dependent pathways, which promote platelet granule secretion 

(Offermanns et al., 1997). G12/13 activation results in stimulation of the RhoA 

pathway. Guanosine triphosphate (GTP) loaded Gα13 interacts with 

p115RhoGEF, which converts RhoA into the active GTP-bound form (Kozasa et 
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al., 1998). The RhoA pathway is important for platelet shape change and granule 

secretion (Klages et al., 1999; Moers et al., 2003).  

 
b.  Thrombin 
 
 
     Thrombin is a serine protease that is converted from the inactive 

prothrombin when the coagulation cascade is activated either through the 

exposure of tissue factor during cell injury (extrinsic pathway) or through 

activation of FXII-dependent pathway (intrinsic pathway) (Coughlin, 2005). The 

protease activated receptors (PAR) are the major thrombin receptors. Activation 

of PARs is induced when thrombin cleaves the N-terminus of the receptor, 

resulting in a new N-terminus that serves as a tethered ligand (Vu et al., 1991). 

Thus, peptides based on the tethered ligand sequences can activate these 

receptors and are used as platelet agonists to mimick the effect of thrombin in 

inducing PAR signaling and platelet activation. Human platelets express PAR-1 

and PAR-4, while mouse platelets express PAR-3 and PAR-4. PAR-1 is coupled 

to Gα12/13, Gαq, and Gαi/z families of heterotrimeric G proteins. PAR-4 is 

coupled to Gαq and Gα12/13. Gα13 appears to be the major G-protein 

stimulated downstream from PAR-1 (Huang et al., 2007). Receptor activation of 

PAR-1 and PAR-4 leads to stimulation of numerous signaling pathways including 

PLC, PI3K, and the small GTPases Rho, Rac, and Rap1, and also causes 

calcium mobilization and inhibition of cAMP formation (Coughlin, 2005). In mouse 

platelets, a lack of PAR-4 causes defects in shape change, calcium mobilization, 
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and ADP secretion and aggregation in response to thrombin (Sambrano et al., 

2001). Knockout of PAR-3 in mouse revealed that PAR-3 is necessary for platelet 

aggregation and secretion induced by low, but not high concentrations of 

thrombin (Kahn et al., 1998). The results of another study supported the notion 

that PAR-3 serves as a cofactor to localize thrombin to the platelet surface to 

promote cleavage and activation by PAR-4 (Nakanishi-Matsui et al., 2000). It has 

also been shown that thrombin binds to GPIbα (Okumura et al., 1978); however 

the physiological relevance of GPIb-thrombin interaction is still uncertain (Ruggeri 

et al., 2010). 

 
c.  ADP 
 
 
     ADP is an important platelet activator and is secreted from platelet 

dense granules. ADP may also be released from damaged red blood cells at 

sites of vascular injury. Platelets contain two receptors for ADP that are members 

of the purinergic class of GPCRs: P2Y1 and P2Y12. P2Y1 receptor is coupled to 

Gαq, while P2Y12 receptor is coupled to Gαi. Platelets also contain a P2X1 

receptor, which is an ionotropic adenosine triphosphate (ATP) receptor that 

induces calcium influx (Kunapuli et al., 2003). The P2Y1 receptor, by coupling to 

Gαq, leads to activation of PLC, generation of IP3, and subsequently mobilization 

of calcium. P2Y1 receptor signaling also leads to activation of the small G-protein 

RhoA that mediates platelet shape change. Mice deficient in P2Y1 exhibit 

defective platelet aggregation, shape change, and increased resistance to 
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thrombosis in vivo (Leon et al., 1999). The P2Y12 receptor, by coupling to Gαi, 

inhibits adenylyl cyclase and cyclic adenosine monophosphate (cAMP) 

production. Knockout of P2Y12 in mouse platelets results in prolonged bleeding 

time, reduced aggregation, but normal shape change and calcium flux in 

response to ADP (Foster et al., 2001). P2Y1 null mice and P2Y12 null mice both 

exhibit reduced responses to other platelet agonists such as thrombin and 

collagen, supporting the importance of ADP secretion in stabilization of platelet 

aggregation (Foster et al., 2001; Leon et al., 1999). It has also been shown that 

ADP secretion can promote platelet spreading on immobilized fibrinogen and 

scavengers of ADP such as apyrase can inhibit platelet spreading (Haimovich et 

al., 1993; Jirouskova et al., 2007). Furthermore, it has been reported that 

platelets from a patient deficient in ADP receptor P2Y12 have defective 

spreading on fibrinogen (Shiraga et al., 2005). This suggests a role for ADP in 

promoting integrin dependent platelet spreading. In addition, the activation of 

ADP receptor P2Y12 has been shown to be a major mechanism for the 

stimulation of the PI3K pathway, as Gβγ has been shown to directly bind PI3K 

and induce its activation (Jackson et al., 2004). Because of the importance of 

ADP receptor signaling in the secondary amplification mechanism of platelet 

activation, several pharmacological agents specifically targeting ADP receptors 

have been developed as anti-thrombotic agents. Clopidogrel and ticlopidine are 

two widely prescribed anti-platelet agents that are irreversible antagonists of the 

P2Y12 receptor (Kunapuli et al., 2003). 
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 2.  Adhesion Receptor Pathways 
 

Platelet adhesion receptors are key initiators of platelet activation at 

sites of vascular injury. These receptors are responsible for capturing and 

tethering platelets circulating in the bloodstream to exposed extracellular matrix 

proteins. Ligation of platelet adhesion receptors induces intracellular signaling 

that is critical for platelet plug formation. The major platelet adhesion receptors 

include integrin αIIbβ3, GPIb-IX-V, and GPVI (Figure 2).  
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Figure 2.  Signaling pathways of major platelet adhesion receptors 
 
 
This figure has been modified from its original form published in ATVB (Li et al., 
2010a).  
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a.  Integrin αIIbβ3 
 
 

Integrins are a family of cell adhesion receptors that regulate 

numerous cellular processes such as adhesion, migration, and proliferation.  

Integrins are heterodimeric transmembrane proteins consisting of an α and β 

subunit. Platelets express αIIbβ3 (fibrinogen receptor), α2β1 (collagen receptor), 

αvβ3 (vitronectin receptor), α5β1 (fibronectin receptor), and α6β1 (laminin recptor), 

but integrin αIIbβ3 is the major integrin subtype expressed in blood platelets. 

Under normal conditions, platelet integrin αIIbβ3 has low affinity for its ligands. 

Upon agonist stimulation at sites of blood vessel injury, integrins become 

activated and can bind ligands, and mediate platelet aggregation and adhesion. 

Integrin signaling is bidirectional in that intracellular signaling mechanisms induce 

changes in the extracellular ligand binding domain of integrins to an activated 

state (inside-out signaling), and ligand binding to the activated integrins 

conversely transmits “outside-in” signals (Ginsberg et al., 2005; Li et al., 2010a; 

Ma et al., 2007), which are critically important in stable platelet adhesion, 

spreading, and clot retraction (Shattil and Newman, 2004). The regulation of 

integrin αIIbβ3 is therefore critically important for hemostasis, as well as 

thrombosis.  

 
i.  Inside-out signaling 
 

Integrins are also activated from signals within cells, known as 

inside-out signaling. Stimulation of G protein-coupled receptors or adhesion 
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receptors induces intracellular signals that lead to conformational changes in the 

extracellular domain of integrins that allows integrins to bind their ligands. 

Activated integrins mediate adhesion and platelet aggregation. Two major 

integrin binding proteins that are required for integrin inside out signaling are talin 

and kindlin. Talin is a large (280-kDa), cytoplasmic protein that is recruited to the 

plasma membrane by intracellular signals of Rap1 and RIAM, where it binds β 

integrin cytoplasmic tails (Lee et al., 2009). Deletion of talin1 in mice results in 

severe bleeding and dramatically impaired platelet aggregation (Petrich et al., 

2007). Though talin binds β integrin cytoplasmic tails at multiple sites and this 

binding is required for changes in the extracellular domain and subsequent ligand 

binding, precisely how talin- β integrin interaction can trigger integrin activation is 

still under intense investigation. Recently, the kindlin family of proteins was also 

identified to be an important regulator of integrin activation (Malinin et al., 2009; 

Moser et al., 2008; Ye and Petrich, 2011). Kindlin 3 is the major isoform 

expressed in platelets and its deletion results in increased bleeding, defective 

platelet aggregation and integrin activation (Malinin et al., 2009; Moser et al., 

2008). Kindlin also binds to the β integrin cytoplasmic tail, but at a site distinct 

from talin (Harburger et al., 2009; Ma et al., 2008; Moser et al., 2008). It is 

unclear at this time whether kindlin functions as a coactivator of β integrin, a 

scaffold, or both; thus, future studies are warranted to pinpoint the precise 

requirement of kindlin and talin in integrin inside-out signaling.  

 
ii.  Outside-In Signaling 
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Signaling originating from extracellular ligand binding to integrin 

to induce intracellular signaling and cellular responses is known as outside-in 

signaling. Cell spreading is an early consequence of integrin outside-in signaling 

and represents the outward movement of the cell membrane, characterized by 

formation of lamellipodia and filipodia. Understanding the mechanisms and 

signaling proteins involved in “outside-in” signal transduction may facilitate the 

development of pharmacological inhibitors for regulation of these processes. 

Numerous proteins have been shown to interact with integrin β3 cytoplasmic 

domain (Shattil and Newman, 2004); however we have recently shown that the 

most proximal event following integrin ligation is the binding of the G protein 

subunit Gα13 to the cytoplasmic domain of β3 integrin (Gong et al., 2010). This 

interaction then leads to activation of Src Family Kinases (SFKs), particularly c-

Src, which is associated with β3 (Arias-Salgado et al., 2003; Obergfell et al., 

2002). A downstream pathway of the Gα13-c-Src-mediated signal is the Src-

dependent phosphorylation of p190 RhoGAP, which leads to inactivation of RhoA 

and subsequent inhibition of the RhoA contractile pathway, thus promoting cell 

spreading (Arthur and Burridge, 2001; Flevaris et al., 2007). c-Src is also 

important for the phosphorylation of the β3 cytoplasmic domain and for the 

activation of the immunoreceptor tyrosine-based activation motif (ITAM) and Syk 

signaling pathway (Boylan et al., 2008; Obergfell et al., 2002). The ITAM and Syk 

signaling pathway is important for activation of PLCγ2 (Wonerow et al., 2003).  

PLCγ2 generates the lipid products IP3 and DAG. IP3 and DAG are important for 
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calcium mobilization and subsequent activation of calcium and diacylglycerol-

regulated guanine nucleotide exchange factor I (CalDAG-GEFI). DAG is required 

for activation of PKC. PKCθ and PKCβ were reported to be important for integrin 

outside-in signaling, however further studies are required to identify its substrates 

and specific role in the process (Buensuceso et al., 2005; Soriani et al., 2006). 

CalDAG-GEFI is also important for integrin signaling and is required for activation 

of Rap1 (Bergmeier et al., 2007; Crittenden et al., 2004; Eto et al., 2002; 

Stefanini et al., 2009). Rap1b is important for integrin outside-in signaling and 

spreading (Zhang et al., 2011b). Activation of Rap1b results in its association 

with Rap1-GTP-interacting adaptor molecule (RIAM), which is important to 

promote talin-dependent integrin activation (Lee et al., 2009; Watanabe et al., 

2008). Numerous groups have also reported that PI3Ks play important roles in 

integrin outside-in signaling (Banfic et al., 1998; Canobbio et al., 2009; Heraud et 

al., 1998; Jackson et al., 2004; Zhang et al., 1998).  

Another platelet response that requires integrin signaling is clot 

retraction. Cell retraction is mediated through the RhoA and Rac1-dependent 

retractile signaling pathways (Flevaris et al., 2009; Flevaris et al., 2007; Jaffe and 

Hall, 2005). Association of c-Src with β3 is required for inhibition of the RhoA 

retractile pathway, which promotes cell spreading (Arthur and Burridge, 2001; 

Flevaris et al., 2007). During integrin outside-in signaling and platelet spreading, 

calpain, which is a calcium-regulated cysteine protease, becomes activated in 

response to increased intracellular calcium levels. Calpain cleaves the 
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cytoplasmic domain of β3 integrin mainly at Y759 (Du et al., 1995; Xi et al., 2003). 

Increased β3 cleavage occurs after dephosphorylation of Y759 (Xi et al., 2006). 

The calpain cleavage of β3 relieves the inhibitory effects of Src on the RhoA 

retractile pathway, thus allowing for platelet retraction (Flevaris et al., 2007). 

RhoA activates Rho dependent kinase (ROCK) that phosphorylates and 

inactivates myosin light chain (MLC) phosphatase, thereby leading to an increase 

in MLC phosphorylation (Kimura et al., 1996). However, inhibition of calpain 

cleavage only partially rescued integrin mediated clot retraction (Flevaris et al., 

2007). We have recently shown that a second pathway is present, which 

depends on the small GTPase, Rac1 (Flevaris et al., 2009). Rac 1 dependent 

integrin outside-in signaling leads to activation of mitogen-activated protein 

kinase (MAPK), which induces phosphorylation of MLC (Flevaris et al., 2009). 

MLC phosphorylation is essential for cell retraction and the actomyosin complex. 

 
 
b.  Glycoprotein Ib-IX-V 
 
 

   Under high shear rates conditions, the platelet receptor for Von 

Willebrand factor (VWF), the glycoprotein Ib-IX-V complex (GPIb-IX), is required 

to mediate initial platelet adhesion to subendothelial-bound VWF at sites of 

vascular injury and transduce signals (Du, 2007). GPIb-IX signaling leads to 

platelet activation, stable platelet adhesion, and thrombus formation (Du, 2007; 

Ruggeri, 1994; Ware, 1998). GPIb-IX consists of GPIbα, GPIbβ, GPIX and 

loosely associated GPV (Lopez, 1994). The extracellular domain of GPIbα 
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contains the binding site for VWF. In addition to its interaction with VWF, GPIb-IX 

also binds thrombin (Okumura et al., 1978), and interacts with leukocyte integrin 

αmβ2 (Simon et al., 2000), P-selectin (Romo et al., 1999), and coagulation factors 

XI and XII (Baglia et al., 2004; Bradford et al., 2000), high molecular weight 

kininogen (Bradford et al., 1997), and thrombospondin-1 (Jurk et al., 2003).  

Thus, GPIb-IX is also important for platelet adhesion to endothelial cells, 

leukocyte recruitment to sites of vascular injury, and in thrombin-induced platelet 

activation and coagulation. The cytoplasmic domain of GPIb-IX interacts with 

several molecules, including 14-3-3 protein (Du et al., 1996; Du et al., 1994), 

filamin (Andrews and Fox, 1991; Fox, 1985), PI3K (Mu et al., 2010), calmodulin 

(Andrews et al., 2001), and Src family kinases (Wu et al., 2003). Recent studies 

from our lab and others have shown that GPIb-IX signaling requires sequential 

activation of Src family kinases (Kasirer-Friede et al., 2004), particularly Lyn (Liu 

et al., 2005; Yin et al., 2008a), Rac1 (Du lab unpublished data), PI3K/Akt 

(Kasirer-Friede et al., 2004; Yin et al., 2008b), cGMP-dependent protein kinase 

(Li et al., 2003a), and the MAPKs (Li et al., 2001). GPIb-IX signaling results in 

calcium elevation, integrin activation, and TXA2-dependent granule secretion of 

ADP (Du, 2007; Liu et al., 2005). The signaling that results in TXA2 production 

was shown to be initiated by SFK, and propagated through Syk, Btk, SLP-76, 

PI3K, PLCγ2, and PKC (Kroll et al., 1991; Liu et al., 2006; Liu et al., 2005; Yin et 

al., 2008b).  

c.  Collagen/GPVI 
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  Blood vessel injury results in exposure of platelets to subendothelial 

protein collagen. Platelets express collagen receptors GPVI and α2β1 that 

mediate platelet tethering, adhesion, and aggregation.  GPVI is the major platelet 

collagen receptor and is a member of the immunoglobulin superfamily 

(Clemetson et al., 1999). GPVI consists of 2 Ig domains, a mucin like stalk, a 

transmembrane region and a short cytoplasmic tail consisting of 51 amino acids. 

GPVI is coupled to a Fc receptor (FcR) γ chain that is essential for its expression 

and function in platelets (Kato et al., 2003; Poole et al., 1997).  Each FcRγ chain 

contains an ITAM. ITAM undergoes phosphorylation on two tyrosine residues, by 

SFKs Lyn and Fyn, upon GPVI-collagen crosslinking (Quek et al., 2000). This 

leads to binding and activation of the tyrosine kinase Syk by SFKs (Yanaga et al., 

1995). Activated Syk induces intracellular signaling through adapter proteins 

LAT, SLP76, Gads, and the Tec family kinase Btk, as well as PI3Ks (Pasquet et 

al., 1999a) (Barry and Gibbins, 2002; Gross et al., 1999a; Gross et al., 1999b; 

Pasquet et al., 1999b; Quek et al., 1998; Ragab et al., 2007). This protein 

complex is responsible for the activation of PLCγ2. Filamin A was also shown to 

interact with Syk and contribute to PLCγ2 activation (Falet et al., 2010). PLCγ2 is 

necessary for calcium mobilization, activation of protein kinase C, and platelet 

granule secretion (Blake et al., 1994; Wang et al., 2000). Downstream from PI3K, 

Akt1 is also required to promote platelet granule secretion induced by collagen 

and signals mainly by activating the NO-cGMP-PKG-MAPK pathway (Chen et al., 

2004; Stojanovic et al., 2006). PKC- and calcium- regulated pathways also 
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contribute to GPVI stimulated platelet activation (Quinton et al., 2002). Platelet 

endothelial cell adhesion molecule-1 (PECAM-1) is known to negatively regulate 

collagen signaling through activation of SHP-1/2 phosphatases (Newman et al., 

2001). 

Integrin α2β1 is also a platelet collagen receptor. Studies using β1 

Cre-loxP conditional knockout showed a relatively mild collagen induced 

aggregation defect and a mild adhesion defect on collagen compared to mice 

lacking GPVI, which could not activate integrins, adhere to and aggregate on 

soluble or fibrillar collagen (Nieswandt et al., 2001). Studies using α2 deficient 

mouse platelets revealed defects in adhesion to Type1 collagen under static or 

shear conditions (Chen et al., 2002). Therefore, the role of integrin α2β1 in 

collagen induced platelet activation is somewhat controversial and may in part be 

due to the type of collagen used (Nieswandt and Watson, 2003).  

 

C.     Platelet Granule Secretion 
 
 

Activated platelets secrete a number of soluble agonists and adhesive 

proteins from their granules. Secreted granule contents aid in the recruitment and 

activation of circulating platelets and amplify thrombus formation at sites of blood 

vessel injury. The importance of platelet secretion in hemostasis is evidenced by 

the identification of bleeding disorders in patients with defective exocytosis such 

as in Storage Pool Deficiencies (SPD), Hermansky-Pudlak Syndrome (HPS), and 

Gray Platelet Syndrome (GPS) (Nurden and Nurden, 2011; Ren et al., 2008). 
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Platelets carry a large amount of biologically active molecules in their granules 

that may also implicate platelets in other physiological processes including 

inflammation, wound healing, angiogenesis, and atherosclerosis. Platelets 

contain three types of granules: dense granules, α-granules, and lysosomes. 

Dense granules contain small molecules such as ADP, serotonin, and calcium. α-

Granules contain proteins such as PF4, VWF, platelet derived growth factor 

(PDGF), fibrinogen, and fibronectin. P-selectin is a type I integral membrane 

protein that resides in α-granules of unstimulated platelets. P-selectin is exposed 

on the surface of activated platelets upon platelet α-granule release, and thus 

serves as a marker for platelet activation (Furie et al., 2001). Because P-selectin 

can interact with P-selectin glycoprotein ligand-1 (PSGL-1) on the surface of 

leukocytes, α-granule release and P-selectin exposure on activated platelets is 

an important mechanism for platelet-leukocyte interaction (Furie et al., 2001). 

Lysosomal granules contain ezymes such as cathepsins and hexosaminidase 

(Ren et al., 2008). Interestingly, it has recently been proposed that there is 

heterogeneity among α-granules in that distinct subpopulations of α-granules 

contain different cargo and may undergo differential release upon platelet 

activation (Italiano and Battinelli, 2009).  

 Platelet secretion occurs when granules fuse with the target membrane 

and exocytose their cargo. Soluble N-ethylmaleimide-sensitive factor attachment 

proteins (SNARE) are critical in this process. tSNAREs are membrane proteins 

associated with target membranes. Platelets express tSNAREs: syntaxin 2, 4, 7, 
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11, SNAP-23, and SNAP-29 (Ren et al., 2008). vSNAREs are membrane 

proteins located on vesicles. Human and mouse platelets express vesicle 

associated membrane proteins (VAMP): VAMP-2, VAMP-3, VAMP-7, and VAMP-

8 (Ren et al., 2008). During exocytosis, vSNAREs and tSNARES interact with 

each other and this interaction is controlled by SNARE regulators, Munc 18 and 

Munc 13 (Ren et al., 2010; Schraw et al., 2003). Members of the Ras subfamily 

of GTPases, Rab 27a and Rab27b have also been shown to be important for 

dense granule secretion (Tolmachova et al., 2007).  A number of common 

signaling pathways have been shown to promote platelet secretion. Among 

these, PKC isoforms have been shown to play a major role in regulating platelet 

secretion and the mechanism may involve phosphorylation of SNARE protein 

family members (Chung et al., 2000; Harper and Poole, 2010; Polgar et al., 

2003).  

  
 
D.     Akt 
 

 
 1.  Structure and Function 

 
 

Akt, also known as Protein Kinase B, is a 57kDa serine/threonine 

kinase. Akt isoforms share kinase domain homology to Protein Kinases A, G, and 

C, and therefore, are members of the AGC superfamily. Akt was first identified 

from the viral oncogene v-akt (Staal, 1987). There are three isoforms of Akt in 

mammalian cells: Akt1 (PKBα), Akt2 (PKBβ) and Akt3 (PKBγ), encoded by 3 
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separate genes. Akt consists of a N-terminal PH domain, a central catalytic 

domain, and a C-terminal regulatory domain. The PH domain interacts with the 

membrane lipid products of PI3K, phosphatidylinositol (3,4,5) trisphosphate 

(PIP3). The PH domain and catalytic domain are linked by a short-glycine rich 

region. The kinase catalytic domain shares a high degree of homology with other 

AGC kinases. The catalytic domain also contains a conserved threonine residue 

(Thr 308), which is phosphorylated to partially activate Akt. The regulatory 

domain contains a hydrophobic motif that is characteristic of the AGC family of 

kinases. Phosphorylation of Serine 473 in this region is required for full activation 

of Akt. Although the positions of Thr308 and Ser473 vary slightly among the Akt 

isoforms, the sequences surrounding these sites are conserved. Akt isoforms are 

approximately 80% homologous in their amino acid sequences. Interestingly, Akt 

isoforms cannot be distinguished by their substrate specificity in vitro (Walker et 

al., 1998). 

 
2.  Regulatory mechanisms of Akt  

 
 

 Akt is the downstream effector of PI3K (Figure 3). PI3K is a family of 

lipid kinases that are activated downstream from G protein-coupled receptors, 

receptor tyrosine kinases and adhesion receptors (Hawkins et al., 2006). 

Activated PI3K generates lipid second messengers by phosphorylating the 3ʼ 

position of phosphoinositides, resulting in PtdIns(3,4)P2 and PtdIns(3,4,5)P3. 

PtdIns(3,4)P2 and PtdIns(3,4,5)P3 interact with Akt and phosphatidylinositol 
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Dependent Kinase-1 (PDK1) via their PH domains (For reviews please see 

(Bhaskar and Hay, 2007; Kandel and Hay, 1999; Manning and Cantley, 2007; 

Song et al., 2005). Both Akt and PDK1 are thus recruited to the same site on the 

membrane where Thr308 of Akt is phosphorylated by PDK1 (Alessi et al., 1997). 

Ser473 of Akt is phosphorylated by mTORC2, mammalian target of rapamycin 2 

complex (Sarbassov et al., 2004). mTORC2 consists of mTOR, mLST8, Rictor, 

and SIN1 proteins (Jacinto et al., 2004). Akt may also be indirectly regulated by 

the lipid phosphatase PTEN that dephosphorylates and depletes PtdIns(3,4,5)P3 

(Stambolic et al., 1998), or by PHLPP, a PH domain leucine-rich repeat 

phosphatase, that dephosphorylates Ser473 of Akt (Gao et al., 2005). It was 

reported that the Rab5 effector Appl1 can regulate Akt activity and substrate 

specificity (Schenck et al., 2008). Once fully activated by phosphorylation at 

Thr308 and Ser473, Akt catalyzes phosphorylation on serine and threonine 

residues of a variety of substrates. The recognition motif of Akt substrates 

consists of R-X-R-X-X-S/T-B, where X stands for any amino acid and B 

represents bulky hydrophobic residues (Manning and Cantley, 2007). However, 

not all verified Akt substrates contain such a motif (example: eNOS); therefore, it 

is possible that there are unknown sequence contexts or molecular interactions 

that allow for Akt substrate preference. More than 100 substrates have been 

identified in the literature and perhaps many more remain undiscovered (Manning 

and Cantley, 2007) 
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Figure 3. Regulatory mechanisms of Akt activation 
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3.  Akt isoforms and specificity 
 
 

A large extent of knowledge regarding individual Akt isoforms has been 

gained by the study of knockout mouse models and the expression profiles of the 

various isoforms. The expression of Akt isoforms differs among tissues. Akt1 is 

ubiquitously expressed and the predominant isoform in most tissues (Konishi et 

al., 1995). Akt2 is predominantly expressed in insulin-responsive tissues 

(Altomare et al., 1998). Akt3 is predominant in the brain and testes (Masure et 

al., 1999). The phenotypes of individual Akt isoform knockout mouse models are 

also distinct. Akt1 deficient mice experience growth retardation and increased 

apoptosis in thymus and testes (Chen et al., 2001). Akt2 deficient mice suffer 

from severe diabetes, emphasizing the importance for Akt2 in glucose 

metabolism (Garofalo et al., 2003). Akt3 knockout mice show a 20% decrease in 

brain size (Easton et al., 2005). Akt1 and Akt2 double knockout mice die 

immediately after birth (Peng et al., 2003). Akt2 and Akt3 double knockout are 

viable and exhibit combined phenotypes of individual knockouts (Dummler et al., 

2006). Akt1 and Akt3 double knockout is embryonic lethal (Tschopp et al., 2005). 

Surprisingly, mice containing a single allele of only Akt1 (Akt1+/-Akt2-/-Akt3-/- 

knockout) are viable, although their body size is approximately 50% smaller than 

wild type and Akt triple knockout is lethal (Dummler et al., 2006). The fact that 

different Akt isoforms have differential tissue expression implies Akt isoforms 

possess some unique functions. The distinct phenotypes of Akt knockout mouse 

models also imply that Akt isoforms possess some non-redundant functions. 
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Growing evidence regarding contrasting roles of Akt isoforms is accumulating. 

For example, it has been reported that Akt1 and Akt2 play opposing roles in the 

regulation of cell migration in breast epithelial cells, and that Akt1 and Akt2 have 

distinct functions in the regulation of GLUT4 translocation and 2-deoxyglucose 

uptake in 3T3-L1 adipocytes and Chinese hamster ovary cells (Irie et al., 2005; 

Katome et al., 2003). It was recently reported that Akt2 plays a predominant role 

in regulating neutrophil functions such as migration, granule enzyme release, and 

superoxide production (Chen et al.). Interestingly as previously noted, Akt 

isoforms are approximately 80% homologous in amino acid sequence and no 

differences in substrate specificity are distinguishable in vitro, thus the 

mechanism by which Akt isoforms exert their substrate specificity remains 

unknown at this time. Detailed studies comparing Akt isoforms and the utilization 

of Akt isoform specific knockout mice will hopefully aid future understanding of 

the specificity and unique signaling mechanisms of Akt1, Akt2, and Akt3.  

 
4.  Akt signaling in disease 
 

 
Akt has been implicated in a number of critical cellular processes 

including growth, survival, proliferation, and metabolism. Dysregulation of Akt 

signaling has been associated with a number of human diseases including 

cancer, diabetes, cardiovascular, and neurological diseases. The Akt signaling 

pathway is constitutively activated in many types of cancer. Mechanisms that 

cause enhanced Akt activation in cancer include dysregulation of the Akt 
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suppressor PTEN, amplification or overexpression of PI3K or Akt, and 

constitutive activation of receptors activating Akt signaling (Bhaskar and Hay, 

2007; LoPiccolo et al., 2008). As a result, several inhibitors targeting the Akt 

pathway are being investigated for use in cancer treatment (LoPiccolo et al., 

2008). It was reported that diabetes in one human family is due to a loss of 

function mutation in Akt2 (George et al., 2004). Akt is associated with glucose 

homeostasis because it stimulates translocation of GLUT4 glucose transporter 

(Kohn et al., 1996), and is a mediator of insulin signaling (Jiang et al., 2003). Akt 

is implicated in vascular disease because Akt regulates endothelial cells, smooth 

muscle cells, and cardiac myocytes (Shiojima and Walsh, 2002; Shiojima and 

Walsh, 2006). In endothelial cells, Akt stimulates NO release and vasodilation 

(Dimmeler et al., 1999), and Akt promotes angiogenesis (Chen et al., 2005). Akt 

is implicated in neurological diseases, because Akt is a suppressor of neuronal 

cell death (Datta et al., 1997; Dudek et al., 1997). Interestingly, the mechanism of 

action of lithium, a widely prescribed drug for treatment of Alzheimerʼs, 

schizophrenia, and depression, is to inhibit the activity of Akt substrate GSK-3β 

(Eldar-Finkelman, 2002). In conclusion, Akt is an attractive therapeutic target for 

the treatment of a number of diseases because of its importance in many 

pathways. On the other hand, widespread inhibition of Akt may cause toxicity. 

Research demonstrating isoform-specific roles of Akt may facilitate the 

development of isoform- specific inhibitors with less toxic side effects. 
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5.  Akt and platelet activation 

 

PI3K is activated downstream of nearly all platelet GPCRs and adhesion 

receptors and therefore, is a common mediator of signaling during platelet 

activation. PI3K is required for Akt activation, and platelets have been shown to 

express members of class Ia PI3Ks (PI3Kα and PI3Kβ), class Ib (PI3Kγ) and 

class II (PI3KC2α) (Rittenhouse, 1996). Studies using PI3K isoform-selective 

inhibitors as well as genetically modified mice have shed light on the involvement 

of PI3K isoforms in platelet signaling pathways and Akt activation. Mice deficient 

in PI3Kγ have defective aggregation and Akt phosphorylation in response to ADP 

and low concentrations of TXA2 analogue U46619, (Hirsch et al., 2001; Li et al., 

2003b). Studies utilizing PI3Kβ selective inhibitors or PI3Kβ kinase dead mutant 

mouse platelets, suggested that PI3Kβ is important in Akt phosphorylation 

induced by collagen, and several GPCR agonists (Canobbio et al., 2009; 

Gratacap et al., 2011; Jackson et al., 2005; Kim et al., 2009). PI3Kβ kinase dead 

mutant mouse platelets also had defective platelet aggregation in response to 

nearly all platelet agonists, as well as defective adhesion and spreading on 

fibrinogen (Canobbio et al., 2009). Treatment of platelets with PI3Kα inhibitors or 

in platelets from p85α-/-, resulted in defective collagen induced Akt 

phosphorylation, aggregation, secretion and thrombus formation (Gilio et al., 

2009). The role of class II PI3KC2α has not been thoroughly investigated in 

platelets. Studies from our lab have indicated PI3Ks play an important role in 
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stimulating platelet granule secretion (Li et al., 2003b; Stojanovic et al., 2006; Yin 

et al., 2008b). Many questions remain about the precise mechanism by which 

PI3Ks become activated upon platelet stimulation. It has been shown that PI3Ks 

is directly associated with GPIb (Munday et al., 2000). In the case of ADP/Gi 

stimulation, PI3K is activated by Gβγ subunits (Stephens et al., 1997). Several 

studies have also implicated SFKs, particularly Lyn, in stimulating PI3K 

dependent activation of Akt in platelets stimulated with thrombin, collagen, and 

VWF (Cho et al., 2002; Li et al., 2010b; Liu et al., 2005; Yin et al., 2008a). One 

potential mechanism for the role of SFK in PI3K activation has been proposed in 

lymphocytes where the SH3 domain of SFKs binds the p85 subunit of PI3Ks and 

increases PI3K activation (Pleiman et al., 1994). Thus, SFK-PI3K interaction is 

likely a general mechanism for PI3K-Akt activation in platelets. 

Because of the importance of PI3K in platelet activation and signaling, it 

has prompted many groups to assess the role of Akt in platelets (For review, 

please see (Woulfe, 2010)). There are three isoforms of Akt, but only Akt1 and 

Akt2 have been detected in platelets. It has been demonstrated by RT-PCR and 

Western blot analysis that Akt1 and Akt2 mRNA transcripts and proteins are 

present in human platelets, however Akt3 has not been detected (Kroner et al., 

2000). Akt1 and Akt2 proteins have also been shown to be expressed in mouse 

platelets (Chen et al., 2004; Woulfe et al., 2004). Important roles for Akt in 

stimulating platelet activation has been shown through the use of gene deletion 

studies of Akt1 and Akt2 in mice, and also pan Akt inhibitors in human platelets. 
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It has been shown that Akt1 and Akt2 are functionally important in stimulating 

platelet activation. Akt1-/- mouse platelets revealed impaired platelet aggregation 

to thrombin, collagen, and TXA2 analog, U46619 (Chen et al., 2004; Stojanovic et 

al., 2006). In addition, Akt1-/- platelets showed decreased ATP secretion in 

response to similar agonists (Chen et al., 2004; Stojanovic et al., 2006). Genetic 

deletion of Akt1 also resulted in significantly longer tail bleeding times than wild 

type mice, suggesting an important role for Akt1 in platelet function (Chen et al., 

2004). Platelet rich plasma from Akt2-/- mice also showed significant defects in 

platelet aggregation in response to PAR4 agonist and U46619 (Woulfe et al., 

2004). It is also notable that Akt2-/- mice demonstrated defective in vivo thrombus 

formation using the ferric chloride injury model (Woulfe et al., 2004). Akt1 and 

Akt2 are also both required for VWF mediated platelet aggregation, stable 

adhesion under flow, and platelet spreading on VWF (Yin et al., 2008b). Because 

of the partial defect in platelet functions in Akt1-/- or Akt2-/- mouse platelets, it 

remains unknown whether both are required for platelet activation or if there are 

compensatory roles for Akt isoforms in platelets. In the current study, we have 

detected Akt3 expression in human and mouse platelets, and demonstrate that 

Akt3 also plays an important role in platelet activation and thrombosis. 

Although important roles for Akt1 and Akt2 in platelets have been 

demonstrated, studies directly comparing the roles of Akt1 and Akt2 in platelet 

function have not been performed. Thus, it remains unknown whether Akt1 and 

Akt2 have distinct or compensatory roles in regulating platelet signaling 
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pathways. Although there are many reported Akt substrates in the literature, only 

a few have been shown to be expressed in platelets. Furthermore, there is a 

limited amount of information about the roles of Akt substrates in regulating 

platelet function. However, two major Akt substrates have been recently shown to 

play important roles in platelet activation. These are endothelial nitric oxide 

synthase (eNOS) and Glycogen Synthase Kinase-3β (GSK-3β).  

eNOS is activated by phosphorylation at Ser1177 by Akt, and upon 

activation, eNOS synthesizes nitric oxide (NO) (Dimmeler et al., 1999). NO 

stimulates soluble guanylyl cyclase (sGC) and induces cyclic guanosine 

monophosphate (cGMP) elevation and activation of cGMP-dependent protein 

kinase (PKG). The NO-cGMP-PKG pathway is also important for the sequential 

activation of the MAPKs, p38 and extracellular signal-regulated kinase (ERK) (Li 

et al., 2001; Li et al., 2006). MAPKs are important in thromboxane production, 

platelet granule secretion, and activation of integrin (Garcia et al., 2005; Li et al., 

2001; Li et al., 2006). In platelets, NO production and cGMP elevation plays an 

important role in PKG dependent platelet granule secretion and the second wave 

of platelet aggregation (Li et al., 2003a; Li et al., 2004; Marjanovic et al., 2005; 

Marjanovic et al., 2008; Zhang et al., 2011a). The role of NO and cGMP in 

platelet activation is biphasic: stimulatory at low concentrations of NO and cGMP 

synthesized following agonist stimulation, and inhibitory when platelets are 

exposed to high concentrations of cGMP (Li et al., 2003a; Li et al., 2004; 

Marjanovic et al., 2005; Marjanovic et al., 2008; Zhang et al., 2011a). Previous 
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studies from our laboratory have demonstrated that Akt1-/- mouse or Akt inhibitor- 

treated platelets have reduced NO production and cGMP elevation (Stojanovic et 

al., 2006). Akt1-/- mouse, Akt inhibitor, or PI3K inhibitor treated platelets also 

showed reduced platelet secretion and aggregation in response to low 

concentrations of agonist, which could be reversed by low concentrations of 8-

bromo-cGMP or NO donor (Stojanovic et al., 2006). Thus, PI3K-mediated Akt 

activation plays an important role in agonist stimulated platelet NO synthesis and 

cGMP elevation (Figure 4). We have also recently shown that Akt1 and Akt2 both 

play important roles in early GPIb-IX signaling leading to platelet activation and 

that a major mechanism for the role of Akt is mediated by the cGMP-PKG 

signaling pathway (Yin et al., 2008b).  

Glycogen Synthase Kinase-3β (GSK-3β) is a serine/threonine kinase 

that catalyzes the phosphorylation of a variety of substrates. Some of the key 

molecules mediating GSK-3β function include glycogen synthase, tau protein, 

and beta catenin (Embi et al., 1980; Ishiguro et al., 1993; Rubinfeld et al., 1996). 

GSK-3β plays important roles in many cellular processes including regulation of 

glycogen synthesis, the canonical Wnt pathway, and microtubule dynamics 

(Forde and Dale, 2007). GSK-3β is phosphorylated by Akt at its Ser9 residue, 

which is known to inhibit its activity (Cross et al., 1995).  In platelets, one group 

reported that GSK-3β plays a stimulatory role in platelet aggregation induced by 

collagen through the use of multiple inhibitors of GSK-3 (Barry et al., 2003). PI3K 

inhibitors also abrogated GSK-3β phosphorylation, indicating that GSK-3β 



36 

 

inhibition is dependent on PI3K/Akt pathway (Barry et al., 2003). More recently, 

GSK-3β was described as an important negative regulator of platelet function (Li 

et al., 2008). Li, et al reported that haplo-insufficiency of GSK-3β in mice results 

in enhanced platelet aggregation and secretion in PAR4 agonist peptide 

stimulated platelets (Li et al., 2008). Human platelets treated with GSK inhibitors 

and stimulated with PAR1 agonist peptide showed similar enhancement of 

platelet aggregation (Li et al., 2008). Phosphorylation of GSK-3β was also 

reduced in platelets from Akt1+/-Akt2-/- mice, indicating Akt1/2 are important for 

inhibition of GSK-3β (Li et al., 2008). The mechanism by which GSK-3β 

negatively regulates platelet activation is unknown at this time. One group 

recently suggested that GSK-3β may play a role in Wnt signaling in platelets 

(Steele et al., 2009); however, further studies are needed to investigate the 

mechanism of GSK-3β in this pathway. In the current study, we have identified 

GSK-3β as a downstream effector of Akt3-mediated thrombin-induced platelet 

aggregation and integrin outside-in signaling. 
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Figure 4. The role of Akt isoforms in platelet activation 
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II. PURPOSE OF STUDY 
 
 

 Understanding the mechanisms regulating platelet activation is critically 

important for the development of novel therapeutics for the prevention and 

treatment of thrombosis. PI3Ks have been shown to be common and key 

mediators of platelet activation in all platelet signaling pathways. Akt is among 

the most well known effectors of PI3Ks. Akt has three isoforms: Akt1, Akt2, and 

Akt3. Previous studies have demonstrated important roles of Akt1 and Akt2 

isoforms in amplifying platelet activation. However, Akt3 has not previously been 

detected in platelets. The first aim of this study is to determine if Akt3 is 

expressed in platelets and contributes to PI3K-mediated platelet activation. We 

show for the first time that Akt3 is expressed in human and mouse platelets. 

Furthermore, we determined that Akt3 has a novel role in stimulating platelet 

activation and identified GSK-3β as one effector mediating Akt3 signaling.  

 PI3Ks play a critical role in integrin outside-in signaling and platelet 

spreading; however, the mechanisms of PI3K activation and function in outside-in 

signaling are unclear. The second aim of this study is to determine if different 

isoforms of Akt play a role downstream from PI3K in regulating integrin outside-in 

signaling and platelet spreading. We determined that Akt promotes PI3K 

dependent integrin outside-in signaling and platelet spreading and that the role of 

PI3K and Akt (particularly Akt3) in platelet spreading is at least partially mediated 

by inhibition of GSK-3β. We demonstrate that integrin-dependent activation of the 

PI3K-Akt pathway requires SFK. In addition, integrin-dependent activation of the 
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PI3K-Akt pathway is promoted by ADP secretion signaling through P2Y1 and 

P2Y12 ADP receptors during spreading. Thus, we characterized an integrin 

outside-in signaling pathway involving SFK-dependent and P2Y12/P2Y1-

facilitated activation of the PI3K-Akt pathway, which inhibits GSK-3β and 

promotes platelet spreading. 

 Taken together, our results reveal novel roles of Akt isoforms, particularly 

Akt3, in signaling pathways of various aspects of platelet function. Further 

investigation of the PI3K/Akt signaling pathway in platelet activation may aid in 

the development of new anti-thrombotic therapeutics in the prevention and 

treatment of diseases such as heart attack and stroke. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 



   

40 

III. METHODS 
 
 

A.  Materials 
 

Thromboxane A2 analog U46619, Src Family Kinase Inhibitor PP2, Akt 

inhibitors SH-6 and AktX, PI3K inhibitors LY294002 and wortmannin, Syk 

inhibitor piceatannol were purchased from Calbiochem. P2Y12 antagonist 2-

MeSAMP (2-methylthioadenosine 5ʼ-monophosphate triethylammonium salt), 

P2Y1 antagonist A3P5P (adenosine-3ʼ-phosphate-5ʼphosphate) and GSK-3β 

inhibitor SB216763 were purchased from Sigma. α-Thrombin and fibrinogen were 

purchased from Enzyme Research Laboratories. Collagen and luciferase were 

purchased from Chronolog. Enliten luciferase was purchased from Promega. 

 

B.  Animals 

 The generation of Akt1 (Chen et al., 2001), Akt2 (Garofalo et al., 2003), Akt3 

(Easton et al., 2005), and P2Y12-/- (Foster et al., 2001) were previously 

described. Mice used in this study were 8-15 week-old on C57BL/6 background. 

Animal usage and protocol was approved by the institutional animal care 

committee of the University of Illinois at Chicago. 

 

C.  Preparation of platelets 

      For studies using human platelets, fresh blood was drawn by venipuncture 

from healthy volunteers and anti-coagulated with 1-seventh volume of acid-citrate 

dextrose (ACD) as previously described (Li et al., 2003b). Institutional Review 
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Board approval was obtained from the University of Illinois at Chicago, and 

informed consent was provided according to the Declaration of Helsinki. For the 

preparation of mouse platelets, fresh blood was drawn from mouse inferior vena 

cava and anti-coagulated with ACD as previously described (Marjanovic et al., 

2005). Blood from 5 to 6 mice of same genotype was pooled and platelets were 

isolated by differential centrifugation of whole blood with 0.1 µg/mL prostaglandin 

E1 and 1 U/mL apyrase (Sigma-Aldrich, St. Louis, MO). Platelets were washed 

twice with CGS buffer (sodium chloride 0.12 M, trisodium citrate 0.0129 M, D-

glucose 0.03 M, pH 6.5), resuspended in modified Tyrodeʼs buffer and allowed to 

rest for at least 1 hour at room temperature before use (Du et al., 1991). For 

some experiments, platelets were washed and resuspended according to Liu et 

al (Liu et al., 2005).  

 

D.  RT-PCR from platelet cDNA 

      RNA was isolated from human, Akt3+/+ or Akt3-/- mouse platelets (3x108) 

using Trizol Reagent (Invitrogen, Carlsbad, CA). Total RNA was reverse 

transcribed using Thermoscript RT-PCR kit (Invitrogen). Akt3 cDNA was 

amplified over 35 cycles with a forward 5ʼATG AAT TGT AGC CCA GCC TCA 

CAG ATT3ʼ and reverse 5ʼCAT GCC GTC GTC GTC ATA CTT TTC3ʼ primer for 

mouse Akt3; and with a forward 5ʼGAT GCC TCT ACA ACC CAT CAT3ʼ and 

reverse 5ʼGTC CAT GCA GTC CAT ACC ATC CT3ʼ for human Akt3.  PCR 

products were separated on a 1% agarose gel containing ethidium bromide and 
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visualized under UV lamp.  Control PCR reaction was performed using the same 

cDNA preparations using primers specific for GAPDH. To exclude the possibility 

of 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 

previously described (Ulmer and Flad, 1979).  

 

E.  Immunoabsorption 

      Washed human platelets (1x109/mL) resuspended in Tyrodeʼs buffer were 

solubilized with an equal amount of solubilization buffer 1% Triton X-100, 150 

mM NaCl, 50mM Tris, containing 10 mM EGTA, 0.2 mM E64, 1 mM 

phenylmethylsulfonyl fluoride, and 1 unit/ml aprotinin and incubated on ice for 20 

min. After centrifugation at 13,000g for 20 min at 4°C, the lysates (300 μl) were 

preincubated with anti-Akt3 antibody or control IgG overnight. After incubation for 

1 hour with Protein A/G conjugated Sepharose beads (Santa Cruz), beads were 

separated from the lysates by centrifugation. This procedure was repeated once, 

and then the immunoabsorbed platelet lysates were analyzed by SDS-PAGE and 

immunoblotted with an anti-Akt3 and anti-total Akt antibody. Experiment was 

repeated 4 times. Quantitation was performed using NIH Image J and paired t-

test was used for statistical analysis.  

 

F.  Immunoblot detection 
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     Washed mouse platelets (3x108/mL) were incubated with or without agonist in 

a platelet aggregometer at 37°C with stirring for various lengths of time. The 

reaction was stopped by addition of equal volume of sample buffer containing 2% 

SDS, 0.1M Tris, 2% glycerol, 2 mM PMSF, 2 mM Na3VO4, 2 mM NaF, and 

Complete Protease Inhibitor Cocktail (Roche Molecular Biochemicals, 

Indianapolis, IN). For spreading experiment, washed human or mouse platelets 

(3x108/mL) were allowed to spread on fibrinogen coated polystyrene dishes (100 

µg/mL in 0.1M NaHCO3, pH 8.3 overnight at room temperature) for various 

lengths of time. Non-adherent platelets were aspirated and the reaction was 

stopped by addition of sample buffer noted previously. Proteins were separated 

by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a 

4-15% polyacrylamide gel and then transferred to polyvinylidene difluoride 

membranes. The membranes were immunoblotted with an anti-Akt3 rabbit 

monoclonal antibody, anti-GSK-3β, anti-phospho-GSK-3β, anti-phospho-Akt 

Thr308, anti-phospho-Akt Ser473, anti-Akt1, anti-Akt2, anti p-Syk (Cell Signaling 

Technology, Beverly, MA), and total Akt (recognizing Akt1, Akt2 and Akt3)(Santa 

Cruz Biotechnology, Inc). 

 

G.  Platelet aggregation and secretion 

      Platelet aggregation and secretion was measured in a turbidometric platelet 

aggregometer (Chronolog, Havertown, PA) at 37°C with stirring (1000 rpm). 

Washed platelets (3x108/mL) in modified Tyrodeʼs buffer were stimulated with 
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thrombin (Enzyme Research Laboratories, South Bend, IN), collagen 

(Chronolog), U46619 (Calbiochem, La Jolla, CA), and vWF and botrocetin (kindly 

provided by Dr. Michael C. Berndt). Experiments were repeated at least three 

times. Platelet secretion was monitored in parallel with platelet aggregation as 

ATP release in a platelet lumiaggregometer (Chronolog) with the addition of 

luciferin/luciferase reagent (Chronolog) to the platelet suspension. Quantitation 

was performed using the ATP standard. To test the effects of GSK-3b inhibitor 

SB216763 (Sigma), SB216763 or dimethylsulfoxide (DMSO) was pre-incubated 

with platelets at 37°C for 2 minutes before addition of agonist. Aspirin (Sigma) 

was dissolved as 40 mM stock solution in 0.2 M HEPES, 0.15 M NaCl, pH 7.8 

(final pH 7.2) before added to platelets at 1 mM final concentration. 

 

H.  Platelet adhesion under shear stress 

Glass slides were coated with collagen (50 µg/mL) in water with acetic acid 

added to pH 3.0 overnight. Slides were washed with PBS and blocked with 5% 

BSA in PBS for 1 hour and washed again with PBS. Washed mouse platelets 

(200µL of 3x108/mL) were loaded onto the slides. A cone and plate rheometer 

(Rheostress 1, Thermo-HAAKE, Paramus, NY) was used to introduce shear 

stress (800 s-1) to the platelets. Mepacrine (10 µM; Sigma), a fluourescent dye 

was added to the platelets before applying shear stress to the platelets for 5 

minutes (Yin et al., 2008b). Slides were rinsed in a container with 200 mL PBS 3 

times to wash out non-stably adherent platelets. Slides were viewed with a Leica 
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DMI RB fluorescence microscope (Leica Microsystems) using an N PLAN L lens 

at 40x/0.55 NA objective with 1.5X magnification. 

 

I.  In vivo thrombosis 

8-10 week old mice were anesthetized with isoflurane. The right carotid artery 

was isolated from surrounding tissues (Day et al., 2004; Marjanovic et al., 2005). 

A MA-0.5SB nanoprobe (Transonic Systems, Ithaca, NY) was hooked to the 

artery and blood flow was monitored with a TS420 flowmeter (Transonic 

Systems). After stabilization, 1.2 µL of 5% FeCl3 (Sigma) was applied to a filter 

paper disc (2 mM diameter) that was placed on top of the artery for 2 minutes. 

After removing the filter paper, blood flow was monitored continuously until 5 

minutes after occlusion. Time to occlusion was calculated as a difference in time 

between the removal of the filter paper and stable occlusion (no blood flow for 2 

minutes). Statistical analysis was performed using the Mann-Whitney test for the 

evaluation of differences in median occlusion time. 

 

J.  Platelet spreading on immobilized fibrinogen 

Microscope cover glasses (Fisher Scientific) were coated with 100 µg/mL 

fibrinogen (Enzyme Research Laboratories) in 0.1 M NaHCO3 (pH 8.3) and 

blocked with 5% bovine serum albumin (BSA) in phosphate-buffered saline 

(PBS). Washed mouse platelets (2x107/mL) were allowed to adhere and spread 

on fibrinogen-coated wells (300 µL/well) at 37°C for 2 hours. Washed human 
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platelets (1x107/mL) were allowed to adhere and spread on fibrinogen-coated 

wells (300 µL/well) at 37°C for 1 hour. Slides were aspirated to remove non-

adherent platelets and fixed with 4% paraformaldehyde, permeabilized, and 

stained with Alexa Fluor FITC conjugated phalloidin (Invitrogen) as previously 

described (Flevaris et al., 2009). Adherent platelets were observed with a Leica 

DM IRB fluorescence microscope (Leica Microsystems) using 100X/1.30 NA oil 

objective (1.5X magnification factor for mouse platelets, 1.0X for human 

platelets). Images were acquired using a Cool SNAP HQ CCD camera 

(Photometrics) and processed with RS Image version 1.4 software 

(Photometrics) or Micro-Manager version 1.4. 

 

K. Static ATP secretion assay 

     Black, 96-well plates were coated with 100 µg/mL fibrinogen or BSA in 0.1 M 

NaHCO3 (pH 8.3). Plates were blocked with BSA and washed human platelets 

(100µL of 3x108/mL) were added to fibrinogen-coated wells or BSA (control) 

coated wells at 37°C for various time points. ENLITEN luciferase reagent 

(Promega) was added to wells and luminescence was immediately measured 

using Wallac Victor2 1420 multilabel counter (Perkin Elmer). 
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IV. RESULTS AND DISCUSSION 
 
 

A.  An important role for Akt3 in platelet activation and thrombosis 
 

a.  Results 

1.  Akt3 is a significant Akt isoform expressed in platelets 

Important roles for Akt1 and Akt2 in platelets have been demonstrated 

by several groups (Chen et al., 2004; Stojanovic et al., 2006; Woulfe et al., 2004; 

Woulfe, 2010; Yin et al., 2008b). Akt3 was not detected in platelets in some 

previous studies (Kroner et al., 2000). However, in our RT-PCR screen, a 

fragment of Akt3 mRNA was amplified using cDNA from purified platelets and 

oligonucleotide primers annealing to an Akt3-specific DNA sequence, and 

appeared to be present in human platelets (Figure 5A) and wild type mouse 

platelets, but was not detected in Akt3-/- mouse platelets (Figure 5B). It is unlikely 

that the detected Akt3 mRNA was from contaminating leukocytes in the platelet 

preparation, because Akt3 was not detected when RNA from the same numbers 

of leukocytes as that contaminating platelet samples was used as a template 

(Figure 5B). Consistent with the expression of Akt3 mRNA in platelets, we also 

detected Akt3 protein in human and wild type mouse platelets, but not in Akt3-/- 

platelets by western blot with an Akt3-specific monoclonal antibody (Figure 6A). 

These data indicate that Akt3 is indeed expressed in human and mouse platelets. 
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Figure 5.   Expression of Akt3 mRNA in platelets. (A) RT-PCR was performed 
using human platelet RNA and primers specific for Akt3 or a housekeeping gene, 
GAPDH. (B) RT-PCR was performed similarly with mouse platelet RNA from WT 
or Akt3-/- platelets. Leukocyte contamination of platelet preparation was 4 x 
104/mL as determined using Hemavet blood cell analyzer. RNA was isolated from 
4 x 104/mL of WT mouse leukocytes and was also analyzed by RT-PCR using 
Akt3 specific primers under the same conditions as for platelet preparations to 
verify that the Akt3 fragment was not from leukocyte contamination. 
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Figure 6. Expression of Akt3 protein in platelets. (A) Human platelets, wild 
type and Akt3-/- mouse platelets were solubilized and immunoblotted with a rabbit 
antibody specifically recognizing Akt3, and α-tubulin is used as loading control. 
(B) Human platelets were solubilized, and immunoabsorbed with anti-Akt3 to 
remove Akt3 from lysates or with control rabbit IgG, and then immunoblotted with 
anti-Akt3 or an antibody recognizing all Akt isoforms (Total Akt). (C) Experiments 
in (B) were scanned and quantified using NIH Image J for uncalibrated optical 
density (mean ± SE, 4 experiments). The difference in % of total Akt between IgG 
and Akt3 immunoabsorbed lysates is significant (p<0.0125), as determined using 
paired t-test. 
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To determine the relative amount of Akt3 expressed in human platelets, 

washed human platelets were solubilized and the lysates were 

immunoprecipitated with an anti-Akt3 monoclonal antibody to deplete the Akt3 

protein (Figure 6B, 6C). As shown in Figure 6A, this antibody is specific for Akt3 

and does not cross react with Akt1 or Akt2, because no reactions were observed 

in Akt3-/- platelets, in which Akt1 and Akt2 are expressed normally. The levels of 

total Akt (all isoforms) or Akt3 that remained in platelet lysates were then 

determined by immunoblotting. Immunoabsorption with anti-Akt3 antibody, but 

not control IgG, depleted Akt3 from platelet lysates (Figure 6B), and resulted in 

an approximate 35% reduction in total Akt; therefore, Akt3 constitutes 

approximately 35% of total Akt in human platelets (Figure 6C). To assess the 

relative amount of Akt3 present in mouse platelets, total Akt and phosphorylated 

Akt levels in wild type and Akt3-/- platelets were measured by Western blot 

analysis using an antibody that recognizes all three isoforms and antibodies that 

recognize Thr308 and Ser473 phosphorylation sites of Akt, which are conserved 

among all Akt isoforms. Compared to wild type platelets, Akt3-/- platelets exhibit a 

~70% reduction in total Akt (Figure 7A, 7C). In wild type platelets, thrombin 

stimulates a time-dependent increase in phosphorylated Akt (at Thr308 and 

Ser473), which was also reduced by ~70% in Akt3-/- platelets (Figure 7A, 7B and 

7D). To exclude the possibility that Akt3 knockout caused dramatic changes in 

the expression levels of other Akt isoforms, we also analyzed Akt1 and Akt2 

expression levels in wild type and Akt3-/- mouse platelets using isoform-specific 
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antibodies against Akt1 or Akt2. No significant difference in Akt1 or Akt2 

expression was observed in Akt3-/- mouse platelets compared to wild type (Figure 

7E), indicating that the loss of total Akt protein observed in Akt3-/- mouse platelets 

is not due to loss of Akt1 or Akt2 proteins. Thus, our data indicates that Akt3 is 

expressed in a significant amount in platelets, and activated by platelet agonists. 
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Figure 7.   Total and phosphorylated Akt in WT and Akt3-/- platelets. (A and 
D) Akt3-/- and WT mouse platelets were stimulated with thrombin (0.018 U/mL) for 
1, 3, and 5 minutes, solubilized, and immunoblotted with antibodies directed 
against: (A) Akt3, total Akt (Akt1, Akt2 and Akt3), phosphorylated Ser473 of Akt, 
and GSK-3β (loading control); and (D) phosphorylated Thr308 of Akt, total Akt and 
α-tubulin (loading control). (B and C) Western blot results from each of three 
experiments as shown in (A) were quantitated. The relative quantity of 
phosphorylated Ser473 of Akt at 5 min time point (B) and total Akt (C) in WT and 
Akt3-/- platelets are shown (mean ± SE). (E) Akt3-/- and WT mouse platelets were 
solubilized and immunoblotted with antibodies directed against Akt1, Akt2, and 
Akt3 and α-tubulin (loading control). 
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2.  The role of Akt3 in platelet secretion and aggregation 

 Akt3-/- mice were used to investigate the role of Akt3 in platelet 

activation. Akt3-/- mice exhibit no obvious abnormality in major hematological 

parameters such as blood cell counts and hemoglobin levels. The size and 

counts of platelets in Akt3-/- mice are similar to that of wild type mice. Akt3-/- 

platelets showed a partial reduction and reversal in platelet aggregation induced 

by a low dose of thrombin (0.02U/mL) (Figure 8A), which is characteristic of a 

defect in platelet granule secretion. Platelet granule secretion is inhibited at this 

thrombin concentration (Figure 8B). Correspondingly, the defects in aggregation 

and secretion in Akt3 knockout platelets were also observed at low 

concentrations of PAR4 agonist peptide (60µM), AYPGKF (Figure 8C, 8D). At 

higher thrombin concentrations, the defect in platelet aggregation was overcome 

(Figure 8A). However, the granule secretion in Akt3-/- platelets is still reduced 

compared to wild type platelets, indicating that the primary defect is in granule 

secretion (Figure 8B). Indeed, supplementing with a low concentration of granule 

content ADP (1 µM), insufficient to induce aggregation on its own, reversed the 

inhibitory effect of Akt3 deficiency on thrombin-stimulated platelet aggregation 

(Figure 8E). Thus, Akt3 plays an important stimulatory role in mediating platelet 

secretion, and the secretion-dependent second wave of platelet aggregation 

induced by thrombin. Akt3-/- platelets also show a partial decrease in granule 

secretion induced by TXA2 analog, U46619 (Figure 9A), and a delay in U46619-

induced platelet aggregation (Figure 9A). However, the defects of Akt3-/- platelets 
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in secretion and aggregation induced by thrombin appear to be independent of 

TXA2 signaling pathway because Akt3-/- platelets showed decreased thrombin-

induced platelet aggregation compared to wild type platelets in the presence of a 

high concentration of aspirin (Figure 10). Also, at the thrombin concentration in 

which aspirin reduced aggregation of wild type platelets, Akt3-/- platelet 

aggregation was further reduced by aspirin (Figure 10). The roles of Akt3 appear 

additive with that of Akt1/Akt2 because when SH-6, an isoform-nonselective 

inhibitor, is added to Akt3-/- platelets, platelet aggregation is further inhibited 

compared to Akt3-/- platelets alone (Figure 8F). Thus, different isoforms of Akt all 

play important roles in thrombin- and TXA2-induced platelet granule secretion 

and the secretion-dependent second wave of platelet aggregation. In fact, the 

defects of platelet aggregation stimulated with thrombin in Akt1-/-, Akt2-/-, and 

Akt3-/- platelets appear very similar in direct comparison (Figure 11), all showing 

a defective second wave and stability of aggregation. However, Akt3-/- platelets 

do not show significant defects in platelet aggregation and secretion induced by 

collagen (Figure 9B), ADP (Figure 9C), and VWF/botrocetin (Figure 9D) even at 

very low concentrations. This selectivity is distinct from Akt1-/- platelets, which are 

defective in platelet activation induced by all these agonists (Chen et al., 2004; 

Yin et al., 2008b), and also different from Akt2-/- platelets, which are defective in 

platelet activation induced by VWF, thrombin, and TXA2 (Woulfe et al., 2004; Yin 

et al., 2008b). Of the three isoforms, only Akt1 is required in platelet aggregation 

induced by low dose collagen, while neither Akt2 nor Akt3 knockouts showed 
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significant effects on collagen-induced platelet activation (also see Figure 11B, 

9B) (Woulfe et al., 2004). Thus, our data indicate that Akt3 plays a stimulatory 

role selectively in the G protein-coupled thrombin receptor and the TXA2 receptor 

signaling pathways, which is distinct from Akt1 and Akt2. The difference in the 

roles of the 3 Akt isoforms in different platelet activation pathways suggests the 

different mechanisms of action of Akt1, Akt2, and Akt3 in stimulating platelet 

activation. Nevertheless, there may also be overlapping functions of different Akt 

isoforms.  
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Figure 8. Stimulatory role of Akt3 in platelet aggregation and secretion in 
response to thrombin and PAR4 agonist peptide. (A, B, C, D) WT and Akt3-/- 
platelets were stimulated with thrombin (A and B) or PAR4 agonist peptide 
AYPGKF (C and D). Platelet aggregation (A and C) and secretion of ATP was 
recorded concomitantly in the presence of luciferin-luciferase agent (B and D).  
Experiments described in A, B, C, and D were repeated three times at a low dose 
of thrombin (0.02 U/mL) or AYPGKF (60 µM) with the results quantified at the 
maximal percentage of light transmission (mean ± SE) or at maximal 
concentration of secreted ATP (mean ± SE). (E) A low concentration of ADP (1 
µM), insufficient to induce aggregation on its own, reversed the inhibitory effect of 
Akt3-/- platelets on thrombin-stimulated aggregation. (F) Akt3-/- and WT mouse 
platelets were treated with vehicle DMSO or SH-6 (15 µM) for 2 minutes and 
aggregation was recorded as shown in (A). 



57 

 

 

 
 
 
 
 
 
 
Figure 9.   Responses of Akt3-/- platelets to other platelet agonists. (A) WT 
and Akt3-/- platelets were stimulated with (A) U46619. Platelet aggregation and 
secretion was recorded concomitantly in the presence of luciferin-luciferase 
agent. Platelet aggregation was also measured following stimulation with (B) 
collagen (For 0.8µg/mL, n=6, p=0.909), (C) ADP (For 2.5µM, n=4, p=0.1646) and 
(D) botrocetin and VWF (For Botrocetin 1.0µg/mL, n=3, p=0.837). Quantitation 
was performed using studentʼs t-test.  
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Figure 10. Effect of aspirin treatment on WT and Akt3-/- platelets. WT and 
Akt3-/- platelets were stimulated with low doses of thrombin and treated with 
buffer control or aspirin (1 mM). Platelet aggregation and secretion was recorded 
concomitantly. Note that aspirin reduced aggregation of either wild type or Akt3-/- 
platelets at a very low thrombin concentration. A slight increase in thrombin 
concentration diminished the inhibitory effect of aspirin, but Akt3-/- platelets still 
showed reduced aggregation compared to WT platelets in the presence or 
absence of aspirin. 
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Figure 11. Comparison of knockouts of different Akt isoforms in platelet 
aggregation. Washed platelets from WT(C57), Akt1, Akt2, or Akt3 (C57 back-
crossed) mice were stimulated with (A) thrombin (0.014 U/mL) or (B) collagen 
(0.6 µg/mL) and platelet aggregation was recorded in a turbidometric 
aggregometer. 
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3.  The role of Akt3 in mediating GSK-3β  phosphorylation 

 Akt has numerous substrates. We have previously shown that the role 

of Akt1 in stimulating platelet secretion and aggregation is mainly mediated by 

the NO/cGMP signaling pathway (Stojanovic et al., 2006). Our data also suggest 

that the role of Akt2 in GPIb-IX-dependent platelet activation is also mainly 

mediated via the cGMP pathway (Yin et al., 2008b). The role of Akt1 in the 

NO/cGMP pathway is consistent with the data that Akt1-/- platelets showed 

defects in platelet granule secretion induced by nearly all tested platelet agonists 

(Chen et al., 2004; Stojanovic et al., 2006; Woulfe et al., 2004), as cGMP is 

elevated by all of these platelet agonists (Li et al., 2003a; Li et al., 2004). 

However, Akt3-/- platelets selectively showed a defect in thrombin- and TXA2-

induced platelet secretion and aggregation, suggesting a possibly different 

downstream effector. It has been established that phosphorylation of GSK-3β at 

Ser9 by Akt negatively regulates GSK-3β function (Cross et al., 1995). 

Interestingly, previous studies showed that GSK-3β plays a negative regulatory 

role selectively in thrombin-induced platelet aggregation (Li et al., 2008), but 

plays a stimulatory role in collagen-induced platelet aggregation (Barry et al., 

2003). Thus, we investigated the possibility that GSK-3β is a downstream effector 

of Akt3. Indeed, thrombin induced a significant increase in the phosphorylation 

levels of GSK-3β in wild type platelets, which was partially, but significantly 

inhibited in Akt3 knockout platelets (Figure 12A, 12B). The role of Akt3 in 

phosphorylation of GSK-3β is not limited to the thrombin pathway. 
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Phosphorylation of GSK-3β induced by other agonists such as collagen and ADP 

was also partially inhibited in Akt3-/- platelets (Figure 13). In contrast to the partial 

inhibition of GSK-3β phosphorylation in Akt3-/- platelets, treatment of platelets 

with the pan Akt inhibitor SH6 completely inhibited low-dose thrombin stimulated 

phosphorylation of GSK-3β at high SH6 concentrations (Figure 12C), suggesting 

the involvement of other Akt isoforms in addition to Akt3. Previously, It has been 

shown that platelets lacking 3 alleles of Akt (Akt1+/-Akt2-/-) exhibit a significant 

decrease in GSK-3β phosphorylation in PAR4 agonist peptide stimulated 

platelets compared to WT mouse platelets (Li et al., 2008). Together, these data 

indicate that Akt3 plays an important role in mediating GSK-3β phosphorylation, 

but Akt isoforms other than Akt3 are also important in agonist-stimulated GSK-3β 

phosphorylation. 
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Figure 12. Phosphorylation of GSK-3β . (A) Akt3-/- and WT mouse platelets 
were stimulated with thrombin (0.018 U/mL) for 1, 3, and 5 minutes, solubilized, 
and immunoblotted with antibodies against phosphorylated Ser9 of GSK-3β, and   
total GSK-3β (loading control). (B) Results from three experiments as shown in 
(A) were quantified. The relative quantity of phospho-GSK-3β in stimulated Akt3-/- 
vs. WT platelets is expressed as the percentage of WT (mean ± SE, 5 
experiments). The difference in GSK-3β phosphorylation at resting, 1 min, 3 min, 
and 5 min time points are significant between WT and Akt3-/- (p<0.05), as 
determined using Studentʼs t test. (C) WT mouse platelets were preincubated for 
2 min with increasing doses of SH-6 or control DMSO and stimulated with 
thrombin (0.018 U/mL) for 3 minutes, solubilized, and immunoblotted with 
antibodies against phospho-Ser9 of GSK-3β, phospho-Ser473 of Akt, total Akt, 
and   total GSK-3β (loading control). 
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Figure 13.  Phosphorylation of GSK-3β  in response to PAR agonist peptide, 
collagen, and ADP. Akt3-/- and WT mouse platelets were stimulated with (A) 
PAR4 agonist peptide, AYPGKF (50 µM) (B) collagen (1 µg/mL), and (C) ADP 
(10 µM in the presence of 10 µg/mL fibrinogen) for 1, 3, and 5 minutes, 
solubilized, and immunoblotted with antibodies against phosphorylated Ser9 of 
GSK-3β, and   total GSK-3β (loading control). 
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To further investigate whether the role of Akt3 in GSK-3β 

phosphorylation explains the selective role of Akt3 in thrombin-induced platelet 

aggregation, we tested the effects of a GSK-3β selective inhibitor, SB216763, on 

platelet aggregation induced by thrombin and collagen in wild type and Akt3-/- 

platelets. Consistent with a previous report (Li et al., 2008), SB216763 enhanced 

platelet aggregation and secretion induced by subthreshold concentrations of 

thrombin (Figure 14 A and B). At higher concentrations of thrombin when platelet 

aggregation in normal platelets is already near maximal, there was no obvious 

effect of SB216763 on platelet aggregation (not shown). As expected, Akt3-/- 

platelets showed a decrease in platelet aggregation in response to low dose 

thrombin compared to wild type platelets.  In contrast, Akt3-/- platelets treated 

with SB216763 (10 µM) totally rescued the defect of Akt3-/- platelets in thrombin-

induced platelet aggregation (Figure 14A). Because we have shown that Akt3 is 

important in mediating phosphorylation of GSK-3β, which inhibits GSK-3β 

function, and that inhibition of GSK-3β function enhances thrombin-induced 

platelet aggregation, the rescue of the aggregation defect in Akt3-/- platelets by 

GSK-3β inhibitor suggests that Akt3-mediated regulation of GSK-3β function is 

likely to be sufficient for the role of Akt3 in promoting thrombin-induced platelet 

aggregation. In contrast to thrombin-induced platelet aggregation, collagen-

induced platelet aggregation and secretion was significantly inhibited by 

SB216763 (Figure 14C), suggesting that GSK-3β does not promote platelet 

activation induced by the GPVI pathway. An inhibitory effect of SB216763 on 
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platelet aggregation was also seen when ADP was used as an agonist (Figure 

14D). These data suggest that GSK-3β positively regulates GPVI and ADP 

receptor signaling pathways. However, Akt3 knockout did not enhance platelet 

aggregation induced by collagen and ADP (Figure 9), despite of a role of Akt3 in 

GSK-3β phosphorylation (Figure 13), and SB216763 inhibited ADP-induced 

platelet aggregation in Akt3-/- platelets as in wild type platelets (Figure 14D). 

These data suggest either that the partial phosphorylation of GSK-3β by other 

Akt isoforms are sufficient to mediate its regulation in collagen and ADP signaling 

pathways or an uncharacterized stimulatory role of Akt3 in these pathways 

masked the functional effect of Akt3 knockout on GSK-3β phosphorylation. 

Together, our data indicate that the selective role for Akt3 in promoting thrombin-

induced platelet aggregation may be mainly mediated by the Akt3-dependent 

phosphorylation of GSK-3β and consequent inhibition of the negative regulatory 

signal of GSK-3β, although we do not exclude that other possible downstream 

effectors of Akt3 may also contribute to its role in platelet activation.  
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Figure 14. Reversal of the inhibitory effect of Akt3 knockout on platelet 
aggregation by GSK-3β  inhibitor SB216763. (A) WT and Akt3-/- platelets were 
pre-incubated for 2 min with 10 µM of SB216763 or vehicle DMSO. Platelets 
were then stimulated with thrombin in a platelet aggregometer. (B) Washed WT 
mouse platelets were pre-incubated for 2 min with 10 µM of SB216763 or vehicle 
DMSO and stimulated with a subthreshold concentration of thrombin in a platelet 
aggregometer. Secretion was recorded concomitantly with aggregation and ATP 
release was recorded. (C) Mouse platelets were pre-incubated for 2 min with 10 
µM of SB216763 or vehicle DMSO and then stimulated with collagen. Secretion 
was measured concomitantly. (D) WT mouse platelets or Akt3-/- platelets were 
pre-incubated with 10 µM of SB216763 or vehicle DMSO and then stimulated 
with ADP (5 µM) in the presence of fibrinogen (10 µg/mL) and platelet 
aggregation was recorded. 
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4.  The role of Akt3 in platelet adhesion and thrombus formation 

     under flow conditions in vitro 

 The important roles of different platelet activation pathways are to 

facilitate platelet adhesion and thrombus formation on exposed collagen surfaces 

of damaged blood vessel walls. To investigate whether the role of Akt3 in 

selective platelet activation pathways are relevant to thrombus formation on 

collagen surfaces under flow, we employed a cone and plate rheometer to 

introduce flow with controlled shear rates to platelets on a collagen coated 

surface. A shear rate of 800 s-1 was used to mimic the physiological shear rates 

of the arteries and arterioles. Washed platelets from both the wild type or Akt3-/- 

mice stably adhered to the collagen-coated surface under this flow condition, 

suggesting that Akt3-/- platelets are not defective in adhesion to collagen. 

However, in contrast to wild type platelets that formed large thrombi on the 

collagen coated surface, Akt3-/- platelets only formed smaller aggregates (Figure 

15A, B), suggesting that Akt3-/- platelets are deficient in recruiting platelets into 

thrombi under high shear rate conditions.  

 

5.  Akt3 promotes in vivo thrombosis 

 In order to determine the in vivo physiological relevance of the role of 

Akt3 in promoting platelet secretion and aggregation, we compared the in vivo 

thrombosis of wild type and Akt3-/- mice using the FeCl3-induced carotid artery 

thrombosis model. The time to the formation of stable occlusive thrombus in the 
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carotid artery is significantly prolonged in Akt3-/- mice compared with wild type 

control mice (p=0.0007, n=10 for Akt3-/-, n=10 for WT) (Figure 15C). However, 

FeCl3-induced carotid artery thrombosis still occurred in Akt3-/- mice after a delay. 

This significant, but relatively mild anti-thrombotic effect of Akt3 knockout is 

consistent with its in vitro effect on thrombin and TXA2 induced platelet secretion 

and aggregation. These data suggest that Akt3 plays an important regulatory role 

in thrombus formation in vivo. 
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Figure 15.  Akt3-/- delays formation of stable thrombi. (A) Mouse platelets 
(200µL, 3x108/mL) were loaded onto slides coated with 50 µg/mL collagen and a 
cone and plate rheometer was used to introduce shear stress (800 s-1) for 5 
minutes to the platelets. Mepacrine was added to the platelets before applying 
shear stress. Slides were rinsed with PBS to wash out non-stably adherent 
platelets. Slides were viewed with a fluorescence microscope. (B) Quantitation of 
(A) using t-test (p<0.001). (C) FeCl3- induced carotid artery injury was performed 
and time to occlusive thrombosis was recorded. The occlusion time of each 
mouse is shown as squares (Akt3-/-, n=10) and triangles (Akt3+/+, n=10). The bars 
represent the median occlusion time. Statistical analysis was performed using the 
Mann-Whitney test to evaluate the differences in median occlusion time (p= 
0.0007). 
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b.  Discussion 

 In this study, we show that Akt3 is a significant Akt isoform 

expressed in platelets and plays an important role in platelet activation that is 

different from that of Akt1 and Akt2. We show that the role of Akt3 in platelets is 

likely mediated by phosphorylating and thus, negatively regulating GSK-3β. 

Furthermore, we demonstrate an important role for Akt3 in promoting stable 

thrombus formation in vivo.  

  It is well established that the PI3K signaling pathway has a critical 

function in platelet activation (Kovacsovics et al., 1995; Li et al., 2003b; 

Rittenhouse, 1996). The Akt family of protein kinases is an important downstream 

effector of PI3K signaling. Recent studies have shown that Akt1 and Akt2 play 

important stimulatory roles in platelet activation induced by low concentrations of 

platelet agonists (Chen et al., 2004; Stojanovic et al., 2006; Woulfe et al., 2004; 

Yin et al., 2008b).  The role of Akt3 in platelets has never been studied, possibly 

due to a previous report that Akt3 was not detectable in platelets (Kroner et al., 

2000). However, our data clearly show that Akt3 is expressed in platelets in a 

substantial amount. Furthermore, our data indicate that Akt3-/- platelets have 

defects in thrombin (and TXA2)-induced platelet granule secretion and 

aggregation in vitro, and in thrombus formation in vivo, which are consistent with 

previous data that G protein-coupled thrombin receptor and TXA2 receptor 

pathways are important in thrombosis in vivo.  Thus, we conclude that Akt3 plays 

important roles in platelet function and thrombosis. Together with previous 
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findings of important roles of Akt1 and Akt2 in platelets, and additive roles of Akt3 

and other Akt isoforms, our data further suggest that all three isoforms of Akt are 

important in promoting platelet granule secretion and thrombus formation, 

regardless of their relative quantities.  

  The role of Akt3 in promoting platelet activation appears to be 

selective for some of the platelet activation pathways, but is not involved in a 

general signaling pathway. Akt3-/- platelets showed significant defects in platelet 

activation induced by thrombin receptor agonists and (to a lesser degree) TXA2-

mediated platelet secretion and aggregation, but had no defect in platelet 

secretion and aggregation induced by collagen, ADP and VWF/botrocetin. The 

defect of Akt3-/- platelets selectively in certain platelet activation pathways is 

clearly different from Akt1-/- platelets, which have been shown to be defective in 

platelet secretion and aggregation induced by all tested agonists including VWF, 

collagen, and ADP (Chen et al., 2004; Stojanovic et al., 2006; Woulfe et al., 

2004; Yin et al., 2008b), and is also different from Akt2-/- platelets which is 

involved in VWF/GPIb-mediated platelet activation, in addition to thrombin and 

TXA2 pathway. Thus, the three isoforms of Akt play different roles in different 

platelet activation signaling pathways. The aggregation defects of Akt isoform 

knockout mice in response to platelet agonists are summarized in Table 1. Most 

of our current knowledge on the roles of Akt family of kinases in physiology and 

pathology were obtained with the prototype Akt isoform, Akt1 and to a degree, 



72 

 

Akt2. Akt3 has been the least characterized, perhaps because Akt3 was thought 

to be a “redundant” Akt isoform. The functional redundancy between different Akt  

 isoforms is evident, since more dramatic defects and early death only occur in 

mice with the genes of at least two Akt isoforms deleted. However, deletion of 

different individual Akt isoforms results in different phenotypes, suggesting that 

different Akt isoforms may also play distinct roles. Although, it is also possible 

that the distinct phenotype results from different tissue distribution patterns or 

localization of Akt isoforms. Our studies provide novel evidence of distinct roles 

of different Akt isoforms in the same cell. 

Akt family of protein kinases has many substrates, and plays 

multiple roles in many aspects of life and in many types of cells. For example, 

Akt1 has been shown to phosphorylate and activate endothelial nitric oxide 

synthase (eNOS) (Dimmeler et al., 1999), and thus stimulate nitric oxide (NO)-

cGMP signaling pathway in many types of cells including platelets (Stojanovic et 

al., 2006). We have shown that Akt1 is important in platelet cGMP elevation 

induced by all tested agonists, and promotes platelet activation, particularly 

granule secretion, via the NO/cGMP pathway (Stojanovic et al., 2006; Yin et al., 

2008b). Akt2 has been shown to be important in GPIb-IX-mediated cGMP 

elevation. However, how Akt2 plays a role in platelet activation remains unclear. 

The data presented in this study suggest that Akt3 mediates platelet activation 

mainly by negative regulation of another Akt substrate, GSK-3β. 
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TABLE I 

UNIQUE AND OVERLAPPING ROLES OF AKT ISOFORMS IN PLATELET 
ACTIVATION 

 
 
 
 

 
 
 
 
a Chen et al., 2004 

b Woulfe et al., 2004  

c Stojanovic et al., 2006 

d Yin et al., 2008b 

e O'Brien et al., 2011 

 

   

 

 

 

Agonist Akt1-/- Akt2-/- Akt3-/- 

Thrombin Defective a,c,e Defective b, e Defective  e 

Collagen Defective  a,c,e No effect b, e No effect  e 

Thromboxane Defective c Defective b Defective  e 

ADP Defective a, c No effect b No effect  e   

VWF Defective d Defective d No effect e 
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It has been established that phosphorylation of GSK-3β at Ser9 by 

Akt family of kinases negatively regulates GSK-3β function (Cross et al., 1995). 

The role of GSK-3β in platelet activation has been examined by several groups. 

Some studies showed that pharmacological inhibition of GSK-3β reduced platelet 

aggregation induced by collagen (Barry et al., 2003), but another group showed 

that both pharmacological GSK-3β inhibitors and partial reduction of GSK-3β in 

heterozygous GSK-3β knockout platelets enhanced platelet aggregation induced 

by thrombin receptor agonists (Li et al., 2008). In our studies, GSK-3β selective 

inhibitor SB216763 inhibited collagen- and ADP-induced platelet activation, but 

enhanced platelet aggregation induced by a subthreshold concentration of 

thrombin, suggesting that GSK-3β plays differential roles in different platelet 

activation pathways, which explains previous controversies. The differential roles 

of GSK-3β in different platelet activation pathways are consistent with the 

selective role of Akt3 in different platelet activation pathways. Indeed, we 

observed a significant reduction in GSK-3β phosphorylation in Akt3-/- platelets 

stimulated with thrombin, indicating that Akt3 is an important kinase responsible 

for GSK-3β Ser9 phosphorylation. Furthermore, treatment of Akt3-/- platelets with 

GSK-3β inhibitor SB216763 completely corrected the defect in thrombin-induced 

platelet aggregation in Akt3-/- platelets. These data suggest that Akt3 is likely to 

play a stimulatory role in low dose thrombin-induced platelet activation by 

inactivating the negative regulatory role of GSK-3β. It is important to note that 

GSK-3β is regulated not only by Akt3, but also by other Akt isoforms, which may 
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also contribute to its function. However, clearly different functional phenotypes 

between three different Akt isoforms suggest that other downstream effectors, 

such as the NO/cGMP pathway, may be important in the functional effects of 

these Akt isoforms. Also, we do not exclude the possibility that Akt3 may also 

regulate other unidentified substrates, which is interesting for further study. The 

mechanism by which GSK-3β exerts its effects is unclear at this stage. A recent 

study suggests a role for GSK-3β in the Wnt signaling pathway in platelets 

(Steele et al., 2009). Thus, more detailed studies to determine the roles of GSK-

3β on platelet function downstream from Akt isoforms are warranted.  

 

 

    This research was originally published in Blood. OʼBrien KA, Stojanovic-

Terpo A, Hay N, Du X. An important role for Akt3 in platelet activation and 

thrombosis. Blood. 2011 Oct 13; 118(15):4215-23. © The American Society of 

Hematology. 

Portions of the publication are reproduced here with permission of the 

American Society of Hematology. 
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B.  ADP-stimulated activation of Akt during integrin outside-in signaling 

promotes platelet spreading 

a.  Results 

1.  The role of Akt isoforms as downstream effectors of PI3K in  

      mediating platelet spreading 

We sought to determine whether the PI3K effector, Akt, plays an 

important role in integrin outside-in signaling. To inhibit the functions of all Akt 

isoforms, a pan Akt inhibitor, AktX, was used. AktX is a phenoxazine that 

selectively inhibits the phosphorylation of Akt, thus suppressing its kinase 

reactivity (Thimmaiah et al., 2005). This Akt inhibitor is not a phosphoinositide 

analog, and thus does not directly affect functions of other phosphoinositide-

regulated proteins (Thimmaiah et al., 2005). This excludes the possible 

nonspecific inhibition of other PI3K effectors, which is a potential complication 

with previously used Akt inhibitors such as SH-6, a competitive inhibitor of 

phosphoinositide binding to Akt.  Human platelets were treated with increasing 

doses of AktX, and allowed to spread on immobilized fibrinogen. AktX dose-

dependently inhibited human platelet spreading (Figure 16, A and B). At 10 µM, 

AktX completely abolished platelet spreading on fibrinogen. A similar dose-

dependent defect in spreading was observed using mouse platelets treated with 

increasing concentrations of AktX (Figure 16, C and D), suggesting that platelets 

from humans and mice similarly require Akt to promote integrin outside-in 

signaling and platelet spreading. To confirm the effectiveness of AktX on Akt 
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activation and function in our experimental system, wild type mouse platelets 

were treated with increasing doses of AktX and allowed to spread on fibrinogen. 

After 30 minutes of spreading, platelets were harvested for western blot analysis 

of Akt phosphorylation at Ser473. Akt is phosphorylated following platelet 

spreading on a fibrinogen-coated surface, indicating that Akt becomes activated 

during integrin outside-in signaling. AktX dose-dependently inhibited 

phosphorylation of Akt at Ser473 (Figure 16E). Altogether, these data suggest 

Akt is activated and plays an important role in mediating human and mouse 

platelet spreading.  



78 

 

 

 
 
Figure 16. Effect of an Akt inhibitor on platelet spreading. (A) Human 
platelets were allowed to spread on fibrinogen for 1 hour. Adherent platelets were 
fixed, permeabilized, stained with phalloidin, and then observed with a 
fluorescence microscope. (B) The surface area of single platelets as described in 
(A) was measured (mean surface area ± SE). Shown in the figure are 
representative pictures from one of three experiments, and are from at least 3 
randomly selected fields. Difference between groups was analyzed using 
Studentʼs t test. Numbers of platelets analyzed for each group are indicated 
above the bars. (C) Washed mouse platelets were spread on fibrinogen for 2 
hours, and analyzed as described in (A). (D) Quantitation of surface area as 
described in (C). (E) Washed human platelets were incubated with increasing 
concentrations of AktX and added to fibrinogen to spread for 30 minutes or kept 
in suspension. Adherent platelets or control platelets were solubilized, and 
analyzed for phosphorylation of Akt at Ser473 and total Akt by Western blot. 
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Platelets express three different Akt isoforms: Akt1, Akt2 and Akt3. Our 

recent results suggest that Akt3 is a major Akt isoform in platelets (~70% of total 

Akt in mouse platelets, 35% in human platelets) (O'Brien et al., 2011). We 

therefore evaluated whether Akt3 plays a role in the integrin outside-in signaling 

pathway. Figure 16A shows that Akt is robustly phosphorylated in wild type 

platelets spread on a fibrinogen-coated surface as detected by an anti-phospho-

Akt S473 antibody recognizing all three Akt isoforms. Integrin-dependent 

phosphorylation of Akt was significantly inhibited in Akt3-/- platelets, indicating 

that Akt3 is a major Akt isoform phosphorylated downstream of integrin signaling 

in mouse platelets (Figure 17A). Phosphorylation of Akt at T308 was also 

significantly reduced in Akt3-/- mouse platelets adherent on fibrinogen (Figure 

16A). Thus, we further investigated the role of Akt3 in platelet spreading using 

Akt3-/- mice. As shown in Figure 17, B and C, Akt3-/- partially, but significantly 

reduced platelet spreading on fibrinogen, suggesting that Akt3 is important in 

promoting platelet spreading. However, the incomplete inhibition by Akt3-/- is in 

contrast to the complete inhibition of platelet spreading by a higher dose of AktX, 

which inhibits all Akt isoforms. We also assessed the spreading of Akt1-/- or Akt2-

/- mouse platelets. Akt1-/- mouse platelets showed a partial reduction in spreading 

compared to WT, while no difference was observed using Akt2-/- mouse platelets 

(Figure 18A and B). Combined with the data obtained with pan Akt inhibitors, our 

results suggest that Akt3 is an important isoform mediating integrin outside-in 
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signaling. In addition, Akt1 is also important for full platelet spreading, although 

Akt2 does not appear to be required in the presence of Akt1 and Akt3.  

 

2.  Akt-dependent phosphorylation of GSK-3β  is a downstream   

      mechanism of integrin outside-in signaling 

Akt is known to phosphorylate GSK-3β, which negatively regulates 

GSK-3β function (Cross et al., 1995). GSK-3β was shown to negatively regulate 

thrombin receptor-mediated platelet activation and in vivo thrombosis (Li et al., 

2008). To determine whether Akt3 mediates integrin outside-in signaling and 

platelet spreading by phosphorylating and inactivating GSK-3β, wild type and 

Akt3-/- platelets were allowed to spread on fibrinogen and phosphorylation of Ser9 

of GSK-3β was assessed by immunoblot with an antibody specifically recognizing 

phosphorylation at Ser9 site. Compared to wild type platelets spread on 

fibrinogen, Akt3-/- platelets showed a significant reduction in GSK-3β 

phosphorylation, indicating that Akt3 is important for mediating GSK-3β 

phosphorylation during integrin outside-in signaling (Figure 17A). Akt1-/- mouse 

platelets also showed a trend of reduced GSK-3β phosphorylation, but was not 
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Figure 17. Effects of Akt3 knockout on integrin outside-in signaling and the 
role of GSK-3β . (A) WT or Akt3-/- mouse platelets were allowed to spread on 
fibrinogen for indicated lengths of time or kept in suspension. Adherent platelets 
or control platelets were solubilized. Phosphorylation of Akt at S473 and T308, 
and GSK-3β at S9, and total Akt and GSK-3β levels were analyzed by western 
blot. (B) Akt3-/- or WT mouse platelets were preincubated with GSK-3β inhibitor 
SB216763 or control DMSO and spread on fibrinogen for 2 hours. Adherent 
platelets were fixed, permeabilized, and stained with phalloidin and observed with 
a fluorescence microscope. (C) The surface area of single platelets in (B) was 
measured, and graphed as the average surface area (±SE) of individual platelets. 
Difference between groups was analyzed using Studentʼs t test. Shown in the 
figure are representative pictures from one of three experiments, and are from 
atleast 3 randomly selected fields. Numbers of platelets analyzed for each group 
are indicated above the bars. 
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Figure 18. Spreading of Akt isoform knockout mouse platelets. (A) WT, 
Akt1-/-, Akt2-/-, or Akt3-/- mouse platelets were spread on fibrinogen for 2 hours. 
Adherent platelets were fixed, permeabilized, and stained with phalloidin. 
Platelets were observed with a fluorescence microscope. (B) Surface area of 
single platelets was quantitated (average surface area ± SE). Statistical 
significance of the difference between groups was analyzed using Studentʼs t test 
(p<0.05). Shown in the figure are representative pictures from one of three 
experiments, and at least 3 randomly selected fields. Numbers of platelets 
analyzed for each group are indicated above the bars. 
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statistically significant (data not shown). In order to further investigate whether 

negative regulation of GSK-3β is important in promoting integrin-dependent 

platelet spreading, we assessed the effect of GSK-3β selective inhibitor 

SB216763 on platelet spreading on fibrinogen-coated surfaces. Treatment of 

platelets with SB216763 significantly promoted platelet spreading compared to 

DMSO control, indicating that GSK-3β negatively regulates platelet spreading 

and thus, inhibition of GSK-3β promotes platelet spreading (Figure 17, B and C). 

Because Akt3-/- has reduced GSK-3β phosphorylation, which presumably results 

in increased GSK-3β activity, we sought to determine whether the spreading 

defect of Akt3-/- platelets could be corrected by treatment with GSK-3β inhibitor 

SB216763. Akt3-/- platelets were treated with the GSK-3β inhibitor and allowed to 

spread on fibrinogen. Indeed, the inhibitory effect of Akt3 knockout on platelet 

spreading was reversed by GSK-3β inhibitor SB216763 (Figure 17, B and C).  

Interestingly, spreading of platelets treated with the pan Akt inhibitor AktX or with 

the PI3K inhibitor LY294002 was partially rescued by treatment with SB216763 

(Figure 19, A and B). Thus, negative regulation of GSK-3β is a likely mechanism 

downstream of PI3K and Akt3 that promotes integrin-dependent platelet 

spreading, although we do not exclude possible additional mechanisms, 

particularly for other Akt isoforms. 
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Figure 19. Reversal of the inhibitory effect of PI3K/Akt inhibitors on platelet 
spreading by GSK-3β  inhibitor. (A) WT mouse platelets were preincubated 
with AktX (5 µM), LY294002 (20 µM), or DMSO control in the presence and 
absence of GSK-3β inhibitor SB216763 (10 µM) and allowed to adhere and 
spread on fibrinogen for 2 hours. Adherent platelets were fixed, permeabilized, 
stained with phalloidin, and observed with a fluorescence microscope. (B) The 
surface area of single platelets was quantitated (average surface area ± SE). 
Statistical significance of the difference between groups was analyzed using 
Studentʼs t test. Shown in the figure are representative pictures from one of three 
experiments, and are from atleast 3 randomly selected fields. Numbers of 
platelets analyzed for each group are indicated above the bars. 
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3. Src and ADP receptor-dependent activation of the PI3K-Akt 

    signaling pathway during integrin signaling 

Thus far, our experiments reveal an important role for the PI3K-Akt-

GSK-3β signaling pathway in promoting platelet spreading. To understand the 

molecular mechanisms that are responsible for the activation of this pathway 

during integrin outside-in signaling, we examined whether phosphorylation of Akt 

can be affected by inhibitors of intracellular signaling molecules involved in 

integrin outside-in signaling. As expected, Akt is phosphorylated following 

spreading of human platelets on integrin ligand fibrinogen.  PI3K inhibitor 

wortmannin or LY294002 totally abolished Akt phosphorylation, indicating that 

PI3K is indeed responsible for Akt phosphorylation and thus, Akt phosphorylation 

is an indicator of PI3K activation under our experimental conditions (Figure 20, A 

and B). PP2, an inhibitor of Src family kinases (SFKs), also abolished integrin-

dependent Akt phosphorylation, indicating that SFK is required for integrin-

induced activation of the PI3K/Akt signaling pathway (Figure 20C). In order to 

determine whether activation of the ITAM and Syk signaling pathway, which are 

important in amplifying integrin signaling, are required for integrin-induced PI3K-

Akt activation, we tested the effect of the Syk inhibitor piceatannol on 

phosphorylation of Akt. Akt phosphorylation in human platelets spread on 

fibrinogen was not affected by piceatannol at 10 µM (Figure 20D), which inhibited 

collagen-induced platelet aggregation (data not shown). This result indicates the 

ITAM/Syk pathway is not required for Akt activation induced by integrin outside-in 
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signaling. Thus, the PI3K/Akt pathway is downstream from SFKs, but not 

ITAM/Syk, in the integrin outside-in signaling pathway. 

Interestingly, integrin-mediated Akt phosphorylation was reduced in 

human platelets by an antagonist of ADP receptor P2Y12, 2-MeSAMP, and was 

further reduced when 2-MeSAMP was used together with A3P5P, an antagonist 

of the other platelet ADP receptor, P2Y1 (Figure 21A). To exclude the possible 

nonspecific effects of ADP receptor antagonists, we also examined integrin-

dependent Akt phosphorylation in mouse platelets deficient in the P2Y12 

receptor (P2Y12 knockout). Indeed, Akt phosphorylation in P2Y12-/- platelets was 

also reduced (Figure 21B). P2Y12-/- mouse platelets treated with A3P5P further 

inhibited phosphorylation of Akt, as well as GSK-3β (Figure 21C). Thus, we 

conclude that ADP receptor signaling, particularly P2Y12 signaling, is important 

in integrin-induced and Src-dependent activation of the PI3K/Akt signaling 

pathway. It is important to note that there is still residual phosphorylation of Akt 

and GSK-3β in the presence of P2Y1/P2Y12 blockade, indicating a small pool of 

Akt and GSK-3β may be activated by ADP-independent mechanisms.  
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Figure 20. Upstream molecules important in Akt activation. Human platelets 
were treated with (A) PI3K inhibitor wortmannin (100 nM) (B) PI3K inhibitor 
LY294002 (20 µM), (C) SFK inhibitor PP2 (10µM), (D) Syk inhibitor piceatannol 
(10µM), or DMSO control, and spread on fibrinogen or kept in suspension. 
Adherent platelets were solubilized and western blot analysis was performed for 
indicated proteins. 
 
 
 
 
 
 
 
 
 
 
 



88 

 

To directly address whether integrin ligation with fibrinogen induces 

dense granule secretion, we measured ATP release of platelets spread on 

fibrinogen using a luciferase assay. There was a significant increase in ATP 

release that was detected in platelets spread on fibrinogen, compared to platelets 

added to BSA control wells (Figure 21D). Integrin-dependent platelet adhesion 

does not require prior stimulation by exogenous agonists; therefore, our data 

indicates that ADP receptor signaling that stimulates activation of the PI3K/Akt 

pathway is likely to be induced by endogenously secreted ADP during platelet 

spreading on integrin ligands. 
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Figure 21. Effect of P2Y12 knockout and ADP receptor antagonists on 
integrin-dependent Akt activation. (A) Human platelets were pre-incubated 
with 2-MeSAMP (50 µM), A3P5P (0.5 mM), both, or control, and allowed to 
adhere and spread on fibrinogen for 30 minutes. Adherent and control platelets in 
suspension were solubilized. Phosphorylation of Akt, and total Akt were analyzed 
by western blot. (B) WT or P2Y12-/- mouse platelets were added to fibrinogen. 
Spreading and western blot were performed as in (A). (C) WT or P2Y12-/- mouse 
platelets were treated with A3P5P (0.5 mM) or control, and spreading and 
western blot was performed as indicated in (A). (D) Human platelets were added 
to BSA or fibrinogen coated wells for indicated times. Luciferase was added and 
ATP secretion was detected using a luminometer. The relative quantity of ATP 
secretion is expressed as the percentage increase of BSA control (mean ± SE, 
n=3).  The difference between control and fibrinogen at 15 and 30 minutes time 
point are significant (P<0.03), as determined by studentʼs t-test. 
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To determine whether the effects of ADP receptor signaling on PI3K/Akt 

pathway is functionally important in integrin-dependent platelet spreading, we 

compared the spreading of P2Y12-/- platelets and P2Y12 antagonist 2-MeSAMP 

treated platelets with wild type platelets. P2Y12-/- platelets and P2Y12 antagonist-

treated platelets showed a significant, but partial inhibition of platelet spreading 

compared to control platelets, indicating that P2Y12 signaling is important in 

promoting integrin outside-in signaling leading to platelet spreading (Figure 22, A-

D). We also tested the effect of the P2Y1 antagonist A3P5P on spreading of 

control or P2Y12-/- mouse platelets. Consistent with the relatively minor defects 

caused by A3P5P in the activation of the PI3K-Akt pathway, only a minor 

spreading defect was observed in wild type or human platelets treated with 

A3P5P. However, A3P5P significantly further inhibited platelet spreading in 

P2Y12-/- mouse platelets (Figure 22, A and B). Human platelets treated with ADP 

receptor P2Y12 antagonist 2-MeSAMP (and to a similar degree A3P5P) similarly 

inhibited platelet spreading on fibrinogen (Figure 22, C and D). These results 

suggest an important role for P2Y12 and P2Y1 receptors in promoting integrin 

outside-in signaling leading to platelet spreading. 
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Figure 22. Effect of P2Y12 knockout and ADP receptor antagonists on 
platelet spreading. (A) WT or P2Y12-/- mouse platelets were treated with A3P5P 
(0.5mM) or control and spread on fibrinogen for 2 hours. Adherent platelets were 
stained with phalloidin and observed as described in previous figures. (B) The 
surface area of single platelets was measured and average surface area (±SE) of 
individual platelets is graphed. Difference between groups was analyzed using 
Studentʼs t test. Shown in the figure are representative pictures from one of three 
experiments, and are from at least 3 randomly selected fields. Numbers of 
platelets analyzed for each group are indicated above the bars. (C) Human 
platelets were treated with 2-MeSAMP (50 µM), A3P5P (0.5 mM), both, or 
control, and spread on fibrinogen for 1 hour. Adherent platelets were stained with 
phalloidin as described in previous figures. (D) Quantitation was performed as in 
(B).  
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Figure 23. Integrin α IIbβ3-mediated activation of the PI3K-Akt-GSK-3β  
pathway important in outside-in signaling 
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b. Discussion 

In this study, we show that (1) Akt, as a downstream effector of PI3K, plays 

an important role in mediating integrin outside-in signaling leading to platelet 

spreading; (2) Akt promotes platelet spreading by phosphorylating and inhibiting 

GSK-3β; and (3) activation of PI3K-Akt-GSK-3β pathway is downstream from 

SFK and requires platelet secretion of ADP and ADP receptor signaling. Taken 

together, our results reveal a novel outside-in signaling pathway involving 

sequential activation of Src, ADP secretion, P2Y12/P2Y1-dependent activation of 

PI3K and Akt, and Akt-mediated inhibition of GSK-3β, leading to stimulation of 

platelet spreading (Figure 23). Our study also demonstrates a novel mutually 

amplifying relationship between the G-protein-coupled P2Y12/P2Y1 receptor 

signaling pathways and integrin outside-in signaling pathways. 

It has been shown by several groups that PI3Ks, including both type I and 

type II, play an important role in integrin signaling (Banfic et al., 1998; Canobbio 

et al., 2009; Jackson et al., 2004; Kovacsovics et al., 1995; Zhang et al., 1998). 

However, the downstream effector that is important in mediating PI3K signals 

promoting platelet spreading is unclear. Among potential PI3K effectors, all three 

Akt isoforms have been shown to be expressed in platelets and to be important 

in mediating platelet granule secretion, and secretion-dependent amplification of 

platelet aggregation (Chen et al., 2004; O'Brien et al., 2011; Stojanovic et al., 

2006; Woulfe et al., 2004). However, it is unclear whether Akt isoforms are also 

important in integrin outside-in signaling. In this study, we have shown that 
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treatment of human or mouse platelets with a pan Akt inhibitor, AktX, that is a 

non-phosphoinositide competitor, potently inhibits platelet spreading on 

fibrinogen (Figure 16). Furthermore, the spreading of Akt3-/- platelets was also 

partially inhibited (Figure 17, B and C). Therefore, we conclude that Akt is an 

important downstream effector that mediates PI3K-dependent integrin outside-in 

signaling. Our data further indicate that the Akt3 isoform is important in outside-in 

signaling, but also suggest the involvement of other Akt isoforms. 

 Our data suggest that phosphorylation and inhibition of GSK-3β, a known Akt 

substrate, is an important downstream mechanism responsible for the role of 

Akt3 in promoting platelet spreading. This is supported by the data that Akt3-/- 

platelets spread on fibrinogen showed a significant reduction in GSK-3β 

phosphorylation (Figure 17A) and that GSK-3β inhibition by SB216763 was 

sufficient to completely rescue the defect in Akt3-/- platelet spreading. These data 

indicate that the role of Akt3 in platelet spreading is mainly mediated by GSK-3β 

(Figure 17, B and C). Consistently, inhibition of GSK-3β also partially rescued 

spreading defects of platelets treated with pan-Akt inhibitor AktX or PI3K inhibitor 

LY294002 (Figure 19, A and B). However, partial rescue by SB216763 suggests 

the possible presence of other integrin-dependent Akt-mediated signaling 

pathways that are independent of GSK-3β. Further study is needed to resolve 

how GSK-3β negatively regulates platelet spreading. 

It is known that ADP secretion can promote platelet spreading on immobilized 

fibrinogen and scavengers of ADP such as apyrase can inhibit platelet spreading 
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(Haimovich et al., 1993; Jirouskova et al., 2007). It has also been reported that 

platelets from a patient deficient in ADP receptor P2Y12 have defective 

spreading on fibrinogen (Shiraga et al., 2005). Correspondingly, our data 

demonstrating defective spreading in P2Y12-/- mouse platelets and P2Y12 or 

P2Y1 inhibitor treated platelets support the implication of ADP in amplifying 

integrin outside-in signaling and spreading (Figure 22). However, the mechanism 

by which ADP promotes platelet spreading has been unclear. It is both possible 

that the roles of ADP can be due to increasing either integrin activation (inside-

out signaling) or outside-in signaling. Our data clearly show that the role of ADP 

in promoting platelet spreading is due to its role in amplifying the PI3K-Akt-GSK-

3β signaling pathway during outside-in signaling, and thus provide a plausible 

molecular mechanism for the role of ADP in promoting platelet spreading (Figure 

21). It is important to note that because integrin-dependent platelet adhesion 

does not require prior stimulation by agonists and we have used carefully 

prepared resting platelets without exogenous agonists, ADP receptor signaling 

that stimulates activation of the PI3K/Akt pathway is likely to be induced by 

endogenously secreted ADP during platelet spreading on integrin ligands. 

Indeed, we, for the first time, detected granule secretion from platelets adherent 

on a fibrinogen coated surface (Figure 21D). Thus, we conclude that granule 

secretion induced by integrin outside-in signaling plays an important role in 

stimulating activation of the PI3K/Akt pathway and thus platelet spreading.  
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Interestingly, our data also show that, while ADP receptors play a major role 

in PI3K/Akt activation, activation of a small pool of Akt is independent of ADP 

receptors, but clearly requires the function of SFKs (Figure 20C). The spreading 

defect in platelets treated with a high dose of AktX (Figure 16) also appears to be 

greater than that in P2Y12-/- platelets treated with P2Y1 antagonists (Figure 22), 

which is consistent with an ADP-independent activation of Akt in promoting 

spreading. In other platelet signaling pathways, such as thrombin receptor and 

GPIb-IX pathways, it has previously been shown that SFKs are important in 

stimulating the activation of PI3K/Akt pathway (Cho et al., 2002; Li et al., 2010b; 

Yin et al., 2008a). Furthermore, in the platelet activation pathways induced by 

thrombin and TXA2, PI3K/Akt activation involves a P2Y12-independent 

mechanism that accounts for a small fraction of Akt activation and a major 

amplification role of P2Y12/Gi signaling (Li et al., 2003b; Xiang et al.). Thus, a 

small, initial SFK-dependent activation of PI3K/Akt and an ADP-dependent 

amplification of PI3K/Akt activation may be a general mechanism in which the 

PI3K/Akt pathway becomes fully functional during platelet activation induced by 

not only soluble agonist receptors, but also integrins and other adhesion 

receptors. It is interesting to note that a major role of Akt isoforms in regulating 

platelet function downstream from soluble agonists is to promote platelet dense 

granule secretion (Chen et al., 2004; O'Brien et al., 2011; Stojanovic et al., 2006; 

Woulfe et al., 2004; Yin et al., 2008b). Thus, we hypothesized that one of the 

roles of SFK-dependent initial activation of Akt isoforms in regulating platelet 
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spreading may be to induce platelet granule secretion. Secreted ADP then 

greatly augments the PI3K-Akt-GSK-3β pathway, resulting in stronger 

amplification of integrin outside-in signaling and enhancement of platelet 

spreading. Nonetheless, the precise mechanism by which the PI3K-Akt-GSK-3β 

pathway promotes outward movement of the platelet membrane and spreading 

requires further examination. 
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V. CONCLUSIONS 
 
 

From the data presented in this study, we can derive several 

conclusions. First, Akt3 is expressed in platelets and plays an important role in 

platelet function and thrombosis. Second, the role of Akt3 in platelets is different 

from the previous characterized Akt isoforms Akt1 and Akt2 in that Akt3 

selectively plays a stimulatory role in the signaling pathways of two Gq/G13 

coupled receptors (thrombin receptors PAR4 and TXA2 receptor), but is not 

required in the signaling pathways mediated by collagen receptor, ADP receptor 

and VWF receptor. Therefore, different isoforms of Akt have distinct and shared 

roles in platelet activation. Third, Akt (specifically Akt3) plays an important role in 

integrin outside-in signaling and is important in promoting platelet spreading on 

integrin ligands. The role of Akt provides a mechanism why PI3K is important for 

cell spreading in platelets and other cell types. In addition, we have shown that a 

major mechanism by which Akt3 mediates platelet activation signaling is its 

phosphorylation and inhibition of GSK-3β. This is different from the major 

mechanisms responsible for the roles of Akt1 and Akt2, which are to stimulate 

the cGMP-dependent protein kinase pathway. Furthermore, GSK-3β plays an 

inhibitory role in thrombin-induced platelet activation and a novel role in 

negatively regulating platelet spreading, which is regulated by Akt3. Finally, we 

have shown that full activation of Src/PI3K/Akt pathway during integrin outside-in 

signaling requires integrin-mediated ADP secretion and ADP signaling through 

P2Y12/P2Y1 receptors. This provides a mechanism to explain the importance of 
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ADP secretion in platelet spreading. Taken together, these studies have 

identified a novel role for Akt3 in platelet activation, thrombosis, and integrin 

outside-in signaling (Figure 24). 

 In conclusion, this study contributes to the mechanistic understanding of 

the signaling pathways that are important for platelet activation, adhesion and 

thrombus formation.  Understanding of the signaling pathways may aid in the 

development of new targets for anti-thrombotics that inhibit thrombosis, yet 

minimize adverse bleeding side effects. Thus, identifying the signaling 

mechanisms that are important for amplification of platelet activation, but do not 

affect primary aggregation and adhesion may prove beneficial. This study also 

provides novel insight into the signaling mechanisms of integrin signaling and the 

PI3K/Akt pathway that are of significance to our understanding of molecular cell 

biology and human diseases. 

 The data presented here raise several important questions.  How are Akt 

isoforms involved in different pathways, despite their structural similarity? Are 

they localized to distinct compartments in platelets? Are there other Akt 

substrates expressed in platelets that mediate its effects? How does GSK-3β 

mediate platelet spreading and granule secretion? What is downstream from 

GSK-3β? Future studies may aid in further understanding the mechanisms of Akt 

and GSK-3β in regulating platelet activation signaling. 
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Figure 24. Summary of the role of Akt isoforms in platelet activation 
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