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 Abbreviations

vWF


von Willebrand Factor

PDGF


platelet derived growth factor

TxA2


tromboxane A2
GP Ib-IX-V

glycoprotein Ib-IX-V

GP Ib

glycoprotein Ib
GPVI


glycoprotein VI
PAF


platelet activating factor

PLC


phospholipase C

PLA2


phospholipase A2
PI3-K


phosphatidylinositol 3-kinase
AC


adenylyl cyclase

PIP2


phosphatidylinositol 4,5-biphosphate
IP3


inositol 1,4,5-triphosphate
DAG


diacylglycerol

PKC


protein kinase C

PKA


protein kinase A

FcR


Fc receptor -chain

FcRIIA

Fc receptor gamma IIA
MAPK


mitogen-activated protein kinase
ERK


extracellular signal-regulated kinase
PAR


protease activated receptor
eNOS


endothelial nitric oxide synthase

DRM


detergent-resistant membrane

MCD


methyl--cyclodextrin

ER


estrogen receptor

ER


estrogen receptor 
ER


estrogen receptor 
E2


estrogen

E2-BSA

estrogen conjugated with BSA
17-E2

17-estradiol

LBD


ligand-binding domain

DBD


DNA-binding domain

AF-1


activation function domain 1

AF-2


activation function domain 2

IGF-1R

insulin like growth factor-1-receptor

EGFR


epidermal growth factor receptor
GPCR(s)

G protein-coupled receptor(s)
GPI


glycophosphatidylinositol

RTK


receptor tyrosine kinase

HRT


hormone replacement therapy
TRAP


thrombin receptor activating peptide
 Introduction

Platelets are small, discoid, anucleated cellular fragments, that in man circulate at a concentration of 250000-350000 cells/l of blood 1.
Although platelets are the smallest of the cellular elements in blood and lack a nucleus, they possess a metabolic and functional complexity similar to that of the larger nucleated blood cells 2.

Their primary function is to prevent haemorrhage from defects in blood vessel wall by adhering and forming an aggregate at the site of injury. They also participate in reactions of primary haemostasis, blood coagulation, inflammation and wound healing. However, the greatest importance of platelets in human diseases, is their role in the pathogenesis of atherosclerosis and thrombosis 1.
Biology of platelet production
Platelets are formed from large bone marrow cells, called megakaryocytes. As megakaryocytes proliferate, they enlarge and undergo extensive DNA replication without mitosis. The polyploid cells subsequently undergo endomitosis to form multilobed nuclei with 4 to 64 times the haploid amount of DNA. Only after DNA replication has ceased the cells begin to show cytoplasmic differentiation with production of the components that constitute the mature platelet. During this time a number of platelet proteins appear: fibrinogen, platelet derived growth factor (PDGF), von Willebrand Factor (vWF), and some platelet glycoproteins. With continued maturation the megakaryocyte cytoplasm develops an extensive membrane system termed demarcation membrane, formed by invagination of the plasma membrane and that defines the cellular limits of mature platelets. The mature megakaryocyte is located directly adiacent to bone marrow sinusoidal endothelial cells. As the extensive demarcation membrane system forms, megakaryocytes develop long filopodia that directly penetrate the endothelial cytoplasm and extend into the marrow capillaries. These projections then fragment to produce mature platelets 1.
Platelet ultrastructure
Resting platelets circulate as discoid anucleated cells; they are about 3 m in diameter and 1 m thick. The platelet is surrounded by a typical bilamellar plasma membrane that extends through the multiple channels of the surface-connected open canalicular system, greatly increasing the surface area of the cell. The surface-connected open canalicular system provides access to the interior for plasma-borne substances and an egress route for products of the release reaction. The platelet surface membrane resembles that of other cells in being rich in cholesterol and sphingomyelin, and in having a high cholesterol:phospholipid ratio. Also present in the platelet plasma membrane is the asymmetric distribution of phospholipids: sphingomyelin and phosphatidylcholine are abundant in the outer leaflet, phosphatidylethanolamine and phosphatidylserine are confined to the cytoplasmic side where they may serve as substrates for phospholipases 3. Through this phospholipid bilayer, there are a lot of proteins and glycoproteins. The proteins may be wholly or partly inserted into the lipid bilayer and some of them have covalently linked multibranched carbohydrate chains to form the so called “glycocalyx”, an exterior coat that provides the receptors for stimuli triggering platelet activation and the substrates for adhesion-aggregation reactions. Most of the platelet surface membrane glycoproteins span the lipid bilayer with their carbohydrate chains associated with the N-terminal extracellular domains. Transmembrane segments of glycoproteins which are rich in hydrophobic residues anchor the protein in the lipid bilayer. Most of them have a short cytoplasmic C-terminal region which in some case makes either permanent or transient links with cytoskeletal proteins juxtaposed to the inner leaflet of the lipid bilayer. Membrane glycoprotein/cytoskeletal protein interactions may restrain movement of other constituents in the bilayer and could be important in the maintenance of platelet shape 2. The adhesion to subendothelial structures is mediated by integrins. On platelet membrane integrin 21 mediates adhesion to collagen, integrin v3 is the vitronectin receptor, integrin 25 binds fibronectin and integrin26 mediates the binding with laminin. The most abundant integrin on platelet surface is IIb3 which mediates the interaction with fibrinogen, but it is also able to bind vWF, fibronectin and thrombospondin. Besides integrins, on platelet membrane there are other glycoproteins that act as receptors for platelet agonists and antagonists. These molecules can be soluble or multimeric. The receptors for soluble agonists like thrombin, thromboxane A2 (TxA2), ADP, serotonin, consist of a single polypeptide with an extracellular N-terminal domain, seven hydrophobic transmembrane domains and an intracellular C-terminal domain associated, through G-proteins, with cytoplasmic second messenger generating enzymes. Multimeric agonists like vWF and collagen interact with the glycoprotein complex Ib-IX-V (GP Ib-IX-V) and the glycoprotein VI (GP VI), respectively 4. On the cytoplasmic side of the plasma membrane, just under the platelet surface, it is organized a regular system of filamentous elements that create the membrane skeleton. The proteins which either span the membrane or are associated only with the inner leaflet of the lipid bilayer, interact with intracellular cytoskeletal components, particularly the filamentous form of actin. Functionally, sub-membrane filaments may cooperate with cytoskeleton to maintain platelet discoid shape, play a role in the extrusion and stabilization of pseudopodia, and interact with other elements of the platelet contractile mechanism to affect platelet cohesion and clot retraction. The membrane skeleton contains two additional proteins of the contractile system, actin-binding protein and -actinin: they are membrane-associated proteins and act as linkage molecules between membrane and cytoskeleton. Two other proteins, talin and vinculin, are involved in organizing actin near the platelet surface: they are associated with the adhesion plaques and may be responsible for localizing actin in these centres 4. The platelet cytoskeleton is composed of actin, which consists of about 15%-35% of the total platelet proteins. The conversion of actin into masses of filaments shortly after activation of resting platelets constitutes one of the major early responses of the cell: the initial assemblies of actin are irregular networks in small protrusions extending from the discoid cell. These changes precede the development of early dendritic forms which lose their discoid shape, become irregular and extend long, filiform processes. Another form of parallel actin filament association in platelets are the stress fibres that radiate from the centre toward the periphery and into pseudopodia: these structures help to stabilize the irregular form of activated dendritic and spread platelets. Actin filaments are also arranged in concentric layers around the central region where microtubule coils are abundant and play an important role in granules centralization 4. Upon platelet activation, myosin associates with the actin filaments, thus generating the tension required for the centralization of granules. The platelet cytoskeleton is also composed of a microtubular coil, just beneath the platelet membrane. This microtubular coil, composed of tubuline, is involved in maintaining the discoid shape of the unstimulated platelets. The loss of discoid shape is associated with disappearance of the circumferential band of microtubules, and the recovery with the reformation of the bundle in its usual position under the cell surface. The ability of microtubules to dissolve almost completely following stimulation by aggregating agents and reassemble few minutes later in new locations, reflects the fact that changes in the position of microtubule coils in activated platelets are due to a disassembly-reassembly cycle, rather than to a contractile event 4. The platelet does not synthesize proteins and polypeptides destined for granule storage and exocytotic release. In consequence this cell contains no rough endoplasmic reticulum or membranes of the Golgi complex. The various procoagulant proteins and mitogenic factors present in the protein storage granules, as well as many of the enzymes contained in the lysosomes, peroxisomes and mitocondria, are produced by the megakaryocytes. The mature platelet contains an extensive smooth endoplasmic reticulum which is described as the dense tubular system and is a complex system of channels and vacuoles. On enzymatic and functional profiles it resembles both a classical smooth endoplasmic reticulum and the sarcoplasmic reticulum of skeletal muscle cells. Indeed it contains both NADH/cytocrome c reductase and a Ca2+/Mg2+ ATPase. This latter enzyme operates as a calcium pump which functions optimally at a cytosolic Ca2+ concentration in the range of 0.1-1.0 M. The smooth endoplasmic reticulum is believed to contain the major intracellularly releasable storage pool for Ca2+ in the platelet and, through operation of the uptake pump, the cytoplasmic level of this cation is maintained in the range of 50-100 nM in the resting platelet. The intracellular membrane system also contains the fully enzymic potential for the liberation of arachidonate from phospholipids, and for conversion of this fatty acid to prostaglandin endoperoxides and TxA2. Since TxA2 is a potent excitatory agonist, its rapid release from the platelet amplifies the haemostatic response through action on surface membrane TxA2 receptors on other platelets 2. The dense tubular system is in closely physical relationships with the canaliculi of the open canalicular system: their association is usually restricted to one or two areas of the cytoplasm where the elements of the open canalicular systems are gathered in clusters or groups. The proximity of the dual channel system in platelets to the contractile elements, the demonstration that the dense tubular system selectively binds divalent cations, that platelets do not require exterior calcium for activation, and that vesicles from platelet membranes can sequester calcium as sarcotubular vesicles from muscle, all strongly support the concept that the open canalicular system and dense tubular system in platelet are the equivalent of the sarcoplasmic reticulum of muscle cells 4. There are numerous organelles dispersed in the platelet cytoplasm, including mitochondria, glycogen particles, lysosomes and peroxisomes. -granules and dense bodies are platelet-specific storage granules. Platelet mitochondria are comparable to those found in other cells: they contain the enzymes of the tricarboxylic acid cycle and of fatty acid oxidation together with the systems required for coupled oxidative phosphorylation. Glycogen granules are a prominent feature in the platelet cytosol and provides the fuel reserve which enables the platelet to meet the energy requirements imposed by cellular activation. Platelet lysosomes contain a range of glycosidases, and a number of protease, such as cathepsins D and E and a neutral protease. In platelet peroxisomes are present catalases and other oxidases 2. The -granules contain coagulation factors, such as fibrinogen, factor V, high molecular weight kininogen, vWF, antiheparins, such as platelet factor 4, -thromboglobulin, platelet basic protein, growth-promoting factors and mitogens, such as PDGF, thrombospondin. -granules also contain low concentrations of all plasma proteins. Many of the proteins found in platelet -granules are packaged after synthesis in the precursor megakaryocyte; a number of -granule proteins is synthesized de novo by megakaryocytes including coagulation factor V, platelet factor 4, and vWF. Other proteins including IgG, albumin and fibrinogen are taken up from plasma by a novel endocytotic mechanism 1. Dense bodies are storage sites of serotonin, ATP, ADP, divalent cations, as Ca2+ and Mg2+; other constituents, like GTP and pyrophosphate, are present at much lower concentrations. In human platelets ADP is the predominant nucleotide, and Ca2+ the predominant divalent cation 2. 
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Fig. 1. Longitudinal section of a resting platelet. The indicated structures are the plasma membrane (C.M.), the open canalicular system (C.S.), the microtubules (M.T.), the glycogen granules (Gly), the mitochondria (M.), the -granules (G.), the dense bodies (D.B.) ad the dense tubular system (D.T.S.). (White et al., 1994)
Platelet activation
Platelets play an essential role in the first phases of the haemostatic process. Whenever a blood vessel is damaged at its luminal side, subendothelial elements come into contact with the blood elements. Blood platelets become activated by subendothelial collagen, microfibrils and vWF: they undergo a rapid shape change, adhere to the exposed subendothelial tissues, secrete granule content and regulate the expression and binding affinity of some adhesion receptors. That processes contribute to the formation of the so-called “white thrombus”, which closes the gap in the injured blood vessel. Subsequent to platelet activation, the coagulation cascade will form fibrin fibrils, that strengthen the primary thrombus and transform it into a “red thrombus” 3.
Platelet shape change and adhesion
When platelets are exposed to non-endothelial surface, they rapidly change their shape from a disc to a spiny sphere with long and fine filopodia, adhere, flatten and spread on the surface. The most important subendothelial structures to which platelets can adhere with their specific receptors are collagen, fibrinogen, fibronectin and vWF.
At high shear stresses, platelet adhesion is largely dependent on immobilized vWF, which interacts with the GP Ib-IX-V. The interaction between immobilized vWF and GP Ib-IX-V results in platelet activation and in the generation of an intraplatelet signal necessary to activate integrin IIb3, leading to irreversible platelet adhesion and also aggregation.
Platelet spreading and secretion
After adhesion to a subendothelial surface, platelets undergo spreading: they flatten, change their shape and activate themselves. During spreading, platelet secretion also occurs: platelets secrete -granule and dense body contents and only partially lysosomal enzymes. Strong agonists result in the secretion of 70% to 90% of -granule and dense body contents 1. Secretion allows the release, in blood microenvironment, of molecules that, at first, contribute to the formation of the haemostatic plug and then to the dissolution of platelets-fibrin aggregates.
Platelets granule secretion requires fusion of granular membranes with the plasma membrane or with membranes of the surface connected open canalicular system. Contractile forces within platelets needed for granule centralization and secretion are generated by the interaction of the actin filaments with myosin heads and by contraction of the band of microtubules around the cell circumference.
Platelet aggregation
Most of the platelets that accumulate at the sites of injury don’t adhere directly to subendothelial structures, but rather to each other. This process of platelet-platelet interaction is termed aggregation. Platelet aggregation can be triggered experimentally by several potential physiological agonist, the most important of which are ADP and thrombin; other potential agonists include epinephrine, TxA2 and Platelet Activating Factor (PAF) 1. 
Weak aggregating agents or low concentration of stronger ones cause reversible (“primary”) aggregation, whereas stronger stimuli cause an irreversible (“secondary”) aggregation which is associated with prostaglandin synthesis and the release reaction. It is the aggregation reaction itself which causes TxA2 synthesis. The substances released from the dense granules, in particular ADP, also play an important role in enhancing secondary aggregation induced by other agonists 3.
Thrombin is one of the most important agonists for platelet recruitment and aggregation which is mediated by the binding of fibrinogen to its adhesive receptor. This “inside-out” signaling would lead to some changes in the extracellular domain of integrin IIb3 increasing access of fibrinogen to the receptor. The resulting integrin activation could reflect an increase in the affinity of IIb3 for fibrinogen, mediated by a structural change intrinsic to the heterodimer, or an increase in avidity for fibrinogen due to a clustering of IIb3 receptors within the plane of plasma membrane allowing platelets to aggregate. Fibrinogen binding to integrin IIb3 mediates the “outside-in” signaling inducing a series of intracellular events that lead to the release of procoagulant membrane vescicles, the cytoskeletal reorganization and the fibrin clot retraction 5.
Platelet aggregation as it occurs in vivo, is shear stress-dependent: upon high shear stresses, platelet aggregation is dependent on vWF, which interacts with GP Ib-IX-V. GP Ib-IX-V binding leads to an intraplatelet rise in Ca2+ levels and conformational changes in integrin IIb3 which can then bind vWF and fibrinogen, forming bridges between adjacent platelets. At lower shear stresses, the role of the other platelet activators and of fibrinogen and fibronectin as intraplatelet bridge is more important3. 
Clot retraction
Clot retraction prevents an excessive blood vessels stenosis that could cause thrombotic and ischaemic events. The contractile actomyosinic apparatus of platelets is the mechanic strength that contributes to the retraction of the integrin IIb3, that is internally bound to actin and externally to the fibrin among aggregated platelets. With the interaction of the actin filaments with myosin heads, platelets retract and with them the whole thrombus.
Platelets have a life span of 7 to 10 days; after that period they are removed from blood circulation. The sites involved in platelet removal are liver and spleen, where macrophages identify and phagocyte platelets which express specific aging marker molecules on their membrane.
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Fig. 2. A: Section of a blood vessel with resting circulating platelets. B: Disruption of the endothelial cell lining of the vessel and platelet adhesion to the exposed collagen fibrils. C: Recruitment of other platelets and formation of tight contacts among them. D: Formation of the plug to seal the injured vessel wall and prevent excessive blood loss.
Platelet signaling
Many physiological agonists contribute to platelet activation and consequently to signal transduction pathways that trigger biochemical, morphological and functional changes which culminate in irreversible aggregation. Initiated by receptor occupancy, the extracellular signals are rapidly translated into complex biologic responses that require the precise coordination of multiple signaling pathways within the cell. These pathways involve the metabolism of membrane phospholipids, the mobilization of intracellular calcium, the phosphorylation of specific platelet proteins on serine, threonine and tyrosine residues, the translocation of some proteins to actin cytoskeleton, and the modulation of integrin avidity. Some cellular messengers have peculiar roles and are present in almost all signal transduction pathways. In platelets the heterotrimeric G proteins, the phospholipases C (PLC) and A2 (PLA2) and the phosphatidylinositol 3-kinase (PI3-K) play important roles.
The heterotrimeric G proteins are coupled to seven membrane-spanning receptors and are composed of three subunits , , . In the inactive state, GDP is bound to G. Activated receptors promote the release of GDP and its replacement with GTP. At the same time, G undergoes a conformational change, dissociating it from G and leaving both in their active states. After an interval that is determined in part by the intrinsic GTPase activity of the  subunit and in part by extrinsic factors, including GTPase-activating proteins, G hydrolizes the bound GTP to GDP and recombines with G until the next cycle of receptor-mediated activation. Originally it was thought that G was the exclusive mediator of signaling in G-protein-coupled pathways. However, it is now clear that G also serves a primary role, independently activating some forms of PLC, ion channels, G-protein-coupled receptor kinases and PI3-K. Platelets express at least 10 different G proteins: among these, there are the Gi family (Gi1, Gi2, Gi3 and Gz), the Gq family (Gq, G16) and the G12 family (G12, G13). The members of Gq family are strong activators of PLC, while the members of Gi family, which are coupled to PLC through  dimer, are weak activators. The members of Gi family are coupled to adenylyl cyclase and their activation triggers the decrease of cAMP levels.
One of the earliest responses of platelet to most agonists is the activation of PLC, that plays a crucial role in platelet signal transduction. The PLC is implicated in secretion reaction in platelets as in other cell types. The isoform PLC is activated by  dimers of heterotrimeric G proteins, whereas the PLC is activated by phosphorylation of ITAM sequences mediated by tyrosine kinases as Src, Syk, Fyn, Lck. The phospholipases are primarily responsible for the rapid hydrolysis of membrane lipid phoshatidylinositol 4,5-bisphosphate (PIP2) into two strong second messengers: inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 is a soluble molecule that binds to receptors in the dense tubular system and releases sequestered Ca2+, increasing the intracellular levels of this ion. Moreover, the influx of Ca2+ from extracellular environment could be increased by the activation and the opening of ion channels that bring cytoplasmic levels to almost 10 M. Calcium mobilization triggers granule secretion and ADP and serotonin release, in order to potentiate platelet activation. DAG activates protein kinase C (PKC) that contributes to protein phosphorylation, granule secretion and fibrinogen receptor exposure. 
The second major pathway for signaling in platelets is the arachidonate or eicosanoid pathway. Eicosanoids are formed from arachidonate released from membrane phospholipids by PLA2 during platelet activation. The predominant source of arachidonic acid released after platelet activation is derived from PLA2-mediated phospholipid hydrolysis. Phosphatidylcoline is the preferred substrate, but PLA2 also hydrolizes arachidonic acid from phosphatidylethanolamine, phosphatidylserine and, to a lesser extent, phosphatidylinositol. After deacylation, arachidonate is rapidly metabolized to diverse biologically active products through the cyclooxygenase and lipoxygenase pathways. In human platelets, cyclooxygenase oxygenates arachidonic acid to the prostaglandin endoperoxides PGG2 and PGH2, which are further converted to TxA2. These are strong platelet agonists which bind to specific platelet receptors and directly activate PLC, through a G-protein signal transducer. 
Phosphatidylinositol 3-kinases are a family of kinases which phosphorylate phosphatidylinositol, phosphatidylinositol 4-phosphate, phosphatidylinositol 4,5-bisphosphate at the 3-OH site of the myoinositol ring, generating phosphatidylinositol 3-phosphate, phosphatidylinositol 3,4-bisphosphate, phosphatidylinositol 3,4,5-trisphosphate. Until now, PI3-Ks were classified into three types. In human platelets there are two isoforms of PI3-K enzyme, called class Ia and Ib, which consist of a regulatory, adaptor subunit (p85) and a catalytic subunit (p110). The PI3-K activity is stimulated by diverse platelet agonists, such as thrombin, ADP, TxA2 and by the activation of FcIIA receptor. Activation of PI3-K in platelets and in other cell types is an important cell signaling event that has been linked to a variety of physiologic changes, including proliferative responses to growth factors, differentiation, anti-apoptosis, cytoskeletal rearrangements and integrin activation, integrin-mediated cell motility and carcinoma invasion. In the inner leaflet of plasma membrane that presents the PI3-K products, some important transducers could be activated, like PLC or PKB/Akt, through the protein PDK that directly binds the phosphoinositides 3-phosphate. Akt activation plays diverse roles in platelet activation.
Protein tyrosine kinases and their substrates
The level of protein tyrosine phosphorylation within the cell is tightly regulated by both tyrosine kinases and tyrosine phosphatases. In general, protein tyrosine kinases are classified into two broad groups: the transmembrane receptor family and the cytosolic non-receptor group. Transmembrane tyrosine kinases include the receptors for a variety of soluble growth factors and hormones, while the cytosolic non-receptor protein tyrosine kinases consist of members of the Src, Btk, Csk, Syk and FAK families. The majority of tyrosine kinases identified in platelets are non-receptor forms. The tyrosine phosphorylation of platelet proteins, by Src and other kinases, are important for platelet activation. In fact, protein tyrosine phosphorylation is a general feature of platelet activation induced by a range of platelet agonists and the time course of these events correlates well with specific platelet functional responses. The increase in protein tyrosine phosphorylation is associated with the activation and sub-cellular relocation of a number of non-receptor tyrosine kinases and phosphatases. Many proteins phosphorylated on tyrosine residues have been implicated in signal transduction processes required for the induction of specific platelet responses. Moreover, pre-treating platelets with inhibitors of tyrosine kinases down-regulates a number of platelet responses, while tyrosine phosphatase inhibitors enhance the level of protein tyrosine phosphorylation within the cell and promote platelet activation 6. In resting platelets, only a small number of proteins are tyrosine phosphorylated. Following thrombin stimulation, there is a dramatic increase in the level of tyrosine phosphorylation of multiple platelet proteins, which occurs in three temporal waves: at 15 seconds, 2 minutes and 5 minutes. Tyrosine phosphorylation of multiple platelet proteins are also observed in platelets stimulated with other agonists, including ADP, PAF, TxA2, and in response to adhesion molecules, such as vWF and collagen, suggesting that these tyrosine phosphorylation events represent a general feature of platelet activation. The tyrosine phosphorylation of cellular proteins is a dynamic, reversible process, regulated by both kinases and phosphatases. As with tyrosine kinases, tyrosine phosphatases appear to be regulated by integrin IIb3, and are likely to be involved in mediating the dephosphorylation of several cytoskeletal proteins in activated proteins. Moreover, these enzymes appear to play a major role in maintaining the low level of phosphotyrosine within the resting cell and may prevent premature platelet activation. Tyrosine kinases and phosphatases may participate in the regulation of both early and late platelet responses. The three waves of tyrosine phosphorylation observed in activated platelets, which correspond to cycles of protein phosphorylation and dephosphorylation, can be divided as follows:
Phase 1: early protein tyrosine phosphorylation/dephosphorylation events which occur independent of fibrinogen binding to integrin IIb3;
Phase 2: tyrosine phosphorylation/dephosphorylation linked to fibrinogen binding to integrin IIb3, but independent of platelet aggregation;

Phase 3: tyrosine phosphorylation/dephosphorylation which is dependent on platelet aggregation 6. 
The tyrosine kinase Src. The most abundant tyrosine kinase in platelets is pp60c-src, constituting 0.2-0.4% of total platelet protein 7. Other members of the Src family expressed in platelets are Fyn, Lyn, Yes, Hck. Src contains an N-terminal myristoylation signal, SH2 and SH3 domains, a catalytic site and a C-terminal autoregulatory tail. SH2 and SH3 domains play critical roles in regulating intra- and inter-molecular protein-protein interactions. SH2 domains are highly conserved regions, which recognize specific consensus sequences encompassing tyrosine phosphorylated residues, whereas SH3 domains bind specific proline-rich sequences. The N-terminal glycine residue undergoes myristoylation and is responsible for localizing Src to cellular membranes. In addition, at the C-terminal site, Src possesses two important regulatory tyrosine phosphorylation sites, Tyr416 and Tyr527. Under basal conditions, Tyr416 in the activating loop of the kinase domain, is unphosphorylated, while Tyr527 is phosphorylated, binds the SH2 domain and stabilizes a repressed conformation of the enzyme’s catalytic site. Binding of Src partner proteins to either the SH2 or SH3 domain of Src can release Src from its inhibited conformation into an unfolded position. Under these circumstances, Tyr527 is dephosphorylated and Tyr416 is phosphorylated, and changes in the phosphorylation status of the two regulatory tyrosines lead to Src activation. Src is rapidly activated in thrombin-stimulated platelets and associates with the actin-rich cytoskeleton, where phosphorylates a number of cytoskeletal proteins. The association of Src with the platelet cytoskeleton is regulated by integrin IIb3-mediated platelet aggregation, and is considered to play an important role in the formation of integrin-rich cytoskeletal signaling complexes. The N-terminal myristoylation sequence, SH2 and SH3 domains of Src are essential for its ability to associate with focal adhesions and promote cell spreading 6. Moreover, it was demonstrated that Src and its regulatory kinase, Csk, are constitutively associated with integrin IIb3 in resting platelets. Upon soluble fibrinogen binding to IIb3 or platelet adhesion to immobilized fibrinogen, Csk dissociates from IIb3 and Src to become activated and independent of actin polymerization. Activated Src localizes to the periphery of spreading platelets, including filopodia 8. 
The tyrosine kinase Pyk2. Pyk2 (Proline-rich Tyrosine Kinase) is a cytoplasmic tyrosine kinase related to FAK (Focal Adhesion Kinase): it contains a kinase domain flanked by large N-terminal and C-terminal domains and lacks a transmembrane region, myristoylation sites, and SH2 and SH3 domains, while it also contains, in the C-terminal region, a proline-rich stretch of residues that enables Pyk2 to interact with other proteins containing SH3 domains. Pyk2 has at least two tyrosine residues that become phosphorylated: Tyr882, which appears to be a Grb2 binding site and Tyr402, which is a binding site for members of the Src family 9. In megakaryocytic cell line Pyk2 localizes to focal adhesion like structures and is able to associate with the tyrosine kinases Src and Fyn via SH2-phosphotyrosine interactions.10 Stimulation of platelets by several agonists such as thrombin, collagen, ADP, epinephrine, induces Pyk2 tyrosine phosphorylation during an early phase of platelet activation by an integrin IIb3-independent mechanism 11. Moreover, Pyk2 plays a role in the early signal transduction events activated by binding of vWF to GP Ib-IX-V 12. In addition, Pyk2 coimmunoprecipitates with PI3-K, either in resting and stimulated cells and in platelets stimulated with low doses of thrombin, ADP or collagen, agonist-dependent Pyk2 tyrosine phosphorylation occurs with a PI3K-dependent mechanism13. Moreover, it has been proposed a model in which Pyk2 is associated with PI3-K in resting platelets and upon activation, an increase in tyrosine phosphorylation and activation of Pyk2 occurs, increasing Pyk2/PI3-K interaction and PI3-K activation. These events develop in an early phase of platelet activation and are independent of aggregation 14. 
The MAP kinases. Stimulation of a variety of tyrosine kinase receptors leads to a rapid elevation of the enzymatic activity of a family of closely related serine-threonine kinases, known as MAP kinases. These kinases are able to convert extracellular stimuli to intracellular signals that control gene expression, cell proliferation and differentiation. MAP kinases have been classified into three subfamilies: ERKs (Extracellular signal-Regulated Kinases), JNK/SAPK (c-Jun N-terminal or Stress-Activated Kinase) and p38 MAP kinase 15. The MAP kinases are activated by a double phosphorylation on conserved serine-threonine residues into a specific consensus sequence TXY (T, threonine, X, ever aminoacid, Y, tyrosine), mediated by their direct activators, the MAP kinase kinases. Both tyrosine kinase receptors and G-protein-coupled receptors share common biochemical components that lead to the activation of MAP kinase cascades. A well-known pathway involves the binding of a growth factor to its tyrosine kinase receptor and the subsequent phosphorylation of the receptor on one or more tyrosine residues. This creates sites on the receptor for binding the Grb2/Sos complex. Sos is an exchange factor for Ras, causing it to exchange GDP for GTP and bind to the protein kinase Raf-1. Raf-1 in turn phosphorylates MEK, causing it to phosphorylated the p42 and p44 forms of MAPK. Three pathways have been described that may lead to Ras and MAP kinases activation in platelets. Two are the immediate consequence of G-protein-coupled receptor activation: the first arising from the Ca2+-dependent activation of Pyk2, the second from the PI3-K-dependent activation of Shc. For example, activation of protease activated receptor 1 (PAR1) by thrombin, makes G and G available and activates PLC. The subsequent rise in the cytosolic Ca2+ concentration causes the tyrosine phosphorylation of Pyk2 and its binding to Grb2. The association of Grb2 brings Sos into the complex and is one way by which Ras can become activated. The second method for coupling Ras activation to G-protein-coupled receptors in platelets involves Shc, which becomes tyrosine phosphorylated and associates with Grb2/Sos complex in response to G in a PI3-K-dependent manner. The third pathway is an indirect consequence of receptor activation because it results from outside-in signaling after integrin engagement, which is itself a consequence of a receptor activation. Once integrin IIb3 binds fibrinogen, it can act as a nidus for the assembly of signaling complexes that include FAK and possibly Pyk2 which interacts with Grb2/Sos complex, activating Ras. Once Ras is activated by one of these pathways, it causes the phosphorylation and activation of MAP kinases in platelets, particularly p42 and p44, presumably through Raf-1 and MEK 15.
p42/p44 MAP kinases. In platelets the hypothesized model for ERK1 (p44)/ERK2 (p42) activation suggests that receptor activation, mediated by either GTP-binding proteins or tyrosine kinases, leads to the activation of the low molecular weight GTP-binding protein Ras which recruits the serine/threonine kinase Raf to plasma membrane. Raf, in turn, phosphorylates and activates the MAP kinase kinases MEK1 and MEK2, which subsequently activate ERK1 and ERK2 by threonine/tyrosine phosphorylation into the consensus sequence TEY (Thr-Glu-Tyr) 16. ERK1 and ERK2 are translocated to the cytoskeleton following platelet activation by thrombin or TxA2. This translocation is associated with both phosphorylation and activation of the enzymes. The cytoskeletal incorporation of the MAP kinases occurs in a manner similar to other proteins such as myosin, actin, actin-binding protein, -actinin, tropomyosin and cortactin. Potentially, any of these proteins may be the substrate for, and be regulated by, ERK1 and ERK2. The cytoskeleton may act as a frame, which spatially aligns the MAP kinases with substrates in a highly integrated platelet signal transduction pathway. Pre-treatment of platelets with the RGDS (Arg-Gly-Asp-Ser) peptide, an inhibitor of fibrinogen binding to the IIb3 integrin, enhanced the incorporation of ERK1 and ERK2 in the cytoskeleton and this was accompanied by a parallel increase in MAP kinase activity in that site, suggesting that engagement of the IIb3 integrin attenuates or limits MAP kinase activity. It could be postulated that the integrin-mediated attenuation of MAP kinase activity may be part of the integrated control of platelet function and may act to limit further activation after fibrinogen binding 16. 
Platelet agonists and their receptors
The different biological processes described are evoked by the binding of extracellular signals that interact with specific receptors on platelet plasma membrane. Platelet agonists may be grouped as “weak agonists” or “strong agonists”. Weak agonists, such as ADP, epinephrine, vasopressin and serotonin, cause aggregation only when thromboxane production occurs in the platelet; with these agonists, secretion follows and depends on platelet aggregation. Strong agonists, such as thrombin, collagen, TxA2, PAF, cause secretion equally well with or without aggregation and do not depend on TxA2 production. Indeed, thrombin-induced aggregation and secretion occur even in aspirin-treated platelets. At low concentration of strong agonists, secretion is both aggregation and TxA2 dependent 1. In this thesis, we focused our attention on three types of platelet agonist receptors: heterotrimeric G-protein-coupled receptors for thrombin and TxA2, integrins, in particular the IIb3 integrin, and leucine-rich glycoproteins, as GP Ib-IX-V.
Heterotrimeric G-protein-coupled receptors. Thrombin is the most potent activator of platelets in vivo. Thrombin provokes platelet shape change and release of the contents of platelet granules, which contain ADP and serotonin as well as chemokines and growth factors. Thrombin also triggers the synthesis and release of TxA2, mobilization of P-selectin and CD40 ligand to the platelet surface and activation of the integrin IIb3. The latter binds fibrinogen and vWF to mediate platelet aggregation. Thrombin causes expression of procoagulant activity on the platelet surface, which supports additional thrombin generation 17. Thrombin activates platelets proteolitically acting on PAR receptors and this enzymatic action is essential for signal transduction into the cell. Thrombin cleaves a specific portion of 40 aminoacids at the N-terminal exodomain of PAR receptors. This cleavage event unmasks a new N-terminus that then serves as a tethered ligand, binding intramolecularly to the body of the receptor to effect transmembrane signaling. Synthetic peptides containing aminoacidic residues complementary to the new exposed sequence, are able to mimic the tethered ligand and activate the receptor independent of protease and receptor cleavage. PAR receptors are formed by a single polypeptide with an extracellular N-terminus, an intracellular C-terminus and seven membrane spanning domains and interact in their cytoplasmic sites with heterotrimeric G-proteins. Four PARs are known: PAR1 is expressed on human platelets, endothelial cells, vascular smooth muscle cells, fibroblasts and neurons, PAR2 is expressed on human endothelial cells, keratinocytes, vascular smooth muscle cells and gastrointestinal epithelium, but not on human platelets, PAR3 is present on mouse and rat platelets, and PAR4 is expressed in both human and murine platelets. PAR1, PAR3, and PAR4 can be activated by thrombin. PAR2 can be activated by trypsin and tryptase as well as by coagulation factors VIIa and Xa, but not by thrombin 17. Human platelets express PAR1 and PAR4, and activation of either is sufficient to trigger platelet secretion and aggregation. Antibodies to the thrombin interaction site in PAR1, blocked platelet activation at low but not high concentrations of thrombin. Similar results were obtained with a PAR1 antagonist. By contrast, PAR4-blocking antibodies by themselves had no effect on platelet activation by thrombin, but when these were combined with PAR1 blockade, platelet activation was markedly inhibited even at high concentrations of thrombin. These results suggest that PAR1 mediates activation of human platelets at low thrombin concentrations and that, in the absence of PAR1 function, PAR4 can mediate platelet activation but only at high thrombin concentrations 17. Differences in G protein coupling also exist between human PAR1 and PAR4. Like PAR1, PAR4 activates Gq and probably G12/13 signaling, but unlike PAR1, PAR4 does not appear to couple to Gi. Subsequent to thrombin activation, desensitization to further thrombin activation occurs, with internalization of the thrombin receptors in endosomes. From the endosomes, almost three quarters of the receptors are transferred to lysosomes and degraded. Desensitization occurs through phosphorylation of serine and threonine residues into receptor cytoplasmic domains 3. In addition to interacting with PARs, thrombin also binds to glycoprotein Ib (GP Ib) on the surface of human platelets without cleaving it. GP Ib is part of a multifunctional protein complex that also binds vWF and P-selectin. Recent observations support the model that GP Ib may serve as a cofactor for thrombin cleavage of PARs on the platelet surface 17. 
Thromboxane A2 is produced from arachidonate through the aspirin-sensitive cyclooxygenase pathway and it is a potent platelet agonist. TxA2 exerts its actions via heterotrimeric G protein-coupled thromboxane-prostanoid receptors (TP receptors), which activate Gq, Gi and G12/13 18-20. Gq-mediated activation of PLC-isoforms plays an essential role in agonist-induced platelet aggregation and secretion 21,22. G12/13-mediated signal pathway is also important in TxA2-induced platelet shape change and platelet aggregation 23,24. There has been controversy about how TxA2 activates Gi signaling pathway. Recent studies indicate that TxA2-induced Gi activation requires ADP secretion and ADP-induced activation of P2Y12 receptor 25. In addition, dissociation of G subunits from G subunits induced by receptor occupancy allows G subunits to activate PI3-K, resulting in increases in phosphatidylinositol 3,4-bisphosphate and phosphatidylinositol 3,4,5-trisphosphate, and activation of Akt. Pharmacological studies indicate the presence of two potential TxA2 receptor subtypes on human platelets: TP and TP. Binding affinity of TxA2 for TP is higher than for TP. Moreover, it seems that the low binding affinity receptor is able to mediate platelet aggregation and secretion, while the high binding affinity receptor is involved in platelet shape change. Studies on TxA2 signaling in platelet are performed by using a stable analogue of TxA2, U46619. When added to platelets in vitro, U46619 causes shape change, aggregation, secretion, phosphoinositide hydrolysis, protein phosphorylation and an increase of cytosolic Ca2+, while having little effect on cAMP formation. Once formed, TxA2 can diffuse across the plasma membrane and activate other platelets. Like ADP, this amplifies the initial stimulus for platelet activation and helps to recruit additional platelets.
The IIb3 integrin. Integrin IIb3 is a heterodimeric transmembrane molecule composed of an  subunit (GP IIb) and a  subunit (GP IIIa). The  subunit consists of an extracellular 125 kDa heavy chain and a 22 kDa light chain which crosses the cell membrane. The  subunit is a single chain, 95 kDa protein which, like the  light chain, crosses the platelet membrane. There are about 40000-80000 IIb3 molecules at the platelet surface, additional complexes are located in the open canalicular system and in the -granules. Upon platelet activation, these intraplatelet IIb3 complexes are exposed at the cell surface on -granule fusion with the outer membrane. The fibrinogen binding site, which can also bind vWF, fibronectin and vitronectin, is located on the N-terminus portion of the  and  subunits, which seems to form a three-dimensional ligand-binding pocket. Since fibrinogen is a symmetrical molecule, platelet aggregation occurs through the formation of fibrinogen bridges between IIb3 molecules of adjacent platelets. Binding of soluble fibrinogen to IIb3 requires prior activation of platelets with the transition of the inactive IIb3 molecules, in resting platelets, into activated IIb3 molecules capable of binding fibrinogen 3. Platelet IIb3 is activated downstream of adhesion receptors GP VI and GP Ib-IX–V, or G protein-coupled receptors, for example, thrombin or ADP receptors, that reinforce IIb3-dependent platelet aggregation. “Inside–out” activation of IIb3 is Ca2+-dependent and involves changes in the conformation of both the ligand-binding extracellular region and the cytoplasmic tails. The molecular mechanism by which the integrin changes its conformation and becomes activated isn’t yet known in details, but it is clear that there are almost two activation pathways: one PKC-dependent and the other PKC-independent. Moreover, it seems that in both pathways phosphorylation events by Src family kinases, also occur. Following ligand binding, “outside–in” signals and altered interactions with cytoskeletal proteins, such as talin and tyrosine kinases, control post-adhesion events, such as spreading and contraction 26. 
Leucine-rich glycoproteins: GP Ib-IX-V. The glycoprotein complex GP Ib-IX-V represents, after IIb3 integrin, the second receptor mostly expressed on platelet surface. This complex is the receptor for the vWF and plays a fundamental role during the initial phases of haemostasis. Indeed, GP Ib-IX-V recruits platelets at the site of vascular injury at high shear stresses. vWF is synthesized in megakaryocytes and endothelial cells and is also found in platelet -granules, plasma and subendothelium. Mature vWF has a molecular weigh of 260 kDa and consists of multimers. The largest multimers, which are the most effective in promoting platelet adhesion and aggregation, are present in subendothelium and in platelets. Upon binding to subendothelial components, vWF undergoes a conformational change which enables it to bind to platelet GP Ib-IX-V 3. GPIb-IX–V is a complex of glycoproteins of the leucine-rich repeat family: GP Ib and GP Ib are disulfide-linked and non-covalently associated with GP IX and GP V at a 2:2:2:1 ratio. The N-terminal globular domain of GP Ib is the major ligand-binding region of GP Ib-IX–V and contains non-identical, but partially overlapping binding sites for vWF, -thrombin, and P-selectin expressed on activated platelets or activated endothelial cells. The N-terminal, 282 residues, of GP Ib consists of seven to eight leucine-rich repeats, their disulfide-looped capping sequences and an anionic sulphated sequence (Asp269–Glu282) containing sulfotyrosine residues at 276, 278, and 279. The sulfated sequence is involved, in part, in the recognition of P-selectin and -thrombin, whereas upstream sequences interact with conserved GP Ib-binding A-type domains in vWF 26. GP Ib and GP IX both have a single leucine-rich repeat with conserved flanking sequences. The GP Ib cytoplasmic sequence contains a PKA phosphorylation site that appears to regulate platelet actin polymerization in response to agonist stimulation. GP V contains fifteen extracellular leucine-rich repeats, conserved flanking sequences, a transmembrane domain and a short cytoplasmic domain. The binding between vWF and GP Ib-IX-V activates platelets through TxA2 production and activation of PLC. GP Ib-IX–V transmits “inside–out” and “outside–in” signals to regulate GP Ib-dependent adhesion and post-adhesion events, respectively. In resting platelets, attachment of GP Ib-IX–V to the cytoskeleton via filamin binding to the cytoplasmic tail of GP Ib, affects extracellular vWF binding. Phosphorylation of cytoplasmic serine residues on GP Ib (PKA-dependent) or GP Ib (constitutive phosphorylation by an unknown kinase) similarly influences vWF binding to GP Ib-IX–V. Phosphorylation of GP Ib at Ser609 and Ser166 of GP Ib provides a mechanism for direct association of the signaling protein, 14-3-3. Other signaling proteins that associate with the GP Ib-IX–V cytoplasmic domain, directly or indirectly, include Src kinase and PI3-K, while membrane-proximal sequences of GP Ib and GP V directly bind to calmodulin, a cytosolic regulatory protein that is dissociated from GP Ib-IX–V upon platelet activation 26. The sequence of events of platelet-vessel wall and platelet-platelet interaction mediated by vWF appears to be the following: first, binding of vWF to components of the subendothelium; second, conformational change of vWF; third, binding of vWF to platelet GP Ib, leading to initial platelet adhesion; fourth, transduction of a intraplatelet signal that leads to the expression of integrin IIb3 on the platelet membrane; fifth, binding of vWF to integrin IIb3, leading to spreading, irreversible platelet adhesion and platelet aggregation.
Platelet inhibition
Activation of platelets is counterregulated by biochemical processes which attenuate or prevent agonist-induced responses. Of particular importance is cAMP which is produced in the platelet as a consequence of extracellular signals which are derived from extraplatelet sources. Increased cAMP levels lead to a more difficult calcium mobilization and the sequestration of calcium in the dense tubular system, and hence to platelet inhibition or reversal platelet aggregation. Increased cAMP inhibits also PIP2 hydrolysis and formation of DAG and IP3. The activity of adenylate cyclase is regulated by G-proteins: it is stimulated by Gs and inhibited by Gi. Gs is coupled to the receptors for the inhibitory prostaglandins PGI2/PGE2 and PGD2 and to the adenosine receptor. Some aggregating agents inhibit adenylate cyclase via their action on Gi and levels of cAMP are reduced in platelets with elevated cAMP concentrations. Aggregating agents increase levels of c-GMP in platelets, but this is the effect, rather than the cause of platelet aggregation. Indeed, c-GMP is inhibitory in platelets, acting as a feedback inhibitor of platelet activation. The synthesis of c-GMP is stimulated by nitric oxide, formed by normal endothelium through a nitric oxide synthase 3. Nitric oxide inhibits platelet activation and can revert the aggregation. Nitric oxide synthase activity increases during platelet activation, suggesting that the production of nitric oxide is a normal mechanism to limit platelet aggregation.
Lipid rafts

Lipid rafts are highly organized membrane microdomains containing glycosphingolipids, saturated phospholipids and arrayed cholesterol. These assemblies are fluid but more ordered and tightly packed than the surrounding bilayer. The presence of liquid-ordered microdomains in cells transforms the classical membrane fluid mosaic model into a more complex system, where proteins and lipid rafts diffuse laterally within a two-dimensional liquid. Constitutive rafts residents include glycophosphatidylinositol-anchored (GPI-anchored) proteins, doubly acylated proteins, such as tyrosine kinases of the Src family, G subunits of heterotrimeric G proteins, endothelial nitric oxide synthase (eNOS), cholesterol-linked and palmitate-anchored proteins and transmembrane proteins 27. Cholesterol is thought to serve as a spacer between the hydrocarbon chains of the sphingolipids and to function as a dynamic glue that keeps the rafts assembly together. Removal of rafts cholesterol leads to dissociations of most proteins from rafts and renders them nonfunctional 28. Association with detergent-resistant membranes (DRMs) is a useful criterion to estimate whether a protein associates with lipid rafts. After solubilization of membranes or cells with Triton X-100 or with CHAPS at 4°C, raft-associated lipids and proteins remain insoluble and can then be floated to low density by sucrose gradient centrifugation. If cholesterol is extracted by methyl--cyclodextrin (MCD), the raft proteins usually, but not always, become detergent-soluble 29.
The classic lipid raft hypothesis postulates that rafts pre-exist in the plasma membrane 30,31. Proteins with lipid anchors or transmembrane domains that are able to partition into a liquid-ordered environment are sequestered or concentrated in these rafts. Proteins dynamically partition into and out of rafts such that only a fraction of proteins are clustered in the rafts. Implicit in this hypothesis is the concept that rafts diffuse as stable entities that impose lateral heterogeneity on plasma membrane proteins by virtue of the ability of the proteins to partition into the domains or not. Recent works 32-35 consider the proposal that small, laterally mobile liquid-ordered domains form spontaneously in the plasma membrane as in model membranes. The domains exist on short lengths and timescales and are transient or unstable for several reasons, including physiological temperature and nanoscale heterogeneity in cholesterol distribution. These unstable rafts can however be captured and stabilized by lipid-anchored or transmembrane proteins. If the initial site for protein interactions is the boundary between the liquid-ordered domain and the adjacent liquid-disordered membrane, then proteins could function as surfactants, reducing line tension and therefore generating increased stability. Collision with other proteins or lipid domains leads to the fusion of small domains into larger lipid-based protein assemblies and, therefore, the formation of protein clusters. These basic properties of the model predict that cluster formation is cholesterol-dependent, but do not predict or require the existence of stable, pre-existing, large liquid-ordered domains. Larger, even more stable domains can be formed, but these require protein–protein interactions and/or crosslinking. In the context of this model, two general classes of laterally diffusing plasma membrane proteins can be defined: those that are able to capture and stabilize small liquid-ordered domains (raft proteins), and those that cannot (raft excluded). It is possible that these classes represent two ends of a continuous spectrum in which proteins can show intermediate probabilities of capturing and stabilizing small liquid-ordered domains; in which case the likelihood of cluster formation and of finding a given protein in a raft cluster will correlate with the protein’s ability to stabilize a liquid-ordered domain 36.
Lipid rafts play a central role in many cellular processes, including membrane sorting and trafficking, cell polarization, and signal transduction processes that have been studied in T cells 37, B cells 38, and the allergic response 39. Ceramide/sphingomyelin signaling, which regulates cell growth, survival and death, also involve raft clustering 40. Moreover, several group of pathogens, bacteria, prions, viruses and parasites hijack lipid rafts for their purposes 41.
Lipid rafts and platelets
In human platelet plasma membrane there is a relatively large amount of sphingomyelin, suggesting a lipid composition in favour of rafts formation in these cells. In 1996, Dorahy et al. 42 isolated, from human platelet lysates, using ultracentrifugation in discontinuous sucrose gradient (5-40%) at 4°C, low density membrane microdomains: at the end of this process an opaque band could clearly be seen at a density of between 10 and 18% sucrose. Analysis of those microdomains revealed that they are enriched in cholesterol and glycosphingolipid, and they are resistant to treatment with 1% Triton X-100. The first human platelet raft isolation procedures were based on the insolubility of these lipid microdomains in Triton X-100 at 4°C and their ability to float in sucrose density gradient after ultracentrifugation. Based on the classic characteristics of lipid rafts, the isolation procedures where low concentrations of Triton X-100 (0.1% or less) are used, appeared to be valid under conditions where the amount of human platelets per sample is well controlled 43. Another non-ionic detergent, Brij58, has also be recently employed for platelet rafts isolation and seems to preserve these microdomains, even when used at high concentrations 44. When isolated by the classical method (1% Triton X-100 and sucrose gradient) platelet rafts appear as round vesicles of heterogeneous size ranging from 20 to 500 nm. They have less than 1% of total platelet proteins, lack caveolin, which is not expressed in these cells, and are highly enriched in the membrane glycoprotein CD36. Although weakly detected in isolated rafts, other significant plasma membrane glycoproteins such as GP Ib, GP IIIa and CD9 are predominantly found in the Triton X-100 soluble fraction of resting platelets 42. In contrast, the 1 integrin subunit is restricted to the detergent-soluble fraction and may be considered as a non-raft transmembrane marker protein 44. The transmembrane adapter LAT 45, as well as the tyrosine kinases of the Src family, notably Lyn 42, are present to a high level in rafts isolated from resting platelets. Platelet rafts are enriched in the GM1 ganglioside, known to preferentially partition into liquid ordered domains 45. The cholesterol/phospholipid molar ratio is 1.2 in rafts versus 0.5 in whole platelets and indicates a clear cholesterol enrichment. Sphingomyelin is the major phospholipid of isolated rafts, representing about 57 mol% of the total raft phospholipids and about 35% of total platelet sphingomyelin 43. Gousset et al. 46 have obtained evidence that rafts are present in the plasma membrane of human platelets at physiological temperatures and, upon stimulation with thrombin or collagen, can coalesce into visible aggregates. Raft aggregation is a dynamic and reversible physiological event, triggered by cellular activation and important in platelet signaling. Elegant studies have shown that lipid rafts orchestrate the signaling by the platelet collagen receptor GP VI, which signals through the FcR. GP VI-FcR does not constitutively associate with rafts, but is recruited to lipid rafts following receptor stimulation in human platelets and FcR phosphorylation is controlled by ligand-dependent association with lipid rafts 45. Moreover, it has been shown that platelet activation and aggregation induced with thrombin are linked to the presence in the platelet membrane of cholesterol. Via a specific cholesterol staining of resting and fibrinogen-adherent platelets, it has been further documented that during platelet spreading, cholesterol-enriched microdomains accumulate at the extended tips of the formed filopodia, where there is a simultaneous enrichment of Src and the tetraspannin CD63. These findings are compatible with the notion that filopodia formation contributes to optimize the assembly of functional protein complexes in lipid rafts, thus concentrating signal transduction in these areas 47. Moreover, a major adhesion molecule complex Ib-IX-V, that is highly palmitoylated, expresses few copies in rafts when platelets are not activated. However, on stimulation with vWF, the number of copies of this glycoprotein complex is increased 6-fold, a change that is likely to play a key role in mediating the interactions and activation of platelets on the vessel wall. In such lipid rafts the GP Ib-IX-V complex was also observed to be associated with FcRIIA. Moreover, events affecting the rafts stability, such as depleting membrane cholesterol, appear to directly affect the GP Ib-IX-V complex functional capacity to respond to vWF. Restoration of tyrosine phosphorylation and functional capacity of the complex to respond to vWF, under static or shear stress conditions, occurs with partial restoration of membrane cholesterol 48. 
Lipid rafts seem to be a structural-functional link in platelet activation during both “inside-out” and “outside-in” signaling, which may help to bring some hierarchy to the multitude of signaling pathways contributing to platelet activation, based on the concentration of interactive signaling complexes in well-defined morphological membrane compartments.
Estrogens and estrogen receptors
The main estrogenic hormone, 17-estradiol (17-E2) plays important regulatory roles in a wide variety of biological processes including reproduction, differentiation, cell proliferation, apoptosis, inflammation, cardiovascular functions, bone integrity, cellular homeostasis, behaviour and brain functions 49. 

Traditionally, estrogens, like other steroid hormones, act as nuclear transcription factors, by modulating target genes through complex interactions with coactivator or corepressor proteins, histone-modifying enzymes, and proteins comprising basal transcriptional machinery. These actions generally involve the entry of a free steroid into a target cell by passive diffusion through the plasma membrane, following which the steroid binds with high affinity to its receptor 50 Nuclear actions of 17-E2 are mediated by two main nuclear estrogen receptor subtypes, ER and ER, which are members of a superfamily of nuclear receptor that function as ligand- or hormone-dependent transcription factors. They consist of a C-terminal steroid ligand-binding domain (LBD), a centrally located DNA binding domain (DBD), and an N-terminal domain of less well characterized function. Additionally, ER contains two autonomous transcriptional activation domains (AF): the AF-1 domain located in the N-terminus, and AF-2, located within the LBD. Steroid receptors are latent transcriptional activators that require ligand binding for activation. The binding of estrogen to its receptor triggers specific conformational changes that result in receptor dissociation from a protein chaperone complex, dimerization of steroid receptors, and binding of the receptor dimer to specific hormone responsive elements located in the 5’ regulatory region of primary steroid-responsive target genes. Through interaction with AF-1 or AF-2, the activated, DNA-bound receptor mediate assembly of a productive transcription complex at the promoter 51. Such regulatory interactions results in the synthesis of specific mRNAs and, in turn, the synthesis of proteins responsible for the hormone’s cellular effects. In general, these actions induce biological responses that develop in 30 to 60 minutes and are known as genomic or classical actions of steroid hormones 50.The two estrogen receptor subtypes have a well conserved DBD and LBD both at the aminoacid sequence and the structural level, whereas there is considerable divergence in the N-terminus between receptor subtypes. Moreover, they have distinct expression patterns in tissues: ER is primarily involved in reproductive functions and it is abundant in mammary glands, uterus and vagina, while ER is almost ubiquitous in the central nervous system, in the cardiovascular system, in the immunity system, in the urogenital part, in the gastroenteric part, in the kidney and lung 52.
Recently, it has been reported that, in addition to these classical actions, estrogens can also induce rapid, non-genomic effects in different cell types. These effects cannot be explained by their nuclear action alone and thus suggest the existence of alternative mechanisms involving short-term rapid cytoplasmic signaling. These responses, possibly explained by the existence of signals generated from cytoplasmic and cell surface steroid receptors, are generally known as non-classical or non-genomic signals. Non-genomic signaling has the following features: responses are very rapid, taking only a few seconds or minutes, insensitive to inhibitors of mRNA and protein synthesis, found in highly specialized cells that do not accomplish mRNA and protein synthesis and in cells lacking steroid nuclear receptors, and they can be activated by steroids coupled with high-molecular-weight substances, such as estrogen-bovine serum albumin conjugates that do not pass across the plasma membrane. Non-genomic signaling of estrogen involves a series of events that include mobilization of second messengers, interaction with membrane receptors, such as insulin like growth factor-1-receptor (IGF-1R), and epidermal growth factor receptor (EGFR), and stimulation of effector molecules, such as the tyrosine kinase Src, PI3-K, Akt and MAPKs in various cell types 50.
The rapid actions of estrogen can be divided into two major categories: classical receptor-mediated responses, which are mediated through ERs, and non-classical, non-receptor-mediated responses, which are mediated through proteins other than ERs, such as GPR30.

The results of several biochemical and microscopic analyses have suggested the existence of different pools of ER in the cellular environment, including the plasma membrane 53, the mitochondria 54, and the endoplasmic reticulum 55. In general, about 80% of ERs localizes in the nucleus in the absence of estrogen. Since many estrogen-stimulated non-genomic pathways are thought to be initiated at the plasma membrane, researchers have made several attempts to identify a membrane-associated ER. The membrane-binding activity of estrogen was first identified in 1977, but the precise nature of the receptors at those sites are still unknown, and direct evidence supporting their existence has not been found. The plasma membrane ER appears to be identical to the nuclear ER, according to results of immunochemistry analysis with a panel of antibodies against multiple epitopes of the nuclear ER 56,57. Biochemical and microscopic evidence of a membrane ER has also proved controversial because classical ERs contain no stretches of hydrophobic transmembrane, have no intrinsic kinase or phosphatase activity, and lack myristoylation sites to recruit into the membrane. Nevertheless, emerging data have revealed several post-translational ER modifications that in principle could contribute to membrane localization of the receptor. For example, the serine 522 residue within the estrogen binding domain of ER was critical in linking the receptor to the cell membrane through interaction with caveolin-1 58. Later it was found that ER is also modified by palmitoylation at cysteine 447 and that palmitoylation is an important determinant of ER localization at the plasma membrane, and that such modifications are responsible for the ligand-induced MAPK and PI3-K/Akt pathways 59. These events activated by membrane ER can be classified into three main signaling pathways: the Ras-Raf-MEK-MAPK, Src-PI3-K-Akt-eNOS, PLC-PKC-cAMP-PKA modules.

MAPK activation upon E2 or E2-BSA exposure has been described in breast cancer60,endothelial cells 61, and adipocytes 62. The binding of membrane ER with E2 can induce the activation of receptor tyrosine kinase (RTK), which transmits signals through protein complexes including adaptor protein Shc, Grb2, and the nucleotide exchange protein Sos, leading to Ras activation. Besides this pathway, MAPK activation can also be modulated by either G protein through a signaling pathway involving non-receptor tyrosine kinases Src and PI3-K, or intracellular calcium that can modulate Ras activation 52. Since Shc association with membrane-bound receptors is required for MAPK activation, 63 Shc has been proposed as an adaptor that supports MAPK stimulation. Indeed estrogen rapidly induces Shc phosphorylation as well as the interaction between ER and Shc. Interestingly, these interactions occur in a ligand-dependent manner which requires PTB/SH2 domains of Shc and N-terminal region of ER 64. Consistent with this result, ICI 182780, an anti-estrogen, blocked estradiol-induced ER membrane translocation, Shc activation and MAPK phosphorylation, indicating the direct involvement of the ER. Since Shc is known to be an integral part of EGFR signaling, these findings support the idea of cross talk between ER and EGFR. Kahlert et al. (2000) 65 showed that estrogen can rapidly induce phosphorylation of IGF-1R and activation of MAPK. Song et al. (2004) 66 extended this idea by showing Shc’s role in rapid estrogen signaling. They demonstrated the existence of a ternary complex composed of ER /Shc/IGFR that leads to ER membrane association leading to MAPK stimulation. In a study to determine how ovarian hormones stimulate breast tumor growth, Migliaccio et al. (1996) 60 described a mechanism of ligand-dependent rapid stimulation of MAPK in MCF-7 breast cancer cells. 17-E2 treatment of human mammary cancer MCF-7 cells triggers rapid and transient activation of the MAPKs, ERK1 and ERK2, increases the active form of p21ras, tyrosine phosphorylation of Shc and p190 protein and induces association of p190 to p21ras-GAP. Shc and p190 are substrates of activated Src and once phosphorylated, they interact with other proteins and upregulate p21ras. These initial observations suggested a possible role of Src as a ‘‘signal integrator’’ in E2-stimulated breast cancer cells, since estrogen stimulates MAPK activation through the interaction of Src with ER 60.
The Src-PI3-K-Akt-eNOS module is a pathway in endothelial cells mediating rapid E2-dependent release of NO. In this process, the signal from membrane ER is transmitted to PI3-K through a G-protein and Src complex. In turn, PI3-K activates Akt, which stimulates eNOS activation 67. Simoncini et al. (2000) 68 provided the evidence that ER directly associates with p85-PI3-K in a ligand-dependent manner in endothelial cells and this ligand-dependent interaction is blocked by ICI 182,780. However, ER, which is thought to mediate some of the cardiovascular effects of estrogen, did not interact with p85 or activate PI3-K after E2 stimulation. In human vascular endothelial cells, physiological concentrations of 17-E2 increases eNOS activity in a biphasic manner. The initial increase is mediated by MAPKs, the second increase is completely blocked by the PI3-K inhibitor, wortmannin. And also the increase in eNOS activity is blocked by the ER antagonist ICI 182,780. This pathway of eNOS activation through PI3-K/Akt has direct implication in the rescue of ischemia-reperfusion-triggered injury. Moreover, PI3-K is associated with various growth factor signaling pathways and also it has been reported that PI3-K interacts with EGFR and IGF-1R, so it is possible that a multiprotein complex like ER–PI3-K-growth factor receptor may exist and such a complex may provide a cross talk between ER and growth factors 50.

The PLC-PKC-AC-cAMP-PKA module mediates the effect of E2 on the change of K+ fluxes in neurons 69 and on the changes of intracellular Ca2+ in intestinal cells70. E2 has been shown to elevate both the intracellular concentration of calcium within 5 sec by mobilizing calcium from the endoplasmic reticulum and the formation of IP3 and DAG by activating PLC 71. The activation of PLC is an early event in the signal transduction pathways that leads to a variety of cellular responses, including metabolism, proliferation, secretion, and motility. Estrogen can also rapidly stimulate the entry of Ca2+ into isolated duodenal enterocytes through a PLC-dependent mechanism 70. The regulation of intracellular Ca2+ flux via membrane ER may contribute to estrogen’s rapid stimulation of NO formation in monocytes 72. In addition, E2 activates PKA and PKC cascades in hypothalamic neurons altering synaptic transmission in those cells 73. In human sperm membranes, rapid activation of intracellular Ca2+ and protein tyrosine phosphorylation occurs in response to E2. Moreover, estrogen signaling can result in the inhibition of the acrosome reaction induced by progesterone 74. In another study, it was found that E2 and E2-BSA inhibit gonadotropin-induced androgen secretion from fish testicular fragments in less than 5 min. As a result, it was identified the presence of a high-affinity saturable membrane ER 75. In hypothalamic neurons, E2 activates a membrane-associated ER coupled with Gq that leads to the activation of PLC and, in turn, catalyzes the hydrolysis of membrane-bound PIP2 to IP3 and DAG. Calcium, released from intracellular stores by IP3 and DAG, activates PKC, which in turn activates adenylate cyclase resulting the production of cAMP. The rapid effects of estrogen induce ER-regulated signaling kinases, which in turn either reduce the ability of neuromodulators and endorphins to inhibit hypothalamic neuronal excitability or augment the ability of neurotransmitters such as glutamate to increase neuronal excitability 76. All these signaling events triggered by estrogen via non-genomic signaling impacts on neuronal cell survival.

Several reports suggest the importance of rapid actions of estrogen in the vasculature and its atheroprotective properties 77. NO is a potent regulator of blood pressure, platelet aggregation, leukocyte adhesion, and vascular smooth muscle mitogenesis in response to eNOS production in the vascular wall. Several evidences suggests that eNOS is targeted to the endothelial plasma membrane, particularly to caveolae, which are specialized, cholesterol-rich domains docked on the plasma membrane that are involved in compartmentalizing signal transduction pathways 78. ER has also been found in caveolae, where it interacts with caveolin in a ligand-dependent manner and activates eNOS 79. Vascular endothelial cells represent another excellent model system for studying the non-genomic effects of estrogen on the vasculature. In endothelial cells, E2 stimulates phosphorylation of Akt at Ser473, which in turn phosphorylates eNOS at Ser1117, a critical residue for eNOS activation and enhanced sensitivity to the resting levels of Ca2+ 80. Recently, it has been provided a possible mechanism by which E2 activates the PI3-K–Akt kinases and eNOS pathways in endothelial cells 81. It is found that striatin, a calmodulin-binding member of the WD-repeat family of proteins, interacts with caveolin. Interestingly, striatin acts as a molecular anchor to target ER to the membrane and then organizes the ER–eNOS signaling complex. Moreover, striatin directly binds to amino acids 183–253 of ER and serves as a scaffold for the formation of an ER–Gi complex. Disruption of ER–striatin complex formation blocks estrogen-induced rapid activation of MAPK, Akt, and eNOS, but has no effect on ER transactivation functions. These findings suggest that striatin serves as a molecular scaffold required for rapid, non-genomic estrogen-mediated activation of downstream signaling pathways and, thus differentially influence non-genomic, but not genomic ER responses 81.

The rapid actions of estrogen can also be non-classical, non-receptor-mediated responses, but they can be mediated through proteins other than ERs, such as GPR30. Two independent studies recently confirmed the role of GPR30 in non-genomic E2 actions that are independent of ERs. In the first, it is reported the presence of high-affinity estradiol bound to the membranes of breast cancer cells that lack ERs, but express enough GPR30. GPR30 binding is selective for E2 and the ER antagonists tamoxifen and ICI 182,780. Antiestrogens such as ICI 182,780 and tamoxifen activate GPR30-mediated responses, yet these agents are antagonists of ER-mediated responses. In addition, it was demonstrated that GPR30 can act as a membrane ER in transfected cells to transduce the signals of estrogenic compounds with high receptor binding affinity, resulting in activation of a stimulatory G protein and upregulation of adenylyl cyclase activity 82. In the second study, it was discovered that GPR30 is localized in the endoplasmic reticulum membranes in COS7 cells rather than on the plasma membrane. Since estrogen-mediated rapid signaling events are sensitive to pertussis toxin, implies the involvement of Gi/o proteins. Further, it was verified the ER and GPR30 stimulated calcium mobilization and found that ER and GPR30-initiated calcium mobilization are mediated by divergent signaling pathways. It was used PI3-K signaling pathway as a model pathway for E2 action in an ER-negative breast cancer cells, and it was found that PIP3 generation by GPR30, but not by ER, requires EGFR activation indicating that EGFR transactivation is similarly involved in calcium mobilization and PI3-K activation for both ER and GPR30. This data demonstrates that GPR30 represents the sole estrogen-binding and functionally responsive ER in ER-negative cells 83. These two studies demonstrate the membrane ER as a protein structurally unrelated to nuclear ERs. The steroid binding characteristics of the GPR30, fulfill all the criteria for its designation as a membrane ER, displaying high affinity and saturable E2 binding with Kds of approximately 3 nM similar to the affinities of other membrane ERs 82. This mechanism explains the rapid actions of estrogen at the cell surface and act in certain nuclear ER-negative target cells.
Physiological outcomes of estrogen non-genomic signaling

Estrogen alters serum lipid concentrations, coagulation and fibrinolytic systems, antioxidant systems, and the production of other vasoactive molecules, such as nitric oxide and prostaglandins, all of which can influence the development of vascular disease. Estrogen reportedly helps to prevent the primary development of cardiovascular disease in women. E2 increases arterial vasodilation, inhibits cellular response to vascular injury, and prevents atherosclerosis. Arterial vasodilation occurs primarily through rapid, non-genomic pathways, which are independent of changes in gene expression 77. Physiologic concentrations of estrogen can also rapidly stimulate the opening of calcium-activated potassium ion channels in the cell membrane of vascular smooth muscle cells and it may contribute to relaxation of the vascular smooth muscle 77. Of particular relevance to the vascular system is a membrane receptor in endothelial cells that binds rapidly to E2 or E2-BSA, selectively activates antiapoptotic p38 MAPK, and inhibits proapoptotic p38, leading to the upregulation of Elk-2 and the phosphorylation of heat shock protein hsp27 84. The resulting downstream effects include preservation of stress fibers formation and membrane integrity, prevention of hypoxia-induced apoptosis, induction of endothelial cell migration, and formation of primitive capillary tubes. Thus, estrogen may exploit pathways that preserve the actin cytoskeleton during ischemia, prevent cell death, and enhance angiogenesis after injury, preserving endothelial cell structure and function. Clinical studies supporting a protective role for estrogen have demonstrated that women are more prone to develop cardiovascular complications when estrogen levels are low after menopause 85, or even during the early follicular phase of the menstrual cycle 86. Furthermore, a majority of studies indicate that restoration of estrogen via hormone replacement therapy (HRT) reduces cardiovascular risk by about half 87,88. However, not all studies have demonstrated clear benefits of HRT on cardiovascular disease, and results from more extensive and longer-term population-based, observational studies are still somewhat clouded by selectional bias. It is clear that estrogens exert specific effects on cardiovascular tissues: acute administration of E2 lowers coronary vascular resistance and enhances coronary blood flow 89,90, and is also effective at ameliorating myocardial ischemia or improving coronary vasodilatory responses in both female and male patients 91. A number of studies report that estrogen therapy decreases serum levels of both total and low-density lipoprotein cholesterol, while raising high-density cholesterol and triglycerides primarily by influencing expression of hepathic apoprotein genes 92. Plasma fibrinogen concentration are decreased by continuous estrogen therapy, as are plasma concentration of the anticoagulant proteins antithrombin III and protein S. Estrogen also decreases plasma concentrations of the antifibrinolytic protein plasminogen-activator inhibitor type I, and high serum estrogen concentrations are associated with an increased overall potential for fibrinolysis 92. On the other hand, recent reports regarding clinical studies do not support the beneficial effect of HRT in preventing cardiovascular mortality and morbility. It was observed that women subjected to HRT showed a higher risk of cardiovascular events during the first year of therapy and only in the subsequent years there is a possible beneficial effect of estrogens and progestins. The increased risk of cardiovascular events in the first year of therapy is highly due to the association of oral contraceptives and HRT with deep venous thrombosis 93,94. The increased risk of deep thromboembolism could be related to the negative effect that female sexual hormones have on the balance between coagulation and fibrinolysis 95. Moreover, clinical studies have observed that cardiovascular disease risk increases in female patients who are genetically susceptible to thrombotic events 96. In this scenary, estrogen could act in a synergistic way with this predisposition increasing cardiovascular risks rather than decreasing it. Also, the effect of HRT on vascular and endothelial functions, may differ in women with different risk factors as age, hypercholesterolemia, hypertension, diabetes or smoke 97. Moreover, it was observed that environmental factors associated to therapy with exogenous estrogens alter the levels of proteins involved in haemostasis and have a dose-dependent effect on thrombotic events. Indeed, the therapy with oral contraceptives increases until seven times the basal risk of venous thrombotic events 98. 
Estrogen regulates a wide range of neuronal functions, including gene expression, survival, and differentiation 99. Estrogen actions on hypothalamus affect ovulation and reproductive behaviour, but it is also demonstrated that estrogens affect brain areas involved in learning and memory, emotions and affective state, motory coordination and pain. Neuroprotective effects of E2 are at least partly mediated through ERs that are expressed in the brain and the rapid actions of estrogen in neurons are believed to be associated with the membranous ER or with a transient association of ER with specific membrane compartments 100.
Sex steroids play a key role in the development and maintenance of the skeleton in virtually all species 101. Estrogen affects the skeletal system in many ways, including inhibiting bone remodeling, suppressing bone resorption, and presumptively stimulating bone formation and its deficiency results in an imbalance between bone resorption and formation that does not occur when there is enough estrogen 102. Estrogens are the bone-protective steroid hormones present in both adult male and female skeletons. Considerable evidence exists at the cellular level to support the notion that E2 prolongs the lifespan of osteoblasts by inhibiting osteoblast apoptosis 103.
Skin is another non-reproductive tissue that appears to be influenced by estrogen. E2 improves collagen content and quality, increases skin thickness, and enhances vascularisation 104. However, little is known about ERs in skin, and the pathways activated by estrogen in skin-derived cells are also still poorly understood.
Estrogens and platelets
The role of sex steroid hormones in the regulation of platelet function has been investigated for years, but conflicting results have been reported 105-111. Many of these discrepancies can be ascribed to the different experimental model analyzed. In fact, while some studies have been performed on washed platelets exposed to high concentrations of hormones, others have analyzed the functional responses of platelets isolated from donors, who were being treated with estrogens. Moreover, for many years, the rationale for the investigation of the effects of estrogen on human platelets has been questioned because of the supposed absence of ERs in these anucleated cells. Recently, however, both ER and ER have been found to be expressed in circulating platelets 112,113. Moreover, it was demonstrated the presence of ER transcript and the protein itself in megakaryocytic cells, where it has a predominantly cytoplasmic location 112. In platelets ER is the most abundant ER and it is almost 3.7 kDa larger than ER protein from normal breast and prostate tissues. The bigger dimensions and the reduced electrophoretic mobility of platelet ER respect on the one of the other cell lines, are ascribed to a platelet-specific glycosylation process: the platelet ER is N-glycosylated 114. Platelets represent one of the possible targets of the estrogenic action: the effects of estrogen on the cardiovascular system could be the expression of the direct modulation of platelet function by estrogen itself. Moreover, these anucleated cells come to represent an excellent and unique model to selectively investigate the signaling pathways mediating the non-genomic effects of estrogens. However, the signal transduction pathways and the physiological consequences of ER and ER engagement in platelets has not been investigated.

Although sex hormones were first reported to affect platelets more than 25 years ago, contrasting data are present in literature concerning the effect of estrogen on platelet functions. It was observed an estrogen inhibitory effect on aggregation and ATP release induced by ADP in human platelets 108, on calcium fluxes 110, and on cGMP levels 111. Moreover, different polymorphisms of the glycoprotein IIIa, correlated to diverse sensibility of platelets to estrogens, were found 109. Moreover, clinically evident coronary artery disease occurs on average 10-15 years later in women than men, however, prognosis is worse for women after myocardial infarction or coronary revascularization. Women are also at increased risk of arterial and venous thromboembolism during pregnancy and with the use of oral contraceptives. The importance of platelets in these acute thrombotic processes is well established. Integrin IIb3 receptors on platelets from premenopausal women are more activatable than on platelets from young men: it appears that female platelets are capable of converting a greater proportion of available integrin IIb3 receptors to the activated conformation in response to weak and strong platelet agonists 115. Thus, there is a potential role for sex hormones in altering platelet function. Platelet stimulation with different concentrations of both weak and strong agonists repeatedly demonstrated greater numbers of fibrinogen binding sites on platelets from women. These phenomena were not attributable to differential platelet sensitivities to the agonists themselves, since even supramaximal stimulation with ADP and TRAP could not increase platelet fibrinogen binding in men to the same levels seen in women. With fibrinogen binding studies, it was demonstrated a gender difference of 50% to 80% in the number of agonist-induced integrin IIb3 receptors per platelets. Since only activated receptors bind fibrinogen with submicromolar affinity, this implies the presence of more activated receptors on platelets from women 115. Since the total number of integrin IIb3 molecules expressed on the platelet surface is the same for men and women, it appears that greater numbers of activated fibrinogen receptor on female platelets is due to the conversion of a greater proportion of receptors to the high affinity state. It becomes more important the fact that female sex hormones modulate platelet integrin IIb3 and that they may affect platelet function through a transcriptional alteration yet in megakaryocytes that “primes” platelets for greater reactivity prior to release into the circulation 115. 
Aims

The aim of my PhD project has been the investigation of the biological effects of the treatment with acute doses of estrogens on the function of human platelets from healthy men. In particular, the main goals of the project were as follows:

1. to characterize the signal transduction pathways activated upon engagement of ER, which is the predominant estrogen receptor expressed in platelets and define the composition, the kinetic, the mechanism of formation and activation responsible for the 17-estradiol signaling; 

2. to evaluate the possibility that 17-estradiol could sensitize platelets to physiologic agonists and, in particular, it was studied the role of estrogen in modulating platelet response to thrombin and U46619, the stable analogue of TxA2;

3. to investigate the role of lipid rafts, critical, cholesterol-enriched membrane domains, which play a major role in blood platelet activation processes, in 17-estradiol-dependent signaling in human platelets.

Materials and Methods

Materials

Polyclonal antibodies against ER and Pyk2, monoclonal antibody against Src, polyclonal antibody against c-Src (SRC2) recognizing the Src family kinases Src (p60), Yes (p62) and Fyn (p59) and anti-goat horseradish-peroxidase-conjugated antibody were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, U.S.A.). Polyclonal anti-p85-PI3-K, polyclonal anti-LAT, monoclonal anti-caspase-9 and anti-phosphotyrosine antibodies were from Upstate Biotechnology Inc. (Lake Placid, NY, U.S.A.). Polyclonal antibody anti-p44/42 MAP Kinase, phospho-specific polyclonal antibody anti-Pyk2 (Tyr402), phospho-specific polyclonal antibody anti-p44/42 MAP kinase (Thr202/Tyr204), monoclonal antibody anti-Akt, phospho-specific polyclonal antibodies anti-Src kinases (Tyr416), and anti-Akt (Ser473 and Thr308) were from Cell Signaling Technology Inc. (Beverly, MA, U.S.A.). Goat anti-mouse IgG horseradish-peroxidase-labeled antibodies, and enhanced chemiluminescence (ECL) reagents were from Perkin Elmer Life Science Inc. (Boston, MA, U.S.A.) and goat anti-rabbit IgG horseradish-peroxidase-labeled antibody was from NENTM Life Science Products, (Brussels, Belgium). FITC-conjugated PAC-1 antibody was from Becton Dickinson (San Jose, CA, U.S.A.). Phospho-specific polyclonal antibody anti-Src kinases (Tyr418), cholera toxin B subunit-peroxidase conjugated, thrombin, 17-E2, methyl--cyclodextrin, wortmannin, protein A- and protein G-Sepharose 4B Fast Flow, protease inhibitors cocktail, bovine serum albumin, digitonin, Triton X-100, leupeptin, PMSF, aprotinin and orthovanadate were purchased from Sigma-Aldrich (San Luis, MO, U.S.A). Brij58 and BCA protein assay kit was from Pierce (Rochford, IL, U.S.A.). Electrophoresis reagents were from Bio-Rad Laboratories (Hercules, CA, U.S.A.). Hybond-P PVDF transfer membranes, Hyperfilm-ECL and cAMP assay kit were from Amersham Pharmacia Biotech (Uppsala, Sweden). U46619 and PP1 were from Alexis Biochemicals (Lausen, Switzerland). FURA-2/AM was from Calbiochem (San Diego, CA, U.S.A.). ICI 182,780 was from Tocris (Bristol, UK). All other reagents were of analytical grade.

Methods for first studies:
Platelet preparation and aggregation studies

Blood was withdrawn from 20-40 years old healthy male volunteers, who had not taken any drugs for at least two weeks before venipuncture, using ACD (130 mM citric acid; 152 mM sodium citrate; 112 mM glucose), as anticoagulant. Platelets, obtained by gel-filtration on Sepharose CL-2B, were adjusted to 3 x 108 cells/ml in HEPES buffer containing 2 mM CaCl2, 2 mM MgCl2 and 2 mM glucose. Platelet samples (0.4 ml) were pre-conditioned at 37°C in a lumiaggregometer before addition of 17-E2 (100 nM) or thrombin (0.02 and 1 U/ml) or low and high (10 M) doses of U46619. Preincubation of platelets with 100 nM 17-E2 before thrombin or U46619 stimulation was performed for 30 seconds. Pre-incubation of platelets with the tyrosine kinase inhibitor PP1 (10 μM) was performed for 15 minutes before stimulation, while the ER competitive inhibitor, ICI 182,780 (10 M) was added together with 17-E2. Platelet aggregation was monitored continuously as increase in light transmission.
Subcellular localization of ER and signaling proteins in 17-E2-treated platelets

Gel-filtered platelets were treated with buffer or with 100 nM 17-E2 for increasing times, and membranes and cytosol were prepared upon lysis with digitonin, essentially as described by Barry and Gibbins 116. Aliquots of both cytosol and membrane-rich fractions, containing the same amount of proteins, were separated by SDS-PAGE on 8% polyacrylamide gels, transferred to PVDF membrane, and probed with anti-ER or anti-caspase-9 antibodies. Membrane fractions were also probed with specific antibodies against Src, Src phospho-Tyr416 (pSrc-Tyr416), Pyk2 and p85-PI3-K. Immunoreactive bands were detected by an enhanced chemiluminescence reaction.
Analysis of thrombin-, U46619- and 17-E2-induced tyrosine phosphorylation of Src and ERK2
Samples of gel-filtered platelets were incubated with increasing concentrations of 17-E2 (1 nM to 1 M), with 0.02 U/ml thrombin or with a low dose of U46619, or with 100 nM 17-E2 and 0.02 U/ml thrombin or with 100 nM 17-E2 and a low dose of U46619 for times ranging from 15 to 180 seconds, as indicated in the figures. In some experiments, 10 M ICI 182,780 was added to platelet samples together with 17-E2. Aliquots of each sample containing the same amount of proteins were simultaneously analyzed by immunoblotting using anti-pSrc-Tyr416, and anti-Src antibodies. In some experiments the same amount of proteins were simultaneously analyzed by immunoblotting using anti-pERK, and anti-ERK antibodies.
Immunoprecipitation

Gel-filtered platelets, resting or treated with 100 nM 17-E2 (0.4 x 109 cells/ml), eventually pre-incubated at 37°C with 10 M PP1 or 50 nM wortmannin for 15 minutes, were lysed with immunoprecipitation buffer 2X (100 mM Tris/HCl, pH 7.4, 200 mM NaCl, 2 mM EGTA, 2 % Nonidet P40, 0.5 % sodium deoxycholate, 20 % glycerol, 20 g/ml leupeptin, 20 g/ml aprotinin, 2 mM PMSF, 2 mM Na3VO4, 2 mM NaF). Protein A-Sepharose-precleared supernatants were incubated with anti-p85/PI3-K or anti-Pyk2 antibodies (1 g) for 2 hours at 4°C, immunoprecipitated with 50 l of protein A-Sepharose for 45 minutes, and washed three times with immunoprecipitation buffer 1X. Immunoprecipitated proteins were separated by SDS-PAGE, transferred to PVDF membrane and probed with anti-phosphotyrosine antibodies. In some experiments, membranes were stripped and reprobed with anti-p85-PI3-K or anti-Pyk2 antibodies. For co-immunoprecipitation experiments, cells were lysed with 1% NP-40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris-HCl pH 8.0, 5 mM EDTA, 10 mM NaF, 10 mM Na4P2O7, 0.4 mM Na3VO4, 10 g/ml leupeptin, 4 g/ml pepstatin and 0.1 U/ml aprotinin). Samples containing the same amount of proteins (typically 2 mg) were immunoprecipitated with antibodies against ER for 1 hour at 4°C in the presence of 50 l protein A-Sepharose beads. Immunoprecipitated proteins were analyzed by immunoblotting with specific antibodies as described above.

Analysis of PI3-K activation in 17-E2-treated platelets

Platelet samples were incubated with buffer or 100 nM 17-E2 for 1 minute, or stimulated with 1U/ml thrombin or 2 M U46619 for 3 minutes. Aliquots of each samples containing the same amount of proteins, were separated by SDS-PAGE on 10 % polyacrylamide gels, transferred to PVDF membrane and probed with an anti-phospho-Akt-Ser473 or an anti-phospho-Akt-Thr308 antibodies. In parallel, corresponding aliquots of the samples were analyzed by immunoblotting with anti-Akt antibody.
Measurement of PAC-1 binding by flow cytometry

PAC-1 binding to gel-filtered platelets was measured basically as described by Shattil et al. (1985) 117 with some modifications. Aliquots of platelet suspension (3 x 108 cells/ml) were stimulated with buffer, 0.02 U/ml or 1 U/ml thrombin, 100 nM 17-E2, or 100 nM 17-E2 for 30 seconds before addition of 0.02 U/ml or 1U/ml thrombin. Stimulation was performed for 10 minutes at 37°C in presence of FITC-labeled PAC-1 antibody (2.5 g/ml), and was then stopped by adding 4 volumes of a freshly prepared 0.5% paraformaldehyde solution. In some experiments, cells were pre-incubated at 37°C with 10 M PP1 for 15 minutes before stimulation, or with 10 M ICI 182,780. Flow cytometry analysis was carried out on a Beckton-Dickinson FACScalibur, acquiring data of 5,000 particles per sample. The significance of the differences between two series of data was evaluated by Student's t test.

Methods for second studies:
Platelet isolation, methyl--cyclodextrin treatment and platelet aggregation
Blood was withdrawn from 20 to 40 years old healthy male volunteers, who had not taken any drugs for at least 2 weeks before venipuncture, using ACD (130 mM citric acid, 152 mM sodium citrate, 112 mM glucose), as anticoagulant, and platelet-rich plasma was prepared by centrifugation at 180×g for 10 min at 20 °C. For membrane cholesterol depletion, platelet-rich plasma was incubated with 20 mM methyl--cyclodextrin (MCD) for 30 min at 37 °C. Platelets were recovered, and washed twice with PIPES buffer (20 mM Pipes, 136 mM NaCl, pH 6.5). Platelet count was adjusted to 3×108 cells/ml in HEPES buffer containing 2 mM CaCl2, 2 mM MgCl2 and 2 mM glucose. Samples of platelet suspension (0.4 ml) were pre-warmed at 37 °C in a Chrono-log lumiaggregometer, treated with vehicle or with 17β-E2 (100 nM) for 30 s and then stimulated with low or high (1 U/ml) doses of thrombin. As low dose of thrombin was considered the concentration of the agonist able to induce normal shape change but negligible aggregation. Usually it ranged between 0.04 and 0.08 U/ml, depending on the specific reactivity of platelets from different donors. Platelet aggregation was monitored continuously for at least 5 min as increase in light transmission.
Platelet lysis and recovery of membrane lipid rafts
Washed platelets, untreated or treated with MCD as described previously, were adjusted to a final concentration of 2.5×109 cells/ml in HEPES buffer containing 0.1% glucose. Samples of platelet suspension were treated with vehicle or with 100 nM 17-E2 for 30 and 60 s, and then lysed with ice-cold 0.1% Brij58-containing buffer (0.1% Brij58, 150 mM NaCl, 25 mM Mes, pH 6.5, and 2 mM PMSF, 2 mM Na3VO4, 1X protease inhibitor cocktail) or with ice-cold 0.1% Triton X-100-containing buffer (0.1% Triton X-100, 150 mM NaCl, 25 mM Mes, pH 6.5, and 2 mM PMSF, 2 mM Na3VO4, 1X protease inhibitor cocktail). Lysates were adjusted to 40% sucrose by the addition of an equal volume of 80% sucrose in Mes-buffered saline (MBS; 25 mM Mes, pH 6.5, and 150 mM NaCl, 2 mM PMSF, 2 mM Na3VO4, 1X protease inhibitor cocktail). A six steps discontinuous gradient of 10–30% sucrose in MBS was formed on the top of the 40% homogenate in an ultracentrifuge tube. Tubes were centrifuged at 160,000×g at 4 °C for 16 h. Twelve fractions of equal volumes (1 ml) were then collected from the top of the tube. Fractions were analyzed by dot blot with peroxidase conjugated-cholera toxin subunit to identify the fractions enriched in the GM1 ganglioside. In some experiments aliquots of each fraction were analyzed by immunoblotting with antibodies to p44/42 ERK and LAT. Raft, and non-raft (soluble), fractions were typically pooled, and aliquots (200 μl) were analyzed by immunoblotting.

Analysis of ER localization within the platelet membranes
Aliquots of combined raft fractions and soluble fractions were subjected to protein precipitation with TCA. One volume of 100% TCA was added to 4 volumes of protein samples. After incubation for 30 min at 4 °C, samples were centrifuged at 13,000 rpm for 15 min. The supernatants were carefully removed, and the pellets were washed twice with 200 l cold acetone. The precipitated proteins were then dried by placing tubes in a fumehood for 10 min. Dried samples were solubilized in 3X Laemmly buffer (70 l) and analyzed by immunoblotting with antibodies to ER.
Electrophoresis and immunoblotting analysis
Samples of washed platelets suspension, pre-treated or not with 20 mM MCD for 30 min at 37 °C, were further incubated with 100 nM 17-E2 for times ranging from 30 to 180 s. Aliquots of each sample containing the same amount of proteins were analyzed by immunoblotting using anti-pSrc-Tyr418 and anti-Src antibodies. Aliquots of combined raft fractions and soluble fractions were analyzed by SDS-PAGE on a 10% polyacrylamide gel, transferred to PVDF membrane, and probed with antibodies specific to Pyk2, Src and p85-PI3-K. The activation state of Src and Pyk2 was evaluated by phospho-specific polyclonal antibody anti-Pyk2 (Tyr402) and anti-Src kinases (Tyr418). Chemiluminescent signals were detected using the Versadoc Imaging System and analyzed using Quantity One software (Bio-Rad Laboratories). Only unsaturated images were considered.
Results
Src kinase activation in 17-E2-treated platelets

It is known that the tyrosine kinase Src is involved in the signal transduction pathways activated by 17-E2 in different cell types 60,118,119. To investigate the possible effects of 17-E2 on platelet signaling, we examined whether the hormone was able to trigger the activation of the tyrosine kinase Src in these cells. Gel-filtered platelets were incubated with increasing concentrations of 17-E2 for 30 seconds. Identical aliquots from each sample were analyzed by immunoblotting with a phospho-specific antibody recognizing the activate, Tyr416-phosphorylated form of Src (pSrc-Tyr416). In parallel, identical aliquots from the same samples were analyzed by immunoblotting with an anti-Src antibody, to verify that the same amount of proteins was present in each sample. Figure 3A shows that 17-E2 triggered Src phosphorylation on Tyr416 in a dose-dependent manner. Since maximal activation of Src was achieved by 100 nM 17-E2, this concentration was used in all the subsequent experiments. We next analyzed the kinetic of Src phosphorylation induced by 17-E2. Figure 3B shows that 17-E2-promoted Src phosphorylation on Tyr416 was rapid and transient, as it peaked at 30 seconds and rapidly decreased afterwards. 17-E2-induced Src phosphorylation was totally abolished by pre-incubation of platelets with the ER antagonist ICI 182,780 (Figure 3B) demonstrating that this effect was mediated by engagement of an ER expressed in platelets.
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Fig. 3. 17-E2-dependent Src kinase activation. A: Gel-filtered platelets were incubated with buffer or with increasing concentrations of 17-E2 (E2: 1, 10, 100, and 1000 nM) for 30 seconds. B: Gel-filtered platelets were incubated with buffer or 100 nM 17-E2 (E2) for increasing times (0, 30, 60, and 180 seconds.) Platelets were lysed, and identical aliquots from each sample were simultaneously analyzed by immunoblotting with specific antibodies against pSrc-Tyr416 (Src PY 416) or against Src. Platelets stimulation with 100 nM 17-E2 for 30 seconds was performed in presence of 10 M ICI 182,780, an ER antagonist. 
ER coordinates the assembly of a Src-dependent signaling complex in 17-E2-treated platelets

Although both ER and ER have been detected in human platelets, ER appears to be the predominant isoform expressed in these cells 112,113. We investigated the possible physical association between ER and Src in 17-E2-treated platelets. ER was immunoprecipitated from resting or 17-E2-treated platelets, and then analyzed by immunoblotting with antibodies against Src or ER. Figure 4A shows that Src was actually co-immunoprecipitated with ER in estrogen-treated, but not resting platelets. The amount of Src associated to ER was maximal after 60 seconds of stimulation with 17-E2, and then decreased near to basal level. The lower panel of Figure 4A shows that comparable amounts of ER were immunoprecipitated from each sample. Since 17-E2 was found to induce the activation of Src, we next investigated whether the ER-associated Src in 17-E2-treated platelets was actually phosphorylated on Tyr416. Moreover, the possibility that other signaling proteins involved in both estrogen-mediated signaling and platelet activation, such as Syk, Pyk2, FAK, and p85-PI3-K 10,14,120, associated with ER in 17-E2-treated platelets, was analyzed. As shown in Figure 4B, not only pSrc-Tyr416, but also Pyk2, and p85-PI3-K co-immunoprecipitated with ER upon stimulation of platelets with 17-E2 for 60 seconds. By contrast, neither FAK nor Syk were detected in the ER immunoprecipitates. The formation of this signaling complex was rapid and transient, as it underwent complete disassembly after 180 seconds of stimulation. Pre-incubation of platelets with the Src kinase inhibitor PP1 before stimulation with 17-E2, totally prevented the association of Src, Pyk2 and p85-PI3-K with ER(Figure 4C), indicating that the formation of this signaling complex requires Src activity. By contrast, association of Src, Pyk2 and p85-PI3-K with ER was not affected by the PI3-K inhibitor wortmannin (Figure 4C).

Fig. 4. Formation of an ER-associated signaling complex in estrogen-treated platelets. A: Platelets were treated with buffer or 100 nM 17-E2 for the indicated times, and ER was immunoprecipitated with specific antibodies. Immunoprecipitated proteins were analyzed by immunoblotting with anti-Src antibody and reprobed with anti-ER antibody. B: Immunoprecipitates obtained with anti-ER antibody from resting platelets or platelets incubated with 100 nM 17-E2 for 60 and 180 seconds, together with aliquots of whole platelet lysates (WCL), were analyzed by immunoblotting with antibodies against pSrc-Tyr416, Pyk2, p85-PI3-K, FAK, Syk, and ER. C: ER was immunoprecipitated from resting or 17-E2-stimulated platelets (E2, 100 nM, 60 seconds), that had been pre-incubated for 15 minutes in the absence or presence of 10 M PP1 or 50 nM wortmannin. Immunoprecipitated proteins were analyzed by immunoblotting with antibodies against Pyk2, p85-PI3-K, Src and ER.
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Role of 17-E2 on the subcellular localization of ERSrc, p85-PI3-K and Pyk2

The subcellular localization of ER in human platelets treated with 17-E2 was investigated by immunoblotting upon fractionation of platelets into membrane rich (MR) and cytosolic (CYT) fractions. As shown in Figure 5A, ER was exclusively detected in the membrane fractions but not in the cytosol, both in resting and 17-E2-treated platelets. By contrast, caspase-9 was detected only in the cytosolic fractions, as expected. Therefore, ER was membrane localized in human platelets, and did not relocate upon treatment of these cells with 17-E2. The platelet membrane fractions were then analyzed to investigate the subcellular localization and possible relocation of the signaling proteins recruited by ER upon treatment of platelets with 17-E2. Figure 5B shows that identical amounts of Src were present in the membranes of resting or 17-E2-treated platelets. However, membrane-associated active Tyr416-phosphorylated Src, rapidly and transiently increased upon platelet treatment with 17-E2. In addition, Figure 5B shows that, upon stimulation of platelets with 17-E2, a significant but transient translocation of Pyk2 to the platelet membranes also occurred. By contrast, identical amounts of p85-PI3-K were detected in all the membrane fractions analyzed, indicating that p85-PI3-K and Pyk2 undergo different relocation in estrogen-treated human platelets.
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Fig. 5. Subcellular localization of ERSrc, p85-PI3-K and Pyk2 in 17-E2-treated platelets. Cytosol (CYT) and membranes-rich (MR) fractions were prepared from platelets incubated with buffer or with 100 nM 17-E2 for 30, 60 and 180 seconds, as described in “Materials and Methods”. A: Identical amounts of proteins from each fraction were analyzed by immunoblotting with anti-ER and anti-caspase-9 antibodies. B: Aliquots containing the same amount of proteins from each MR fraction obtained from platelets treated as described for panel A were analyzed by immunoblotting with antibodies against Src, pSrc-Tyr416, Pyk2 and p85-PI3-K.

Pyk2, but not p85-PI3-K, is tyrosine-phosphorylated in 17-E2-treated platelets by a Src-dependent mechanism

To further characterize the involvement of Pyk2 and p85-PI3-K in ER-dependent signaling in human platelets, we investigated the tyrosine phosphorylation of these proteins in 17-E2-treated platelets. Both Pyk2 and p85-PI3-K were immunoprecipitated from platelets lysates, analyzed by immunoblotting with anti-phosphotyrosine antibodies and subsequently reprobed with anti-Pyk2 or anti-p85-PI3-K antibodies. Figure 6A shows that 17-E2 caused a sustained tyrosine phosphorylation of Pyk2 that persisted up to 180 seconds of stimulation. Pre-incubation of platelets with the Src kinase inhibitor PP1 completely prevented 17-E2-induced tyrosine phosphorylation of Pyk2. By contrast, no tyrosine-phosphorylated proteins with a molecular mass of 85 kDa, corresponding to the regulatory subunit of p85-PI3-K were detected in immunoprecipitates with anti-p85-PI3-K antibodies (Figure 6B). To analyze whether PI3-K was activated in 17-E2-treated platelets, despite the lack of tyrosine phosphorylation of the regulatory subunit p85, we investigated the estrogen-induced phosphorylation of Akt, a known PI3-K downstream effector, by immunoblotting with phospho-specific antibodies against Akt (phospho-Ser473 or phospho-Thr308). Figure 6C shows that, as expected, Akt was robustly phosphorylated in response to thrombin or the thromboxane A2 analogue, U46619. By contrast in platelets stimulated with 17-E2 a very faint, almost negligible phosphorylation of Akt was detected, indicating that estrogens do not significantly signal through PI3-K in platelets.
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Fig. 6. Analysis of Pyk2 and PI3-K activation in estrogen-treated platelets. Pyk2 (A) or p85-PI3-K (B) were immunoprecipitated from gel-filtered platelets treated with 100 nM 17-E2(E2) for 60 or 180 seconds. Pyk2 was also immunoprecipitated from platelets pre-incubated with 10 M PP1 for 15 minutes before treatment with 100 nM 17-E2 for 60 seconds. Immunoprecipitated proteins were analyzed by immunoblotting with anti-phosphotyrosine antibodies, and then reprobed with the same antibody used for immunoprecipitation (anti-Pyk2 or anti-p85-PI3-K, as indicated). C: Analysis of Akt phosphorylation was performed in resting platelets or platelets treated with 100 nM 17-E2 for 60 seconds, or stimulated with 1U/ml thrombin (Thr) or 2 M U46619 for 180 seconds. The same amounts of whole platelet proteins were analyzed by immunoblotting with anti-pospho-Akt-Ser473 or anti-pospho-Akt-Thr308 antibodies. In parallel, corresponding aliquots of the samples were analyzed by immunoblotting with anti-Akt antibody.

17-E2-induces a faint phosphorylation of ERK2 in human platelets

It is known that the tyrosine kinase Src is involved in the activation of the 17-E2-dependent signaling pathway that involved Ras and ERK in different cell types 60,118,119. Moreover we found that in human platelets 17-E2 promotes the formation of a Src-dependent signaling complex that include ER, Src, p85-PI3-K and Pyk2 and it is known that in diverse cell types Pyk2 is involved in the signal transduction pathways to MAP kinases. Thus, we investigated whether in our experimental model the 17-E2 was able to activate the MAP kinases. Gel-filtered platelets were incubated with 100 nM 17-E2 for increasing times ranging from 30 seconds to 10 minutes. Identical aliquots from each sample were analyzed by immunoblotting with a phospho-specific antibody recognizing the activate, Thr202/Tyr204-phosphorylated form of MAP kinases ERK1/2. In parallel, identical aliquots from the same samples were analyzed by immunoblotting with an anti-MAP kinase antibody, to verify that the same amount of proteins was present in each sample. Given the fact that ERK2 is the most abundant MAP kinase present in platelets, Figure 7 shows that 17-E2 triggered a faint, but rapid phosphorylation on Thr202/Tyr204 of this MAP kinase. The activation was visible at 30 seconds of treatment with 17-E2 and it peaked at 3 minutes. After a decrease in phosphorylation at about 5-7 minutes, we could observe a second increase in activation at 9 minutes (unpublished data). In this way, we showed that 17-E2 is able to activate ERK2 with two waves of phosphorylation, but the real role of this MAP kinases in estrogen signaling in human platelets is yet under investigation.
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Fig. 7. 17-E2-dependent ERK2 phosphorylation. Gel-filtered platelets were incubated with buffer or with 100 nM of 17-E2 for times ranging from 30 seconds to 10 minutes. Platelets were lysed, and identical aliquots from each sample were simultaneously analyzed by immunoblotting with specific antibodies against pERK (Thr202/Tyr204) or against ERK. 
17-E2 potentiates thrombin-induced platelet aggregation and integrin IIb3 inside-out signaling

We next investigated whether 17-E2-induced activation of Src and formation of the signaling complex could result in a platelet functional response. We found that treatment of gel-filtered platelets with 17-E2 did not result in any detectable aggregation, and did not alter the intracellular levels of second messengers such as Ca2+ or cAMP (data not shown). Therefore, we considered the possibility that 17-E2 could influence platelet aggregation induced by classical physiological agonists, such as thrombin. Samples of gel-filtered platelets were treated with 17-E2 for 30 seconds, and then stimulated with high (1 U/ml) or low (0.02 U/ml) doses of thrombin. Upon platelet stimulation with a high concentration of thrombin, able to trigger maximal platelet aggregation, pre-incubation with 17-E2 did not produce any detectable effect (data not shown). By contrast, priming of platelets with 17-E2 resulted in a strong potentiation of platelet aggregation induced by a low concentration of thrombin. In fact, as shown by the representative traces reported in Figure 8A, stimulation of platelets with 0.02 U/ml thrombin induced 31.2±10.8% aggregation (n=4). However, upon pre-incubation of platelets with 17-E2, thrombin-induced aggregation increased to 55.3±10.6% (n=4). Thus, 17-E2 potentiated the aggregation induced by low doses of thrombin by 73.7% (p=0.008, n=4). Potentiation of platelet aggregation by 17-E2 was blocked by ICI 182,780 suggesting that it was mediated by ER engagement (Figure 8A). Moreover, pre-incubation with PP1 totally prevented thrombin-induced aggregation both in the absence and presence of 17-E2, indicating an essential role for Src kinase in platelet response to thrombin. Platelet aggregation is supported by the agonist-induced activation of integrin IIb3 and the subsequent fibrinogen binding 117. To investigate the mechanism by which 17-E2 potentiated platelet aggregation induced by thrombin, we investigated the inside-out signaling process leading to affinity regulation of integrin IIb3. The activation of integrin IIb3 on stimulated platelets was measured by flow cytometry, using FITC-PAC-1, a fibrinogen-mimetic monoclonal antibody. Results from seven different experiments are reported in Figure 8B. Consistent with its inability to promote platelet aggregation, we found that 17-E2 alone did not induce the activation of integrin IIb3. Stimulation of platelets with 0.02 U/ml thrombin induced a very small increase in PAC-1 binding over non-stimulated platelets, but this increase was clearly able to support a partial platelet aggregation. However, pre-incubation with 17-E2, induced a strong and significant increase in PAC-1 binding of platelets stimulated with 0.02 U/ml thrombin. When compared with the response elicited by thrombin alone, priming with 17-E2 caused a 2.3 fold increase of the fluorescence signal bound to platelets (p<0.005, n=7). The potentiation effect of 17-E2 on integrin IIb3 inside-out signaling was found to be mediated by recruitment of an ER, and to involve the activation of a Src kinase, as it was completely reverted by pre-incubation of platelets with either ICI 182,780 or PP1.

[image: image7.emf]
Fig. 8. Effect of 17-E2 on thrombin-dependent platelet aggregation and integrin IIb3 activation. A: Aggregation traces of gel-filtered platelets treated with 100 nM 17-E2(E2), 0.02 U/ml thrombin (Thr), 100 nM 17-E2 for 30 seconds and then 0.02 U/ml thrombin (E2+Thr), 100 nM 17-E2and 10 M ICI 182,780 for 30 seconds and then 0.02 U/ml thrombin (ICI+E2+Thr), 10 M PP1 for 15 minutes, 100 nM 17-E2for 30 seconds and then 0.02 U/ml thrombin (PP1+E2+Thr). B: Binding of FITC-labeled PAC-1, a fibrinogen mimetic antibody that recognizes the active form of integrin IIb3 to resting platelets (Bas), and platelets treated as indicated in panel A. Incubation with PAC-1 was for 10 minutes at 37°C before fixation. Data are means ± S.E.M. The asterisk indicates that the difference in PAC-1 binding between the samples stimulated with thrombin in the presence or absence of 17-E2 is statistically significant (p<0.005).

17-E2 and thrombin induce synergistic activation of Src

To further correlate the ability of 17-E2 to activate Src through phosphorylation on Tyr416, and to potentiate thrombin-induced platelet aggregation, we analyzed the effect of the combined treatment of platelets with 17-E2 and a low concentration of thrombin on phosphorylation of Src on Tyr416. Figure 9 compares the kinetics of Src activation induced by 100 nM 17-E2 and 0.02 U/ml thrombin. In agreement with the results reported in Figure 1B, 17-E2 induced a rapid and transient tyrosine phosphorylation of Src, which peaked after 30 seconds. By contrast, Src tyrosine phosphorylation was hardly detectable after 30 seconds in thrombin stimulated platelets, but was clearly evident at 60 seconds (Figure 9). When platelets were treated with both 17-E2 and thrombin, a much stronger phosphorylation of Src on Tyr416 occurred within 15 seconds, and further increased at least up to 60 seconds. This evidence indicates that 17-E2 and thrombin exert a synergistic effect on Src phosphorylation, resulting in a more rapid and stronger activation of this kinase.
[image: image8.emf]
Fig. 9. Effect of 17-E2 on thrombin-dependent Src activation. Platelet samples were treated with 100 nM 17-E2 (E2), 0.02 U/ml thrombin (Thr) or 100 nM 17-E2 plus 0.02 U/ml thrombin (E2+Thr) for increasing times (15, 30, and 60 seconds). Identical amounts of total platelet proteins from each sample were analyzed by immunoblotting with anti-pSrc-Tyr416 antibody. The relative amounts of phosphorylated Src detected in each sample were evaluated by densitometric imaging of the immunoblots, and results are reported in the histogram in the lower part of the figure. Data are means ± S.E.M. (n=3). O.D. indicates optical density.
17-E2 potentiates U46619-induced platelet aggregation, but not U46619-induced Src phosphorylation
We have just demonstrated that in platelets stimulated with low concentrations of thrombin, 17-E2 caused a strong potentiation of platelet aggregation. Now, we considered the possibility that 17-E2 could also influence platelet aggregation induced by the TxA2 analogue, U46619. Samples of gel-filtered platelets were treated with 17-E2 for 30 seconds, and then stimulated with high (10 M) or low doses of U46619. As low dose of U46619 was considered the concentration of the agonist able to induce normal shape change and aggregation of about 20% with respect to the maximal aggregation obtained with the high dose of U46619. Usually the low concentration ranged between 0.05 and 1 M, depending on the specific reactivity of platelets from different donors. Like in the case of thrombin, upon platelet stimulation with a high concentration of U46619, able to trigger maximal platelet aggregation, pre-incubation with 17-E2 did not produce any detectable effect (data not shown). By contrast, priming of platelets with 17-E2 resulted in a strong potentiation of platelet aggregation induced by a low concentration of U46619. In fact, as shown by the representative traces reported in Figure 10, stimulation of platelets with 0.1 M U46619 induced 15.96±0.9% aggregation (n=5). However, upon pre-incubation of platelets with 17-E2, U46619-induced aggregation increased to 55.77±1.2% (n=5). Thus, 17-E2 potentiated the aggregation induced by low doses of U46619 by 261% (p=0.0002, n=5) (unpublished data). 
To further correlate the ability of 17-E2 to activate Src through phosphorylation on Tyr416, and to potentiate U46619-induced platelet aggregation, we investigated whether, as in the case of thrombin, also in this case, there was a synergistic effect of 17-E2 and a low concentration of U46619 on phosphorylation of this tyrosine kinase. Figure 11 compares the kinetics of Src activation induced by 100 nM 17-E2 and 0.1 M U46619. As expected, 17-E2 induced a rapid and transient tyrosine phosphorylation of Src, which peaked between 15 and 30 seconds. Src tyrosine phosphorylation in U46619-stimulated platelets was already maximal at 15 seconds and it maintained that intensity up to 60 seconds. In that case, because of the early maximal Src phosphorylation induced by the low dose of U46619, pre-incubation with 17-E2 did not produce any detectable effect (unpublished data). The signaling pathways by which priming of platelets with 17-E2 results in a strong potentiation of platelet aggregation induced by a low concentration of U46619, is yet under investigation.
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Fig. 10. Effect of 17-E2 on U46619-dependent platelet aggregation. Aggregation traces of gel-filtered platelets treated with 0.1 M U46619 (U46619) or, 100 nM 17-E2 for 30 seconds and then 0.1 M U46619 (E2+U46619).
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Fig. 11. Effect of 17-E2 on U46619-dependent Src activation. Platelet samples were treated with 100 nM 17-E2 (E2), 0.1 M U46619 (U46619) or 100 nM 17-E2 plus 0.1 M U46619 (E2+U46619) for increasing times (15, 30, and 60 seconds). Identical amounts of total platelet proteins from each sample were analyzed by immunoblotting with anti-pSrc-Tyr416 (top panels) and anti-Src antibodies (lower panels).

Lipid rafts mediate 17-E2-dependent potentiation of thrombin-induced platelet aggregation

A growing number of evidence indicates that the cholesterol-rich membrane regions named lipid rafts, are implicated in the mechanisms of platelet activation by physiologic agonists. We first investigated the effect of lipid rafts disruption by membrane cholesterol depletion on platelet aggregation caused by high and low doses of thrombin. In agreement with previously reported data 121, we found that cholesterol depletion with methyl--cyclodextrin (MCD) did not affect maximal platelet aggregation caused by high doses of thrombin (data not shown). By contrast, Figure 12a-b shows that MCD-treated platelets stimulated with low doses of thrombin were still able to change their shape, but they did not aggregate at all. As shown in figure 12a-c, and as previously demonstrated, 17-E2 induced a significant potentiation of platelet aggregation induced by a low dose of thrombin. However, Figure 12d shows that 17-E2 was unable to potentiate the effect of a low dose of thrombin in MCD-treated platelets. These results indicate that the integrity of membrane lipid rafts is crucial for 17-E2-dependent signal transduction in platelets, and suggest a key role for these microdomains in the 17-E2-dependent priming of platelet aggregation.
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Fig. 12. Lipid rafts mediate the 17-E2 potentiation of thrombin-induced platelet aggregation. Samples of washed platelets suspension, pre-treated (MβCD) or not (NT) with 20 mM MβCD for 30 minutes at 37 °C, were stimulated with 0.04 U/ml thrombin (Thr) alone (a and c), or in association with 100 nM 17-E2, (c and d). 
Lipid rafts are required for Src kinase activation in 17-E2-treated platelets

The rapid, non-genomic effects of 17-E2 in human platelets are mediated by ER receptors, which recruit and activate the tyrosine kinase Src. To investigate the role of membrane lipid rafts in 17-E2-induced signal transduction pathway, we analyzed the effect of cholesterol depletion by MCD on the hormone-dependent activation of Src. Figure 13 shows that in untreated platelets 17-E2 promoted an evident phosphorylation of the Src kinase, that reached a maximum within 1 minute of incubation and then rapidly decreased to the basal level. However, no 17-E2-dependent tyrosine phosphorylation of Src was detected in platelets treated with MCD. This implies that the integrity of membrane lipid rafts is essential for the 17-E2-dependent activation of the tyrosine kinase Src in platelets.
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Fig. 13. Platelet lipid rafts play a role in 17-E2-induced Src kinase activation. Samples of washed platelets, untreated (NT) or pre-treated with 20 mM MβCD for 30 minutes at 37 °C, were incubated with 100 nM 17-E2 for times ranging from 30 to 180 seconds, as indicated. Aliquots of each sample containing the same amount of proteins were simultaneously analyzed by immunoblotting using anti-pSrc-Tyr418 (top panels) and anti-Src antibodies (lower panels).

ER translocates to the lipid rafts upon stimulation with 17-E2

We next investigated whether ER was resident within the lipid rafts of the platelet membrane. Recent reports have described different experimental protocols as suitable to isolate lipid rafts from human platelets, using either 0.1% Brij58 or 0.1% Triton X-100 122,123. In preliminary experiments, upon platelet lysis with Brij58, we found that GM1 ganglioside, a positive marker for membrane lipid rafts, was recovered in less dense fractions than upon platelet lysis with Triton X-100, in accordance with Wonerow et al. (2002) 44 (data not shown). In addition, more reproducible results were generally obtained by using Brij58-lysed platelets, and, therefore, this detergent was adopted for all subsequent experiments. Figure 14A shows that GM1 ganglioside was mainly recovered in the fractions 4 to 7. LAT, a protein resident in membrane lipid rafts, was detected in the same fractions. By contrast ERK, known as negative marker of lipid rafts, was found exclusively in the fractions 11 and 12. The treatment of platelets with MCD resulted in GM1 ganglioside redistribution throughout the sucrose gradient, demonstrating that cholesterol is essential to segregate the GM1 ganglioside in less dense fractions of platelet membrane (Figure 14B). GM1-positive fractions of each sample were pooled as the lipid raft fraction. Moreover, fractions 11 and 12 were separately collected as the soluble fraction, while the pellet was discharged. The combined fractions were then subjected to protein precipitation with TCA, and analyzed by immunoblotting with anti-ER specific antibody. A very small amount of ER was detected in the soluble fractions of resting platelets (Figure 15). Upon stimulation with 17-E2, a rapid and transient translocation of ER to the lipid rafts occurred, with a maximum at 30 seconds. Interestingly, despite the faintness of the ER bands, a concomitant decrease of ER could be detect in the soluble fractions obtained from the same samples (Figure 15). Moreover, in MCD-cholesterol-depleted platelets ERwas no longer detected in the lipid raft fractions. Accordingly with the evidence shown in Figure 14, we assumed that MCD rendered ER undetectable by distributing the receptor overall the fractions. These results indicate that the engagement of ER by its specific ligand caused the rapid and transient recruitment of ER to the membrane lipid rafts.
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Fig. 14. Platelet lysis and recovery of membrane lipid rafts by sucrose density gradient. Samples of platelet suspension were lysed with ice-cold 0.1% Brij58-containing buffer and centrifuged in sucrose density gradient as described in “Materials and Methods”. A: 12 fractions of equal volumes (1 ml) were collected and analyzed by dot blot with peroxidase-conjugated-cholera toxin subunit to identify the fractions containing the GM1 ganglioside and by immunoblotting with anti-LAT and anti-p44/42 ERK antibodies. B: Samples of platelet suspension treated with 20 mM MβCD for 30 minutes at 37 °C were fractionated and analyzed by dot blot with peroxidase-conjugated-cholera toxin in the same manner.
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Fig. 15. ER translocates to the lipid rafts upon stimulation of platelets with 17-E2. Samples of platelet suspension, treated or not with 20 mM MCD for 30 minutes at 37 °C, were incubated with vehicle or with 100 nM 17-E2 for 30 or 60 seconds, as indicated, and then lysed in ice-cold 0.1% Brij58-containing buffer. Cell lysates were fractionated as described in “Materials and Methods”. GM1- containing fractions (raft fractions) and more dense soluble fractions were combined, proteins were precipitated with TCA, and then analyzed by immunoblotting with anti-ER specific antibody. 

Lipid rafts mediate the 17-E2 signaling in human platelets

We have previously shown that Src, Pyk2 and p85-PI3-K associated to ER upon treatment of human platelets with 17-E2. To further characterize the role of lipid rafts in 17-E2 signaling, we investigated the presence of these signal transducers in the lipid rafts isolated from 17-E2-treated cells. Samples of resting and 17-E2-treated platelets were lysed with Brij58 and fractionated by sucrose gradient centrifugation. Aliquots of combined raft and soluble fractions were analyzed by immunoblotting with antibodies specific for the Tyr418-phosphorylated form of Src (pSrc-Tyr418), Src, the Tyr402-phosphorylated form of Pyk2 (pPyk2-Tyr402), Pyk2 and p85-PI3-K. Figure 16 shows that in resting platelets the signal transducers considered were unequally distributed between raft and soluble fractions. In fact, while appreciable amount of Src was already present in the membrane lipid rafts of resting cells, Pyk2 was mainly located in the soluble fractions, and p85-PI3-K seemed to be equally distributed in raft and soluble fractions. A mild Src kinase activation was detected already in the rafts of resting cells. However, upon 17-E2 stimulation, a consistent increase in Src Tyr418 phosphorylation occurred, which was paralleled by a concomitant increase of Src associated with the lipid rafts. As reported by the antibody datasheets, we found that antibodies to Src and pSrc-Tyr418 recognized at least a couple of proteins that were presumably two members of the Src kinase family. We did not identify which members of the Src kinase family were modulated by 17-E2, however Figure 16 shows that they behaved in the same manner with this respect. Moreover, 17-E2-dependent Src kinases activation and translocation to raft fractions were rapid and reversible events, indicating that they were presumably related to each other. Besides this, in 17-E2-stimulated cells a discrete amount of Pyk2 was recruited to the lipid rafts with a kinetic similar to that of Src (Figure 16). However, whilst the 17-E2-induced association with the raft fractions and activation of Src seemed to be concomitant events, the tyrosine-phosphorylation of Pyk2 persisted up to 60 seconds of treatment with 17-E2. Moreover, we found that 17-E2 did not modulate the p85-PI3-K distribution within platelet membrane fractions (Figure 16). Finally, the integrity of the lipid rafts was found to be crucial for 17-E2 signaling, as neither Src nor Pyk2 were detected in these microdomains upon MCD treatment (data not shown).
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Fig. 16. Lipid rafts mediate the 17-E2-dependent signaling in human platelets. Samples of platelet suspension were treated with vehicle or with 100 nM 17-E2 for 30 or 60 seconds, and then lysed in ice-cold 0.1% Brij58-containing buffer. Raft fractions and soluble fractions obtained as described in Fig. 15 were analyzed by immunoblotting with antibodies specific to the Tyr418-phosphorylated form of Src (pSrc-Tyr418), Src, the Tyr402-phosphorylated form of Pyk2 (pPyk2–Tyr402), Pyk2 and p85-PI3-K. 
Conclusions
In this work we have described a new intracellular signaling pathway activated by estrogens in human platelets, which involves ER and the tyrosine kinase Src. Our results document, in a well defined experimental model, an active role for estrogens in the regulation of platelet function. Although the action of estrogens on human platelets has been investigated for years, contrasting results have been presented, and both stimulatory and inhibitory effects have been reported by different studies 105-111. The reasons for these discrepancies may rely in the different methodological approaches adopted by different investigators, including the different types of platelet preparation analyzed (washed platelets or PRP), the gender and the age of the blood donors, the concentration of estrogens used, and the time of platelet exposure to estrogens. In this work, we have exclusively used gel-filtered or washed platelets prepared from male donors exposed to high concentration of 17-E2 for a relatively short time. Therefore, the observed events are to be considered as a consequence of an acute platelet treatment with estrogens. It should be noted that cellular response to high nanomolar concentrations of estrogens, like those used in the present study, has been previously reported to actually have physiological relevance 91.
The fact that platelets are anucleated cells, while estrogens have long been believed to exert their biological effects exclusively through regulation of transcriptional processes, has generated serious concerns, in the past years, about the physiological relevance of platelet exposure to these hormones. Recent findings, however, have clearly demonstrated that estrogens can also elicit rapid, non-genomic effects on target cells 50. In addition, the estrogen receptors, ER and ERhave been found to be expressed in human platelets 112,113. Therefore, these anucleated cells came out to represent an excellent and unique model to selectively investigate the signaling pathways mediating the non-genomic effect of estrogens.

We have demonstrated that activation of Src, and the potentiation of thrombin-induced aggregation in 17-E2-treated platelets were dependent on the engagement of an estrogen receptor. Moreover, we found that ER associated with Src, Pyk2 and p85-PI3-K in a 17-E2-dependent manner. Therefore, ER appeared to be the estrogen receptor mediating the effects of 17-E2 in human platelets. This conclusion is supported by the evidence that ER is actually the main estrogen receptor expressed in these cells. In fact, recently reported 113 immunological evidence for the expression of ER in platelets has not been confirmed in other studies that failed to detect both the protein and the messenger 112. In the present work, we clearly revealed significant amount of ER in the membranous fraction of human platelets, but we failed, under the same conditions, to detect ER in membrane or cytosolic fractions (data not shown). It is well documented that ER and ER have different patterns of tissue distribution 52 . Although both ER and ER mediate genomic as well as non-genomic effects of estrogens, they may display peculiar features and fulfill different functions. In this regard, mechanistic differences in the ER- and ER-dependent gene expression has been reported 124. Moreover, ER but not ER has been found to associate with PI3-K in endothelial cells 68, and human sperm 74, as part of the signaling pathway for non-genomic action of estrogens. In this work we found that, in human platelets, ER associates with PI3-K in a 17-E2-dependent manner. This interaction however, results in a modest activation of the kinase, as judged by a very faint phosphorylation of Akt in estrogen-treated platelets. This may suggest that estrogen-induced activation of PI3-K is more efficiently promoted by recruitment of ER than of ER. However, the lack of a massive activation of PI-3K does not preclude the possibility for this kinase to play an important role in the estrogen-initiated signaling pathway, because it is known that this enzyme may also act as a docking protein. We have also found that, in addition to Src, recruitment of ER by 17-E2 stimulated the tyrosine phosphorylation of Pyk2. While estrogen-induced Src phosphorylation was rapid and transient, Pyk2 phosphorylation was more sustained and persisted up to three minutes. Although Pyk2 has been found to be activated during an early phase of platelet stimulation by different agonists, its exact role in platelet function is still unknown 12. Based on experiments with specific inhibitors, here we have placed Pyk2 downstream Src in the 17-E2-mediated signaling pathway for potentiation of platelet aggregation. However, in the absence of specific inhibitors of Pyk2 its contribution to the estrogen effect remains to be established. Moreover, the fact that in diverse cell types Pyk2 is involved in the signal transduction pathways to MAP kinases, induced us to investigate whether in our experimental model the 17-E2 was able to activate the MAP kinases. We found that 17-E2 was able to activate ERK2, which is the most abundant MAP kinase in platelets, with two waves of phosphorylation, but the real role of this MAP kinases in estrogen signaling in human platelets is yet under investigation.

We have also demonstrated that the 17-E2-mediated potentiation of platelet aggregation induced by low concentrations of thrombin, resulted from a robust increase of integrin IIb3 affinity for fibrinogen. We observed that albumin-bound estrogen, which does not permeate cell membrane, was as effective as 17-E2 to potentiate platelet aggregation induced by thrombin (data not shown), consistent with the membrane localization of ER reported in this study. Our results represent the first evidence that estrogen-mediated signaling can modulate integrin function. Regulation of platelet integrin IIb3 by 17-E2 involved estrogen receptor-mediated activation of Src kinase. Moreover, we found that platelet treatment with thrombin in the presence of 17-E2 resulted in a synergistic activation of Src. Thus, our results point out a significant role for Src in the “inside-out” signaling for integrin IIb3 activation. Considering the fact that estrogen could sensitize platelets to physiologic agonists, we examined also the effect of 17-E2 pretreatment in platelet response to the stable analogue of TxA2, U46619. We found an important potentiation 17-E2-dependent of platelet aggregation induced by low concentration of U46619, but the signal resulting in that effect, doesn’t involve an increase in Src phosphorylation. The real mechanism of this priming effect of 17-E2 in U46619-induced platelet aggregation is yet under investigation. The effects of estrogens in priming platelet aggregation has been documented in this study using platelets from male donors. Although platelets from men and women express similar levels of estrogen receptors 112, estrogens are present in the plasma of male subjects at a lower concentration than in female plasma, and this concentration is supposed to remain constant. For this reason, we considered platelets from men a more suitable and reliable model to investigate estrogens-mediated signaling and function, as they clearly have been more protected from any possible desensitization caused by a prolonged exposure to circulating estrogens. The evidence that estrogens have pro-aggregatory effects is physiologically relevant, because it may explain previously reported evidence, and may have clinical implications. For instance, it has been previously reported that, although there are no differences in the total number of integrin IIb3 expressed on male and female platelets, agonist stimulation of female platelets leads to conversion of a greater proportion of available receptors into the active conformation 115. Our results suggest that this observation may be related to the higher, and variable concentration of estrogens in the plasma from women. As a consequence, the direct action of estrogens on circulating platelets, in addition to other factors, should also be taken into account, when programming the acute use of estrogens to improve blood vessel viability, and also using low doses of the hormone as contraceptive or in menopause.
In this work we have also demonstrated that membrane lipid rafts play an important role in mediating the estrogen-dependent “outside-in” signaling in platelets. The involvement of lipid rafts in estrogen-dependent signaling in these cells was indicated by studies with the cholesterol-binding agent MCD. We found that in platelets in which the integrity of lipid rafts had been disrupted through cholesterol depletion by MCD, treatment with 17-E2 failed to induce tyrosine phosphorylation of Src, and did not cause any potentiation of thrombin-dependent platelet aggregation. Our results imply that membrane lipid rafts exert a specific and fundamental role in the signaling pathways activated by estrogens in human platelets, as 17-E2 induced a rapid but transient translocation of the membrane-associated ER into hydrophobic microdomains of the platelet membrane. The 17-E2-dependent translocation of ER to these hydrophobic microdomains required the presence of cholesterol in the membrane, thus it is reasonable to assume that the hormone drives ER to membrane lipid rafts. Although additional experiments will be required to completely clarify the mechanism of this translocation, it is likely that binding of 17-E2 may cause a conformational change of ER promoting its selective relocation within rafts. We found that the treatment of platelets with 17-E2 resulted in the recruitment of the tyrosine kinases Src and Pyk2 to lipid rafts, which was concomitant with their rapid and reversible tyrosine-phosphorylation. In agreement with previous works 42, we have found that at least two members of the Src kinase family were constitutively associated to the membrane rafts also in human platelets. However, we have also provided evidence that estrogens caused an evident increase of the association of Src proteins with these microdomains, and promoted the tyrosine phosphorylation of rafts-associated Src kinases. In the light of our results it is reasonably to suppose that 17-E2-engaged ER is responsible for the recruitment to the rafts of the signal transducers involved in 17-E2-dependent signaling, in particular Src kinases and Pyk2. This hypothesis is confirmed by the inhibition of both Src activation and 17-E2-dependent translocation of ER, Src and Pyk2 to lipid rafts in MCD-treated platelets. Here we confirmed and extended the findings that PI3-K did not play any active role in 17-E2-dependent signaling in human platelets, by showing that distribution of PI3-K between raft and soluble fractions, was not modulated by 17-E2. Noteworthy, ER is a membrane protein poorly expressed in platelets. It can be inferred that lipid rafts may represent a structural–functional link between the engaged estrogen receptor and its specific intracellular interactors. In conclusion, our results identify a new possible mechanism by which estrogens may affect the cardiovascular system: in addition to the genomic effects on endothelial cells and smooth muscle cells of the vessel wall, estrogens can directly sensitize platelets to physiologic agonists, by strictly non-genomic action on the regulation of integrin IIb3 through ER and Src kinase. In these non-genomic actions membrane lipid rafts play a key role and are directly involved in the molecular mechanism by which 17-E2 exerts its priming effect on platelet aggregation induced by low doses of thrombin.
Main Findings
· Our paper published on Blood indicates that estrogen may have pro-aggregatory effects on human platelets, and identifies critical events in the signal transduction pathways mediating non-genomic effects of 17-E2. We have found that 17-E2 caused the rapid and transient tyrosine phosphorylation of Src, and the formation of a membrane-associated Src-dependent signaling complex, which includes ER, Src, Pyk2 and PI3-K. Moreover, we have found that, in platelets stimulated with low concentrations of thrombin, 17-E2 caused a strong potentiation of integrin IIb3 activation and platelet aggregation, through a mechanism depending on ER engagement and Src kinase activation.
· With the paper on Biochimica et Biophysica Acta we demonstrated for the first time that membrane lipid rafts coordinate estrogen signaling in human platelets. We have found that membrane rafts were essential both for 17-E2-dependent potentiation of platelet aggregation induced by subthreshold concentrations of thrombin, and for 17-E2-induced phosphorylation of Src. We found that ER reversibly translocated to the lipid raft fractions in a hormone-dependent manner, and promoted the rapid and transient recruitment and activation of the tyrosine kinases Src and Pyk2 within the membrane raft domains.
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