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Summary

Several epidemiological studies, supported by increasing evidence from in vitro

studies and animal models, pïopose that periodontal disease may be a risk factor for the

development of certain cardiovascular diseases, such as atherosclerosis and myocardial

infarction. One possibie mechanism contributing to this association is that during

transient bacteraemias certain otal bacteria directly activate platelets, thereby incleasing

thrombotic risk. The goals of this research project were to identify the platelet receptors

involved in adhesion to the oral bacterium, Streptococcus sanguis strain 2017-78, and to

delineate the signal transduction mechanisms associated with the platelet activation

response fo 2017-78. The present study reports that direct adhesion to 2017-78 was

mediated by platelet glycoprotein Ib, while integrin o¡6B3 adhered to fibrinogen adsorbed

to the surface of 2017-78. IgG bound to the sulface of the bacterial cells induced cross-

linking of platelet FoyRIIA, which became tyrosine phosphorylated in a Src family

kinase-dependent manner. The phosphorylation of FqRIiA leads, in turn, to the rapid

recruitment and phosphorylation of Sylc, and the phosphorylation of its downstreart

mediators LAT and PLCyZ. These early signaling events were independent of secondaly

mediators, such as thromboxane 42, or of orruÞ¡ activation and engagement by fibrinogen.

Time course phosphorylation studies of FcyRIIA, Syk, LAT, and PLCy2 demonstrated

that each protein was dephosphorylated during the lag phase priol to aggregation and

then rephosphorylated as aggregation occurred. The dephosphorylation suggested the

action of protein tyrosine phosphatases. PECAM-I, an lTlM-contailring receptor that

recruits protein tyrosine phosphatases, was tyrosine phosphorylated following plateiet



stirnulation by 2017-78. PECAM-1 tylosine phosphorylation was sustained longer than

other proteins during the iag phase. PECAM-I also co-precipitated with the protein

tyrosi¡e phosphatase SHP-I in the lag phase, but not with the more commonly reported

SHP-2. SHP-i was also maximally tyrosine phosphorylated, and thus activated, in this

phase. During aggregation, SHP-1 was dephosphorylated, while FoyRIIA, Syk, LAT, and

PLCyZ were rephosphorylated in an RGDS-sensitive, and therefole ü,¡¡683-dependent,

manner. The protei¡ tyrosine phosphatase PTPlB activated downstream of o,rrup¡ likely

mediated SHP-1 dephosphorylation, which allowed protein rephosphorylation to occur.

Additionaliy, thromboxane A2 release, 5-hydroxytryptamine secretion and phosphatidic

acid formation all occurred distal to ctlruÞ¡ engagement. Aspirin, which inhibits

thromboxane Az formation, abolished these events, but only partially inhibited sruÞ¡-

mediated rephosphorylation. Taken togethel, these results demonstrate that S. sanguis-

bound IgG cross links FoyRIIA and initiates a signaling pathway that is down-regulated

by PEcAM-l-recruited SHP-I. Subsequent engagement of arrr,Þ¡ leads to SHP-I

dephosphorylation allowing a second wave of signaling leading to thromboxane A2

release and consequent platelet aggregation.
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l.INTRODUCTION

The first Surgeon General's report on oral health (US Deparlment of Health and

Human Services, 2000) recognized the relevance of good oral hygiene for the

maintenance of systemic health. Ch¡onic periodontal infections not only reflect an

individual's general health status, but may also be a source of opportunistic pathogens

that may negatively impact health and well-being. Increasing epidemiological evidence

indicates a relationship between periodontal disease and diabetes, cardiovascular and

lung diseases, stroke, and low-weight, premature births. This new a\¡/areness could have

far.-reaching implications. For example, individual perceptions of the importance of oral

health may change and be the impetus for practicing better oral hygiene. it may also

encourage increased coilaboration between medical and dental professionals for the

provision of optimal health care for their patients. Additionally, infonned policymakers

may be persuaded to inciude dental care in health promotion and disease prevention

programs for the benefit of individuals who camot afford dentist visits.

The potential impact of periodontal disease on systemic health also calls fol

research into the biological mechanisms that could explain a causal relationship. The

prevalence of cardiovascular disease (CVD) in western societies and the inability of

traditional lislc factors to account fully fol its etiology have generated many studies

exarnining a possible causal role for periodontal disease. The present studies focused ou

characterizing one potential mechanism: the induction of platelet activation and

aggregation by the oral bacterium, Streptococcus sanguis (5. sanguis).



2. LITERATURE REVIEW

2.1. Periodontal disease

Periodontal disease, or periodontitis, has been defined as a "bacterially induced

chronic inflammatory disease" (Wilson and Kornman,2003). it is clinically manifested

by gingival inflammation and recession, the loss of connective tissue attachment to the

teeth, destruction of the periodontal ligament and its attachment to cementum, and

resorption of alveolar bone (The Research, Science, and Therapy Committee of The

Arnerican Academy of Periodontology, 1999). Affected individuals typically experience

gingival bleeding, halitosis, a foul taste, abnormal pocketing between teeth and gums, and

loosened teeth that may eventually be lost (Coventry et al., 2000). The severity of the

disease is not only dependent on the concentration of accumulated bacteria, but also on

genetic susceptibility and environmental factors which may affect the host's immune

response to the bacteria.

2.1.1. Pathogenesis of periodontal disease

The pathogenesis of periodontitis is initiated by the accumulation of virulent oral

pathogens, particularly Porphyromonas gingivalis (P. gingivalis), Bacteroides forsythus

and Actinobacillus actinotnycetemcomitans, and their products, on teeth and along the

gingiva. Their metaboiic by-products, including amines, volatile sulfur compourds, and

fatty acids can pass through the epithelium to the connective tissue to initiate an

inflammatory response and alter tissue permeability (Wilson and l(ornman, 2003). This

altered permeability facilitates the entry of larger bacterial antigens and products, such as



lipopolysaccharide (LPS), which triggers the sequential recruitrnent of neutrophiis,

macrophages, and lymphocytes from small blood vessels in the gingiva to the iocal alea.

These leukocytes produce cytokines, prostaglandins and matrix metalloproteinases

(MMPs) that help protect against bacteria and function in wound liealing. However,

continued bacterial challenge, and the consequential inflammatory response, have the

potential for deleterious effects on the periodontium. For example, LPS can induce bone

resorption in vitro (Hausmann et al., 1970). Additionally, enzymes produced by the

bacteria such as proteases, collagenase, fibrinolysin and phospholipase A can degrade

periodontal tissues and components of the immune response such as immunoglobulin (lg)

and complement proteins. However, the bulk of the tissue damage and bone destruction is

a result of sustained inflammation. MMPs released by neutrophils, macrophages and

fibroblasts can destroy collagen, contributing to the migration of epithelial cells out of the

junctional epithelium. Interleukin-l (il.-l), produced by monocytes, neutrophils and

keratinocytes, induces recruitment of leukocyes by up-regulating homing receptot's in the

extracellula¡ matrix and activating osteoclast formation for bone resotption. Furthermol'e,

IL-1 also up-regulates its ownproduction, as weil as that of MMPs and prostaglandins,

by macrophages, fibroblasts and neutrophils. Prostaglandins, particularly prostaglandin

E2 (PGE2), induce alveolar bone destruction. The family of MMPs, which are secreted by

maclophages, fibroblasts and keratinocytes, collectively digest extracellular matrix

components. Overall, chronic bacterial infection shifts the balance from a controlled,

protective inflammatory response to a less controlled, persistent release of destluctive

inflamrnatory mediators that degrade periodontial tissue, ligament and bone, leading to

the clinical signs of periodontitis (Fig.2.1).



Fig. 2.1. Difference between healthy and diseased periodontium. (Soulce:
www. dental gentalcare. com/gum_disease.htm)

2.2. Platelets and cardiovascular diseases

The adhesive properties of platelets and their ability to activate rapidly in

response to hemostatic agents are essential for the normal process of wound healing.

However, these charactelistics also account for the acute and chronic contributions of

platelets to cardiovascular diseases (CVD). Unstable atherosclerotic plaques and diseased

or injured arterial walls can trigger platelet adhesion and aggregation that can lead to the

formation of occlusive thrombi, contributing to myocardial infalction (MI), unstable

angina, and stroke. Activated platelets also influence the progression of atherosclerotic



lesions by expressing adhesive receptors and mitogenic factors. Additionally, elevated

levels of certain systemic factors and some disease states can induce plateiet

hyperaggregability and this may also contribute to ischaemic events.

2.2.1. Platelets and atherosclerosis

Platelets are invoived in both the development of atherosclerotic plaques

(atherogenesis) and the complications leading to acute coronary syndromes

(atherothrombosis).

2.2.2. Pathogenesis of atherosclerosis

Atherosclerosis is a chronic inflammatory disease distinguished by the

development of lipid-rich, fibrous plaques in the large u'teries (Lusis, 2000). Endothelial

celts (ECs) along regions of ar-terial branching and curvature experience turbulent bloocl

flow, contributing to their increased penneabilify. Lipids, such as low-density lipoprotein

(LDL) and other, apolipoprotein B-containing, lipoproteins accumulate at the intima, the

thin layer of proteoglycans and collagens below the EC monolayer. LDLs become

oxidized within this subendothelial matrix by its interaction with reactive oxygen species

produced by lipoxygenases from ECs and from subsequent invading macrophages. These

structural modifications are sufficient to induce overlying ECs to produce pro-

inflammatory mediators and express selectins to attract, and bind, monocytes and

iymphocytes. Highly oxidized LDL (ox-LDL) is recognized by monocytes, which have

proliferated and differentiated into macrophages and have migrated into the intima. The

macrophages lapidly engorge ox-LDL, forming foa:l cells. The foam cells eventually



undergo apoptosis and necrosis, resulting in the accumulation of extracelluiar lipid and

cellular debris that form the necrotic core of the lesion. Macrophages and T cells secrete

cytokines and growth factors that induce the migration and proliferation of smooth

muscle cells (SMCs) from the medial layel below the intima, and the production of

extracellular matrix by SMCs, The SMC secretions form the fibrous cap of the lesion.

Along with mononuclear cells from the blood and continued lipid accumulation,

extracellular matrix production contributes to the growth of the atherosclerotic plaque,

which initially expands to invade the bottom layer of the vessel, the adventitia, and then

extends outward into the lumen (Lusis, 2000).

2.2.3. Role of platelets in the development of atherosclerosis

The ability of aspirin, an inhibitor of thromboxane A2 (TxA2) synthesis in

platelets, to decrease lesion formation in fat-fed, LDl-knockout mice, suggests that

platelets have arole in atherogenesis (Pratico et a|.,2001). However, the contribution of

platelets to the progression of atherosclerosis is not fully undelstood. The inherent ability

of platelets to bind to injured vessel walls may be a contributing factor (Ruggeli, 2002).

Damaged ECs express adhesive ligands such as von Willebrand factor (vWÐ and P-

selectin that bind to glycoprotein (GP) Ib on platelets, triggering platelet activation. These

activated platelets express their own P-selectin and bind plasma molecules such as

fibrinogen, creating an adhesive suface that increases monocyte and lymphocyte

lecruitment and facilitates their adhesion to ECs. Different infectious agents can also

recruit platelets to the area of plaque formation (Ruggeri, 2002). Microorganisms may

become immobilized within extracellular matlix, and certain species can bind adhesive



plasma proteins such as fibrinogen, which, in turn, binds to platelets by the integrin

olrup¡. Antibodies bound to bacterial surfaces may subsequently bind FcyRIIA, the

platelet receptor for the Fc portion of IgG (Islaels et a|.,1973), and sufficient binding and

cross-linking of FcyRIIA activates platelets (Sjöbring et al., 2002). This firiding may be

significant in light of epidemiological studies suggesting that infection by different

pathogens is associated with an increased risk in CVD (see Section2.4.I).

Activated platelets also secrete a number of proteins that can adhere to the vessel

wall and promote atherogenesis. For example, the piatelet o.-granule-derived chemokine

platelet factor 4 (PF4), competitively inhibits binding of LDL with its receptor,

preventing LDL uptake and degradation (Sachais, 2002). Retention of LDL on cell

surfaces aids in the initiation of plaque formation (Sachais, 2002). PF4 also readily binds

to ox-LDL and increases ox-LDL binding to macrophages, facilitating lipid uptake and

the formation of foam cells Q.[assal et al., 2003). Other atherosclerosis-promoting

proteins from the platelet releasate include platelet-delived growth factor, cyclophilin A

and transforming growth factor p, each of which is mitogenic for SMCs (Lusis, 2000;

Belton et al., 2003), cytokines such as ll,-lcr, and IL-6 (Belton et al., 2003), and

secletogranin-Ill, which is a monocyte chemoattractant precursor (Lusis, 2000).

Finally, an interesting mechanism by which platelets contribute to atherosclelosis

is by their phagocytosis by macrophages in lesions. Macrophage processing of p-amyloid

precursor protein present in platelets causes macrophage activation and foam cell

formation (De Meyer et a1,2002).



2.2.4. Role of platelets in atherothrombosis

The rupture of vulnerable or unstable atherosclerotic plaques often elicits

formation of occlusive thrombi, which are the cause of acute complications of

atherosclerosis, including unstable angina, non-Q-wave MI, Q-wave MI, and sudden

death (Corti et a\.,2002). Vulnerable plaques often are mildly stenotic, consist of a large

lipid core enclosed by a thin fibrous cap and have a high concentration of inflammatory

cells (Corti et al., 2002). Plaque disruption occurs due to mechanical forces such as

increased blood flow and bending and flexing of vessels, and is also triggered by

inflammatory cells (Lusis, 2000; Corti et al., 2002). Active leukocytes ploduce

proteolytic enzymes, such as collagenases, elastases, gelatinases (Ruberg et a|.,2002) and

stromolysin (Lusis, 2000), which can degrade extracellular matrix within the fibrous cap.

Additionally, T cells produce interferon-y (IFN-y), which prevents matrix ploduction by

SMCs and thus promotes thinning of the fibrous cap (Lusis, 2000).

Tissue factor (TF) present in the necrotic core of the lesion is largely responsible

for eliciting thlombotic events (Lusis, 2000). TF activates the coagulation cascade to

produce thlombin. Thrombin potently activates circulating platelets and cleaves

fibrinogen into hbrin; both events which promote thrombus formation. Macrophages are

likely the main source of TF. However, monocytes, ECs and vascular smooth muscle

cells are also capable of expressing TF (Moons et al., 2002). TxAz, released from

activatedplatelets within the lesion (Cor1i et a|.,2002), and plasminogen activator (Lusis,

2002) may also contribute to platelet activation and thrombosis.



2.2.5. Platelets and endocarditis

Endocarditis is an infection of the heart valves, the endocardium and intracardiac

prosthetic valves (Sandle and Shafran, 1996). It is an uncommon, life-tlleatening

condition due to its complications that include congestive heart failure, paravalvulal

abscess formation and embolism, particularly embolic stroke (Sexton and Spelman,

2003).

The pathogenesis of endocarditis is initiated by bacterial adherence and

colonization of platelelfibrin vegetations that have formed over injured or diseased

cardiac vessels, or on areas of the endocardium (Herzberg, 1996). Oral streptococci,

staphylococci and enterococci arc the organisms most comrnonly isolated from

endocarditis lesions (Johnson, 1993). They enter the circulation during certain invasive

dental procedures, such as tooth extraction and periodontal surgery, as well as frorn

gastrointestinal and genitourinary procedures (Steckelberg and Wilson, 1993). Yet,

invasive procedures are not the source of most infections that cause endocarditis (Dajani

et al., 1997). Persisitent and chronic infection, such as peliodontitis, may be one major

source of endocarditis-inducing bacteria (Lockliart, 2000). Transient bacteremia may

persist in the blood for only 15 to 30 minutes, however, bacterial adherence to areas of

caldiac damage can occur within minutes (Moreillon et a|.,2002).

Oral streptococci account for approximately 28% of all cases of infective

endocarditis (Cabell and Abrutyn, 2002). Despite the fact that over 300 types of

organisms colonize the oral cavity, streptococci are the only oral microorganisms

implicated in the pathogenesis of endocarditis (Lockhart, 2000). Oral streptococci, or

viridans streptococci, have surface adhesins that allow them to bind platelets, fibrin,



fibronectin and other extracellular matrix proteins. For example, S. sangu¿s and S. mutans

produce glucans, or surface polysaccharides, which increase adherence to fibrin-platelet

clots in vitro (Scheld et ø1., 1978). Additionally, inactivating the fibronectin-binding

activity in S. sanguis, and fibrin binding activity of FimA in S. parasanguis, decreases the

ability of these organisms to induce endocarditis in rats (Lowrance et a|.,1990; Burnette-

Curley et al., 1995). Fufthermore, immunization of catheterized rats with recombinant

FimA prevented the development of endocarditis as a result of antibody-mediated

inhibition of bacteriai adherence (Viscount et ø1., 1997). FimA is structurally similal to a

number of other streptococcal adhesins; therefore, FimA immunization is also capable of

protecting against endocarditis when rats are infected with S. mitis, S. ntutans or S.

salivarius (Kitten et a1.,2002).

Following colonization, the bacteria often become encased in further depositions

of platelets and fibrin, which protect the bactelia from host immune defenses. Oral

streptococci can directly trigger the activation and aggregation of platelets, which may

affect disease progression. Herzberg et al (1992) demonstrated that infection of rabbits

with an aggregation-inducing strain of S. sangzls produced larger lesions than a non-

aggregattng strain. Streptococci may also influence the growth of the vegetation by

upregulating TF production from surrounding monocytes (Moreillon et a1.,2002).

In humans, endocarditis has several clinical rnanifestations. As a result of

infection, leukocytes are recruited to the site and the release of cytokines causes valvular

tissue destruction, which may lead to valvular incompetence and heart failure (Herzberg,

1996). Lesions may also grow large enough to cause coronary artery obstruction,

inducing MI. Moreover, fragments of the vegetation can embolize, causing myocardial
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and cerebral infarction (Herzberg, 1996). Lesion fragmentation, which is also associated

with the release of bacteria into the circulation, can induce the formation of small

circulating immune complexes and contribute to vasculitis, arthritis and

glomerulonephritis (Livornese and Korzeniowski, 1992; Heruberg, 1996). If left

untreated, bacterial endocarditis is fatal within 6 months of initial infection (Herzberg,

1996). Treatment is often a combination of antibiotic therapy and valvular surgery.

2.3. Association between periodontal infections and cardiovascular diseases

Atherosclerosis and its associated conditions, such as MI, stroke and peripheral

arterial disease, account for approximately 50% of deaths in developed countries (Lusis,

2000). The etiology of approximately half of these deaths cannot be explained by the

traditional risk factors, such as smoking, diabetes, and hypertension (Epstein et a|.,1999).

Tlrerefore, it is likely that other unrecognized risk factors have a role in the development

of CVD. Several epiderniological studies suggest that periodontal disease may be

associated with the development of CVD. Gingival ulceration accompanying periodontal

disease facilitates chronic transient infections by being a porlal of infiltlation fol oral

bacteria and locally produced inflammatory mediators into the bloodstream (Research,

Science and Therapy Committee of The Arnerican Academy of Periodontology, 1998).

Consequently, its presence may have an effect on systemic health. Supporting the claims

of epidemiological studies are reports revealing biological evidence that may explain the

mechanisms resulting in the relationship.
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2.3.1. Epidemiological studies examining the association

One of the first studies providing evidence of a link between periodontal disease

and CVD was conducted in 1963 by MacKenzie and Millard, who examined the

association between diabetes mellitus and alveolar bone loss. V/hile there appeared to be

no difference in bone loss between diabetic individuals and controls, non-diabetic

atlrerosclerotic subjects exhibited 62% more bone loss than controls. However, this

difference was not statisticaliy significant (MacKenzie and Millard, 1963).

Numerous epidemiological studies examining the validity of the relationship

between periodontal disease and CVD followed. Each study employed statistical analysis

to determine whether periodontal disease could act as a predictor of cardiovascttlal events

independently of the recognized risk factors for CVD. The studies varied widely in tlieir

inclusion of different cardiovascular events as outcomes. They included coronary heart

disease (DeStefano et a1.,1993; Hujoel et a|.,2000; Emingil et a|.,2000), fatal and non-

fatal Ml (Emingil et a|.,2000, Beck e/ a|.,7996; Buhlin et a|.,2002;López et a|.,2002),

angina pectolis (Beck et al.,1996;López et a|.,2002), stroke (Beck et a|.,1996; Buhlin

et a|.,2002; Joshipura et a|.,2003), cerebrovascular disease (Molrison et a|.,1999;Wu et

al., 2000), coronary artery disease (Malthaner et al., 2002), peripheral arterial disease

(Hung et a1.,2003), and carotid artery plaque formation (Desvarieux et a1.,2003). There

was also great heterogeneity in the criteria by which periodontal disease was assessed.

Indicators included total number of teeth (López et al., 2002; Joshipura et al., 2003),

decayed teeth (Destefano et a1.,1993; Monison ef a1.,1999),loose teeth (Buhiin et al.,

2002), incident tooth loss (Joshipura et al., 2003; Hung et al., 2003), deglee of

periodontitis (DeStefano et al., 1993; Hujoel et a1.,2000; Morrison et al., 1999; Wu et
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al., 2000; Hung et al., 2003), bleeding gums (Buhlin et al., 2002), alveolar bone loss

(Beck et a1.,1996;Malthaner et a1.,2002), probing depths (Emingil et a1.,2000, Becl< eÍ

al., 1996; Buhlin et al.,2002; Lopez et al.,2002; Malthaner et al.,2002), bleeding on

probing (Emingil et al., 2000; Malthaner et a1.,2002), edentulousness (Emingil et al.,

2000; Buhlin et a|.,2002;Wu et a|.,2000; Malthaner et a|.,2002), and gingival recession

(Malthaner et a1.,2002). Additionally, the studies differed in the extent to which the

effects of confounding variables, such as the traditional heart disease risk factors, were

accounted for. Various combinations of the following risk factors were consideled: age,

sex, race, education, marital status, family history, systolic and diastolic blood pressure,

total selum cholesterol concentration, body mass index, diabetes, physical activity,

alcohol consumption, economic status, and smoking history and status.

The majority of these studies concluded that an association between periodontal

disease and CVD exists, while a few failed to observe a significant association (Joshipula

et al., 1996; Hujoel et al., 2000; Mattila et al., 2000; Howell et al., 2001; Hujoel et al.,

2001). The discrepancy of findings among studies may be the result of differences in how

studies were conducted, indices of CVD and measures of oral health status

(Montebugnoli et a1.,2004). A recent meta-analysis by Jalket et al (2003) summalized 8

prospective and 1 retrospective cohort studies. The selected studies were included in the

meta-analysis based on iarge sample size, evidence that periodontal disease preceded the

cardiovasculal event, and whether the study provided enough information to calculate

relative risks (RR) and confidence intervals. The studies were also evaluated for the

degree to which the effects of confounding variables were considered. Additionally, most

studies had a r-easonable follow-up period, ranging from 6 to 2l years. The authors
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concluded that periodontal disease is associated with a moderate 79%o increase (RR, I .19)

in the risk of developing CVD. The risk increases in subjects less than 65 years oid (RR,

L44), and if the outcome was stroke (RR, 2.85) (Janket et aL.,2003). A similar review by

Scannapieco et al (2003), which examined 31 studies including randomized controlled

clinical trials, longitudinal, cohort and case control studies, found an overall modest

association between periodontitis and outcomes such as atherosclerosis, MI, stroke and

peripheral vascular disease (Scannapieco et aL.,2003).

Therefore, the literature suggests there is sufficient evidence to propose a small to

moderate association between periodontal disease and CVD. To validate this relationship,

large epidemiological studies designed plimarily to evaluate this association that

rigorously control for the effects of confounding variables are still requiled. Additionally,

association does not predict causality. Interryentional studies examining the effect of the

elimination of periodontal infections on the development of coronary artery disease may

aid in proving a causal relationship. The effect of treatment of periodontitis on secondary

cardiovascular events will be directly tested in a large-scale, multi-centre clinical trial

(PAVE, Periodontitis and Vascular Events: Pilot Trial; http://www.cscc.unc.edu/pave),

which will include thousands of individuals with periodontal disease and atherosclerosis.

This trial may provide valuable insight into the causal relationship between the two

diseases, and may lead to new approaches in the prevention of CVD.

2.3.2. Biological evidence supporting the association

The presence of oral microorganisms in carotid atherosclerotic plaques implies a

direct role for periodontal infection in atherogenesis (Chiu,1999;Haraszthy et a|.,2000).
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^S. sanguis (Chiu, 1999), P. gingivalis (Chiu, 1999; Haraszthy et al., 2000), A.

actinomycetemcomitans, B. forsythus, and P. intermedia (Haraszthy et a|.,2000) have all

been identified by immunostaining with specific antibodies, and PCR, in human

endarterectomy specimens. Notably, S. sanguis and P. gingivalis, which have been shown

to activate platelets (see below), were localized in aleas of ulcer and thrombus formation

(Chiu, 1999). Additionally, periodontal pathogens such as Eikenella corrodens, P.

gingivalis, and P. interntedia, can invade human coronary artery endothelial and srnooth

muscle cells in vitro (Dorn et al., 1999).Infection of the coronary artery ECs led to gross

disruption of the monolayer. Consequently, injury resulting from oral bacterial invasion

may initiate or exacerbate the atherosclerotic process (Dorn et a1.,1999).

The use of animal models has provided the most compelling evidence of a

contribution of periodontitis to atherosclerosis. In a study by Li et al, (2002)

apolipoprotein E-deficient mice were intravenously infused with live P. gingivalis

weekly over 24 weeks. This study concluded that long-term systemic challenge by an oral

bacterium could aggravate atherosclerotic plaque formation (Li et a|.,2002). A separate

study utiiized hypercholesterolemic apoE-null mice, which spontaneously develop

atlrerosclerosis (Lalla et a\.,2003). These mice were administered topical oral infections

witlr P. gingivalis to study the effect of periodontal infection on atherogenesis. The mice

developed periodontal disease as evidenced by alveolar bone loss, and in comparison to

non-infected apoE-null mice, had increased plasma IgG titres to P. gingivalis, highly

elevated levels of proinflammatory and prothrombotic mediators in the vascular tissue

and more and larger atherosclerotic plaques. These data suggest that P. gingivalis

infection initiating from the oral cavity induces systernic humoral responses and
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accelerates the development of atherosclerosis (Lalla et al., 2003). In a similar study,

rabbits were fed a high fat diet to induce lipid deposition and atherogenesis, and

periodontitis was initiated by the application of a P. gingivalis sluny to a silk ligature

around the mandibular premolars (Jain et ø1.,2003). The test rabbits accumulated more

lipids in the aorfa, and the severity of periodontal disease was directiy related to the

extent of lipid deposition.

The mechanisms whereby periodontal disease may contribute to the development

of atherosclerosis and the occurrence of thrombotic events are yet to be established.

However, the chronic invasion of oral bacteria and their products may influence systemic

health by persistent engagement of host defense mechanisms (Kinane, 1998; De Nardin,

2001). For example, periodontal pathogens and LPS on the surface of these organisms

can stimulate monocytes in gingival tissues to produce the pro-inflammatory cytokines

PGEz, IL-19, and TNF-o, which have a role in the development and progression of

atherosclerosis and coronary artery diseases (Funk et al., 1993). IL-18 prortotes

coagulation and thrombosis while delaying fibrinolysis (Clinton et al., l99l). IL-1B and

TNF-a, released by monocytes can also promote lipid accumulation, particularly

cholesterol and cholesterol esters, in monocytes leading to the production of foam cells.

Additionally, iL-lB and other monocyte cytokines, such as transforming growth factor B

and platelet derived growth factor, promote smooth muscle cell proliferation, contributing

to vessel wall thickening (Beck et al., 1996). Unpublished data from a study of 6000

subjects demonstrated a signifrcant association between gingival crevicular fluid levels of

IL-IP and increased thickness of carotid arterial walls, and between gingival crevicular

fluid levels of PGEz and calcification of carotid arteries. These relationships were
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independent of the traditional risk factors of atherosclerosis (Beck and Offenbacher,

2001).

Periodontal infections evoke a systemic humoral antibody response that leads to

increased serum IgG against periodontal pathogens such as P. gingivølis and A.

actinomycetemcomitans (Pussinen et a1.,2002). High antibody titers against P. gingivalis

and A. actinomycetemcomitans are positively associated with coronary artery disease,

which is further evidence that periodontitis induces systemic responses that may have a

role in pathogenesis of this disease (Pussinen et a|.,2003).

Periodontitis is also associated with increased levels of biomarkers of future

cardiac events (Wu ør a|.,2000).Infiltration of cytokines into the circulation may initiate

a systemic acute-phase response Q.Joack et a1.,2001). C-reactive protein, which is the

strongest predictor of future cardiovascular incidents (Ridker et a|.,2000), is elevated in

the serum of individuals with periodontitis and this increase is associated with tl-re

presence of subgingival infection by the periodontal pathogens P. gingivalis, Prevotella

intermedia, Campylobacter recta and B. forsythtts Q.üoack et al., 2001). C-reactive

protein may contribute to CVD by inducing local cytokine production and activating

complement, which can damage the coronary vasculature (De Nardin, 2000). Fibrinogen

and vWf, additional independent risk factors for CVD, have also been found to be

elevated in patierfs with periodontal disease (Wu et a1.,2000; Kweidel et al., L993;

Mattila et al., 1989). Fibrinogen, an acute-phase protein synthesized by the liver in

response to IL-6, may initiate plaque formation by damaging ECs lining arteries and by

stimulating rnonocytes to produce IL-IP (Wu er a1.,2000; De Nardin, 2000). Both

T7



fibrinogen and vWf also influence blood coagulation, viscosity and platelet adhesion and

aggregation (Ernst, 1993).

Several groups have denonstrated in vitt'o that various strains of Streptococcus

sanguis (Herzberg et a1.,1983; Sullam et al., 1987; Ford et al., 1993) and P. gingivalis,

and its outer membrane vesicles (Sharma et a1.,2000; Lourbakos et a1.,2001,; Pham et

a1.,2002), can induce the activation and aggregation of human platelets, which may lead

to the fonnation of thrombi that initiate coronary artery occlusion and MI (Sharrna et al.,

2000). Herzberg and Meyer provided in vivo evidence of the ability of S. sanguis to

promote thrombosis (Herzberg and Meyer, 1996; Meyer et al., 1998). Rabbits were

infused with a piatelet aggregation-inducing stlain, which led to abnorrnal

electrocardiograms, an increase in systemic blood pressure, hypotension, tachycardia and

decreased cardiac contractility (Herzberg and Meyer, 1996). Infusion of rabbits with a

non-aggregation-inducing strain failed to cause any of these indicators of MI. A second

study demonstrated that rabbits infected with aggregation-inducing .S. sanguis also

became thrombocytopenic, with radioactively-labelled platelets shown to accumulate in

the lungs (Meyer et al., 1998). Therefore, the occurence of ischemia and MI in the

experimental rabbits was due to the thrombogenic influence of S. sanguis.

Overall, growing data support a positive correlation between periodontitis and

CVD. Interventional studies are required in humans to determine if periodontal treatment

regimens have a significant effect on the presence of inflamrnatory markers, platelet

activation and thrombosis in affected individuals.

l8



2.4. Platelets

Platelets ale discoid, anucleate cells that play an important role in the arrest of

bleeding, or hemostasis. In response to vascular injury, they initiate the formation of the

hemostatic plug, produce secondary mediators that recruit platelets to the site, and

provide a catalyfic surface for the assembly of coagulation factor complexes, leading to

thrombin generation and insoluble f,rbrin clot formation (Ahmad et al., 2003). Platelets

are the smallest cells in the blood, with an equatorial diameter of 2 - 3 pm, and ate

present at2 - 3 x 108/mL of blood. Platelets are formed from the cytoplasm of bone

marrow megakaryocytes and have a lifespan of 10 - 12 days (Fi9.2.2).

2.4.1. Platelet membrane composition

The platelet surface membrane is a phospholipid bilayer with an asymmetric

distribution of phospholipids on either side of the membrane (Shattil and Cooper, 1978).

Phosphatidylcholine is equally distributed in the inner and outer leaflets, while

sphingomyelin is found predominantly in the outer layer. The acidic phospholipids,

phosphatidylethanolamine, phosphatidylserine and phosphatidyiinositol are mainly

located in the imer half of the bilayer, with phosphatidylserine and phosphatidylinositol

almost exclusively found in this leaflet (Shattil and Cooper, 1978). The amount of

cholesterol, which on average comprises 20o/o of membrane lipids, the deglee of

unsaturation of phospholipid acyl chains, and the relative proportions of various

phospholipids affect membrane fluidity (Shattil and Cooper, 1978), which directly

influences aggregation (Berlin et a|.,1984).
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The piatelet membrane contains a variety of proteins, GPs, integrins, and

receptors for agonists and inhibitors. Histochemical techniques have identified a Na*/K*

ATPase within the plasma membrane (Wurzinger, 1990). The following integrin (GP

designation in brackets) and GP receptors for adhesive ploteins are present: ozgr

(GPIa/lIa) and GPVI, which are collagen receptors; GP[V, the thrombospondin and

collagen receptor; o.lr¡9: (GPIIb/IIIa), the fibrinogen, fibronectin, vWl and vitronectin

receptor; GPIb/DíV, the v'Wf and thrornbin receptorl oups, a receptol for vitronectin,

f,rbrinogen, vWf, and thrombospondin; and o5p1 (GPIc/IIa), the fibronectin receptor

(Israels and Israels ,2002). FoyRIIA is the receptor for the Fc portion of igG and mediates

platelet aggregation in response to aggregated IgG (Israels et al., 1973). Receptors for

soluble agonists such as thrombin, ADP, epinephrine, TxA2, and serotonin, and

inhibitors, such as PGIz, have been well characterized.

A key feature of the platelet plasma membrane is the open canalicular system,

which is an invagination of the plasma membrane. It increases membrane surface area in

direct contact with the exterior, and also functions as the site where platelet granules fuse

with the plasma membrane and release their contents following platelet activation

(McNicol and Genald, 1997).

2.4.2. Platelet cytoskeleton

The platelet cytoskeleton serves two functions: to regulate the platelet's shape in a

variety of conditions and in response to different stimuli, and to recruit, and activate,

signaling molecules (Fox, 2001). The cytoskeleton maintains the discoid shape of resting

plateiets, and signals emanating from agonist receptors induce the activation of
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cytoskeleton-associated signaling molecules that modiff cytoskeleton components.

Cytoskeletal rearrangements contribute to conversion to a spherical shape, f,rlopodial

extension, cell spreading, and clot retraction,

The cytoskeleton is composed of a submembranous microtubule coil, a

submembranous membrane skeleton, and long interconnected actin f,rlaments that extend

throughout the cytoplasm and arc attached to the microtubule coil, the membrane

skeleton, and membrane GPs, such as the GPIbs subunit and o,¡¡6B3 (Fox,2001;Hartwig

et al., 1999). Little is known about the function of the microtubule coil, however, rtuch

attention has been focused on the structure, function, and proteins associated with the

actin-based portion of the cytoskeleton.

The membrane skeleton serves to connect cytoplasmic actin filaments to the

membrane and recruits a number of essential signaling proteins. It is composed of short

actin filaments that are cross-linked by such proteins as actin-binding protein, spectrin

and dystrophin-related protein. Actin-binding protein also associates with GPIbo to form

connections between the mernbrane skeleton and the membrane (Andlews and Fox,

1991). Spectrin likely binds to the plasma membrane by protein 4.1, as in red cells, and is

also found in complexes containing c¿u¡p: (Fox, 2001). Spectrin contains calpain cleavage

sites at which the protein is cleaved during aggregation, suggesting that modifications

play a role in inducing platelet shape change following integrin activation (Fox et al.,

1987). Dystrophin-related plotein is also cleaved by calpain downstream of o.¡¡683

activation and may therefore serve a similar function to spectlin (Fox,2001). Another

important membrane skeleton-associated protein is talin, which links integrins and actin

by binding to B1 and B3 integrins via its amino-terminus (Calderwood et a1.,1999), and to
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actin al its carboxy-terminus (Muguruma et a|.,1990). Talin can become phosphorylated

and is cleaved by calpain in activated piateiets, and thus parlicipates in cytoskeietal

rearrangement (Fox, 2001).

The dynamic nature of actin filaments is necessary for platelet shape change and

the promotion of functional responses. Consequently, actin reorganization is tightly

regulated. Unactivated platelets have lelatively stable filaments whose ends are capped

by capZ to prevent assembiy and disassembly, and the filament disassembiy plotein

cofilin is inactive (Hartwig et al., 1999).In contrast, stimulated platelets undergo rapid

increases in filarnent polymerization Qrlachmias, 1980), Platelets possess several proteins

that serve different functions in actin filament formation and reorganízation, such as

cleavage of existing filaments (gelsolin, when it severs and caps barbed ends; cofilin),

inhibition of the formation of new filaments (capZ, adseverin, tensin, adducin, tþrnosin

Ba), promotion of f,rlament formation (gelsolin, when it severs filaments to promote actin

polymerization; profìlin, 
^rp2l3, 

V/iskott-Aldrich syndrome protein, vasodilator-

stimulated phosphoprotein), and protection of existing filaments frorn depolymerization

(Fox, 2001). Platelet activation triggers a complex networlc of signaling pathways that

regulates these proteins. While the precise signaling mechanisms from agonist receptor to

cytoskeletal reorganization have not been elucidated, essential roles for certain enzymes

have been established. Protein phosphorylation is required for the activation of a

multitude of signaling molecules involved in cltoskeletal rearrangernent, implicating the

involvement of tyrosine kinases, serine/threonine kinases, phosphatidylinositol 3-kinase

(PI3-K) and PI5-K (Fox, 2001). Several GTP binding proteins of the Rho family, such as

Racl, cdc42, and RhoA, each have unique effects on the cytoskeleton due to their
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activation of different downstream effectors (Tapon and Hall, 1997). Additionally, att

increase in intracellular C** is crucial for the activation of a number of molecules

involved in cytoskeletal reorganization, including gelsolin, calmodulin and calpain.

2.4.3. Dense tubular system

The dense tubular system is composed of branched channels often located along

the periphery of the platelet that may have originated from megakaryocytic smooth

endoplasmic reticulum (Wurzinger, 1990). It plays a role in Ca2* sequestration, and

receptors for inositol 3,4,5-trisphosphate (IP3) on its membrane signal for Ca2* lelease

into the cytosol (McNicol and Gerard, 1997). Uptake of arachidonic acid (AA)

(Laposata et al., 1987) and localization of prostaglandin-synthesizing enzymes (Gerrard

et al., 1976) suggest that the dense tubular system is a major site of TxA2 synthesis in

platelets.

2.4.4. Platelet granules

Platelets possess three types of secretory granules: dense glanules, which lelease

secondary agonists that activate neighboring platelets; cr-granules, which contain large

adhesive molecules and factors that promote blood coagulation; and lysosomal granules,

which limit thrombus growth through the release of acid hydrolases (Rendu and Blohard-

Bohn, 2001). Upon platelet activation, these granules move to the center of the platelet by

the action of the constricting cytoskeleton, and fusion of these granules with tire open

canalicular system releases their constituents into the extracellular space.
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2.4.4.1. Dense granules

D ens e gr anule mentbrane compo sition

Dense granule membranes contain a H* ion-pumping ATPase, which transporls

serotonin, or 5-hydroxytryptamine (5-HT), into the organelle by exchanging two H* for

each serotonin molecule imported (Fistrkes and Rudnicl<,1982). Several other membrane

constituents that have been identified include the integrin crnup: and GPIb (Youssefian e/

a|.,7997), the lysosomal integral membrane protein-I, LIMP-I (cluster designation (CD)

63) Q.Iishibori et a|.,1993),lysosomal-associated membrane protein-2 (LAMP-2) (Islaels

et a|.,1996), P-selectin (Israels et al., 1992), and several GTP-binding ploteins between

24 - 27 kDa (Mark et al., 1996). Two storage pool deficiencies associated with albinisrn

are caused by a lack of dense granule membrane proteins: the Hermansky-Pudlak

syndrome protein and the Chediak-Hegashi syndrome protein (Ramsay, 1996). These

proteins have roles in the trafficking of organelle constituents (McNicol and Israels,

ree9)

Dense granule constituents

Dense granules are eiectron-trapping organelles that are 250 - 300 nm in

diameter, and are the heaviest olganelle in platelets (Hohnsen, 1985). They contain the

weak agonists selotonin and ADP, in addition to ATP, calcium and pyrophosphate

(McNicol and Israels, 1999). GTP and GDP ale also present at about one-third the

amount of adenine nucleotides (Holmsen, 1985). Dense granules may also accumulate

catecholamines, notably epinephrine and norepineptuine, although there is evidence that

these catecholamines and serotonin may be located within separate granules or platelets
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(Smith, 1996). Calciurn is most abundant in the dense granules, making up 60 - 70% of

total platelet calcium (McNicol and Israels, 1999).

2.4.4.2. a-granules

a-granul e membrane compo sition

Severai constituents of the plasma membrane are also found within the u-granule

membrane, such as crlruÞ¡ (Gogstad et a1.,1981), GP IbA//IX (Berger et a1.,1996), a"F¡

(Poujol et a|.,1997), CD36 (Berger et al.,1993), CD9 (Cramer et a|.,1994), PECAM-1

(Cramer et a|.,1994), and the GTP-binding protein Raplb (Berger et o1.,1994). Since a-

and dense granules contain some of the same components of the plasma membrane, it is

likely that both granules are formed by an endocytic process from plasma membrane.

Aside from Raplb, several other GTP-binding proteins have been identified in the c-

granule membrane, such as Gr24 (van der Muelen et ø1., I99I), c25KG Qriagata and

Nozawa, 1993), Rab4 and Rab6 Q.Iagataand Nozawa, 1995). Proteins specific to the c¿-

granuie mernbrane inciude osteonectin (Clezardin et al., I99l), a-granule memblane

protein of 33 lcDa (GMP33) (Metzelaar et aI., 1992) and the recently identified triggering

receptor expressed on myeloid cells-like transcript-1 (TLTI) (Barrow et a|.,2004).In the

process of platelet secretion, o,-granule membranes fuse with the plasma membrane,

increasing the local concentation of these receptors and proteins on the plasma memblane

surface. The o-granule membrane also contains a Mg2*-dependent H*-ATPase, which

maintains a luurenal acidic pH that may facilitate exocytosis (Grinstein and Furuya,

1 983).
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d- gr anul e c o ns titu ent s

ø-granules contain a large number of proteins important in hemostasis,

inflammation, and wound repair (Harrison and Cramer, 1993). The granules are

spherical, oval, or sometimes elongated, and can range from 200 to 500 nm in size. Tire

proteins found in o-granules are either synthesized in megakaryocytes, or may have been

endocytosed or pinocytosed by megakaryocytes or mature platelets (Harrison and

Cramer, 1993). They can be broadly divided into two categories: platelet-specific

proteins and plasma-derived proteins, which are summarized in Table 2.1. a,-granule

deficiencies are associated with two bleeding disorders, the rare congenital disorders gray

platelet syndrome (Srivastava et al., 1987) and Quebec platelet disorder (Hayward et al.,

1996).

2.4.4.3. Lysosomal granules

L)tsosomal granule ntembr ane conzposition

Lysosomal membranes serve to confine hydrolytic components. Presently, three

GPs have been identified in platelet lysosomal membranes: LAMP-I, 1, and LIMP-I, or'

CD63 (Febbraio and Silberstein, 1990; Kannan et ø1., 1995). As mentioned earlier,

LAMP-2 and CD63 have also been detected on dense granule membranes. All three GPs

are expressed on the surface ofplatelets only upon activation by strong agonists such as

collagen and tluombin, with less than 90 molecules of each protein detected on resting

platelet plasma membranes, md over 1000 estimated to be exposed following

stirnulation. Their precise functions arc yet to be determined, although the presence of
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these heavily glycosylated proteins on activated platelets may increase platelet

adhesiveness (Febbraio and Silverstein, 1990).

Lys os omal granule constituents

Of all the cells in the body, piatelets store ploportionally the greatest amount of

lysosomal enzymes (McNicol and Gerrard, 1997). Round, lysosomal granules contain

various acid hydrolases, such as acid phosphatases, aryl-sulfatases, phospholipases, and

glycosidases (van Oost, 1986) (Table 2.1). Unlike the dense and cr-granules whose

contents are entirely leleased upon activation, lysosomal granules secrete 30 to 60%o of

their hydrolases, and release varying ploportions of each individual acid (Holmsen,

1994), The acidic intelior of the lysosome is maintained by a Mg2*-ATP driven proton

pump (Polasek, 1989).

The precise role of lysosomal granules remains controversial, They most likely

participate in later stages of hemostasis, particularly in lysis of the tiuombus and deblis

clearing, as maximal platelet stimulation is required for theil secretion (White, 1993).

Lysosomes rnay fuse with foreign particles engulfed by plateiets, but are not involved in

killing bacteria or viruses (White, 1993). Additional roles include degradation of the

subendothelial matrix and leukotriene metabolism (McNicol and Gerrard,1997).

2.4.5. Mitochondria and glycogen

An average platelet contains 12 mitochondlia that provide approximately 80% of

the energy required for a resting platelet tluough oxidative phosphorylation (Hohnsen,
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ü,-sranules Dense sranules Lysosomes

Platelet-specific
proteins

PIasma-derived
nroteins

serotonin
ATP
ADP
calcium

cathepsin D
cathepsin E
carboxypeptidase A
carboxypeptidase B
proline

carboxypeptidase

B-N-acetyl-D-
hexosaminidase

B-D-glururonidase
B-D-galactosidase
o.-D-mannosidase
a-L-arabinofuranosidase
c,-D-galactos idase

a.-L-fucosidase

B-D-fucosidase
B-D-glucoidase
o,-D-glucosidase
acid phosphtase
arylsulphtase

B-thrornboglobulin
platelet faúor-4
platelet-derived growth

factor

alburnin
fibrinogen
fibronectin
vitronectin
osteonectin
factor V
vWf
von Willebrand antigen-
II

thrombospondin
histidine rich

glycoprotein
high molecular weight

kininogen
IgG,IgA,IgM
C1 inhibitor
two proteins from the

alternative
complement pathway

transforming growth
factor-B

endotheiial cell gowth
factor

amyloid B-protein
precursor

plasminogen
plasminogen activator

inhibitor-1
plateiet derived

collagenase inhibitor
protein S

o2-anti-trypsin
o2-macroglobulin
c2-anti-plasmin
multimerin
vascular permeabiiity

factor
tissue factor pathway

inhibitor
interleukin- i ß

Table 2.1. Platelet granule contents. (Sources: Harrison and Cramer, 1993; McNicoI
and Israels, 1999; van Oost, 1986).
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1935). The remaining 20o/o of energy is obtained from glycolysis of the substrate

glycogen, which is stored in its own granules (Holmsen, 1985).

2.5. Platelet activation

Upon stimulation, piatelets convert from a quiescent form to an active state in

which they are capable of binding to other platelets to form a hemostatic plug or a vessel-

occluding thrombus. When platelets are activated, shape change occurs and pseudopods

are extended, ligand-binding sites on adhesive receptors are exposed, granule contents are

released and secondary mediators, such as TxA2, are produced to augment activation. A

variety of excitatory agonists can initiate activation, including soluble molecules and

extracellular matrix proteins. These agonists bind to their respective receptors on the

platelet membrane and stimulate a cascade of intracellular signaling pathways, with

valiations in the signaling molecules triggered downstream of each receptor. The

coÍ1mon goal of these signaling pathways is to activate the fibrinogen receptor, the

integrin curuÞ¡ (or GPIIb/IIIa). In its activated conformation, o¡¡sB3 is capable of binding

soluble fibrinogen fiom the plasma milieu. c¿rrup: engagement of f,rbrinogen not only

facilitates tethering of activated platelets into a clot, but also triggers a variety of signal

transduction events that further activate tlie platelet, stimulate neighboring platelets and

stabilize aggregate formation. Therefore, platelet activation can be divided into two

stages: 1) signals emanating from agonist-bound receptors that lead to c¿lrups

conformational change, collectively termed "inside-out" signaling, and 2) signals

generated following the adhesion of fibrinogen to c¿uup¡, or "outside-in" signaling.
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2.5.L.Integrin cur¡F¡

cr¡uÞ¡ mediates platelet aggregation and spreading on vasculal surfaces by

binding Arg-Gly-Asp-containing adhesive ligands such as fibrinogen and vWf in a Caz* -

dependent manner. c¿1u9¡, which is specific to megakaryocytes and plateiets, is a

heterodimer consisting of a two-chain a-subunit and a single-chain B-subunit bound non-

covalently (Shattii et al., 1998). The N-terminus and a majority of each subunit are

extracellular. Both subunits span the membrane once and have a short cytoplasmic tail;

the a¡¡6 subunit has 20 amino acids while the B3 subunit has 47 amino acids (ShattiI et al.,

1998). Aside from the approximately 80 000 copies of oyy6B3 on the platelet surface, this

integrin is also found in the membranes of a-granules and the open canaiicular system

(Sliattil et al., 1998). The signif,rcance of ø¡16p3 in platelet aggregation is evident by the

inherited bleeding disorder Glanzmann thrombasthenia, which is characterized by the

absence, or dysfunction,, 
3f 

c¿¡uÞ¡ that leads to reduced or lack of platelet response to

physiological agonists (French and Seligsohn, 2000).

In resting platelets, orlr,ps is maintained in a closed ol inactive conformation such

that it cannot stably bind soluble fibrinogen or vWf within plasma. This protective featule

prevents inadvertent platelet adhesion and activation. Fluorescence resonance energy

transfer studies demonstlated that following platelet activation, the ollu and B3 subunits

undergo changes in orientation (Sims et al., 1991), which greatly increases access of

ligands to binding sites in the receptor. The conversion of a¡¡683 to its open confolmation,

known as affinity modulation, is responsible for initial reversible ligand binding.

u¡up: associates with the actin cytoskeleton through actin-binding proteins, such

as cr-actinin, filamin, and talin (Calderwood et aL.,1999).Inside-out signaling is tliought
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to promote the release of a pool of o¡¡sB3 from its cytoskeletal restraints, allowing free

lateral diffusion within the plane of the plasma membrane. This occunence, known as

avidity modulation, ffiày induce integrin conformational change, increase ligand-receptor

encounters, and facllitate receptor oligornerization (Shattil, 1999). Therefore, avidity

modulation strengthens ligand adhesion, which promotes irreversible binding.

2.5.2.Inside-out signaling leading to activation of cr¡¡683

A variety of physiological agonists bind to their specific receptols on the platelet

surface and effect activation and aggregation. Signaling pathways initiating from agonist

receptor occupancy culminate in o¡6B3 activation and also contribute to post-aggregation

events. While thousands of articles have been published on various aspects of platelet

activation, the precise signaling pathways directly invoived in o¡683 activation have not

been completely charucterized. However, a number of mechanisms have been observed

to be essefiial for o¡¡683 activation and have been implicated as irnportant upstleam

mediators (Fig. 2.3).

Phosphoinositide hydrolysis mediated by phospholipase C (PLC) isoforms is a

key event in platelet activation. PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate to

produce IP¡ and diacylglycerol (DAG) Q.Jozawa et al., 1991). IP¡ binds to receptors on

the dense tubular system to release stored intracellular Ca2*, while DAG stimulates

protein kinase C (PKC) activation. Agonists such as thrombin, ADP, and TxA2 bind to

heptahelical receptors associated with heterotrimeric (c¿Fy) G ploteins (Brass et al.,

1997). Each of these agonists signal through the G.' fonn of the a subunit to activate

PLCp.
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Fig. 2.3. Overview of important mediators in inside-out signaling. See text for details.

1[Cu'I, increase in intlacellular Caz* levels; DG secr., dense granule secretion.
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Coliagen and aggregated IgG act via receptors thal are associated with non-

receptor tyrosine kinases, such as the Src family kinases and Syk, which are upstream

regulators of PLCy2. The Src family of tyrosine kinases includes Src, Fyn, Lyn, Hck,

Yes, Lck, Fgr, Blk and Yrk, of which the first five have been identified in platelets

(Jackson et al., 1996). These enzymes each contain an N-terminal myristoylation signal,

SH3 and SH2 domains, a catalytic site and a tyrosine residue within the C-terminal tail

that plays an autoregulatory role (Jaclcson et al., 1996). The phosphorylated C-telrninal

tyrosine residue binds to the N-terminal SH2 domain and represses the catalyfic site

(Bagrodia et al., 199i). Dephosphorylation of this residue, possibly by the protein

tyrosine phosphatase (PTP) SH2 domain-containing phosphatase-1 (SHP-1) (Sornani ez

al., 7997), relieves inhibition by exposing the catalytic site. Syk has been implicated as a

downstream signaling molecule in antigen and Fc receptor signaling (Jackson et al.,

1996). It contains two N-terminal SH2 domains and a C-terminal cataiytic domain

(Jackson et al., 1996).In platelets, the FcR y-chain linl<ed to the collagen receptor, GPVI,

and FcyRIIA, the low-affinity receptor for IgG, each contain two tyrosine residues within

a consensus sequence (YXXL/X6-3YXXL/I; X : any amino acid) known as the

immunoreceptor tyrosine-based activation motif (ITAM) (Watson and Gibbins, 1998).

Phosphorylation of these residues by Src family kinases provides high affinity binding

sites for the tandem SH2 domains of Syk, leading to Syk activation and

autophosphorylation (Jackson et al., 1996). Negative regulation of Syk activity may be

mediated by intlamolecular interactions that inhibit the catalytic activity of the Syk

kinase domain (Sada et al., 2001). Additionaliy, depirosphorylation by PTPs such as
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SHP-1 may be necessary to prevent constitutive signaling as ectopic expression of Syk

leads to hyperphosphorylation (Sada et aL.,2001).

Increased intracellular Ct* and PI(C activation are required for a number of

intracellular events that lead to a¡1683 activation. Ca2* release stirnulates activation of

cytosolic phospholipase Az (oPLA2), which cleaves AA from the sn-2 position of

phospholipids, primarily phosphatidylethanolamine and phosphatidylcholine. AA is

subsequently oxidized by cyclooxygenase-l (COX-I) to produce PGGz, which undergoes

a peroxidase reaction to form PGHz. Finally, Tx synthase catalyzes the conversion of

PGHz to the unstable secondary agonist, TxAz (Israels and Israels, 2002). TxA2 released

from the platelet and acting on its own receptors causes further phosphoinositide

metabolism to potentiate crll¡Þ¡ activation (Shattil and Brass, 1987). Activation of PI(C

by phorbol esters such as phorbol myristate acetate can induce exposure of curup: binding

sites independent of TxA2 (Shattil and Brass, 1987). Ca2* and PKC each have roles in the

secretion of dense granules, which contain ADP and epinephrine. These secondary

agonists bind to receptors associated with heterotrimeric G¡ proteins, which inhibit the

production of cyclic adenosine monophosphate (cAMP) by adenylyl cyclase (AC). oAMP

activates cAMP-dependent plotein kinases, which have a variety of negative regulatory

effects including the inhibition of intracellular Caz* release and cytoskeletal

rcorganization. Activation of Gi prevents cAMP fomation and thus potentiates c¿¡uÞ:

activation (Schwarz et aL.,2001).

PI3-K phosphorylates PI(4)P and PI(4,5)P2 to produce PI(3,4)P2 and PI(3,4,5)P3,

respectively. Plateiets contain two isoforms of PI3-K, p85/p110 and p110y (Rittenhouse,

1996). The p85/p110 isoform is activated downstream of tyrosine kinase-dependent
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patlrways, and has been shown to interact with Src and Syk (Gutkind et a|.,1990; Chacko

et a|.,1996), while p110y is regulated by its interaction with G protein By subunits. PI3-K

products may contribute to integrin activation by the recruitment of plechstrin homology

(PH) domain- or SH2 domain-containing signaling molecules to the plasma memblane,

including the serine-threonine kinase Akt, which contains a PH domain, and PLCyZ,

which also contains a PH domain and tandem SH2 domains (Toker and Cantley, 1997;

Gratacap et al., 1998). Additionally, 3-phosphorylated phosphoinositides may activate

novel isoforms of PKC, such as PKCe and PKC2" (Toker and Cantley,1997).

As previously mentioned, release of o¡¡683 from its cytoskeletal constraints

promotes integrin affinity and avidity. Therefore, actin cytoskeletal reorganization has a

primary role in mediating c¿lmÞ¡ activation. Smali GTP-binding proteins have been

implicated in modulating o16B3 affinity tluough their effects on the actin cytoskeleton.

GTP-binding proteins cycle from a GDP-bound inactive state to a GTP-bound active

state, and the conversion is mediated by guanine nucleotide exchange factors, guanine

nucleotide dissociation inhibitors, and GTPase-activating proteins. For example,

constitutively active Racl stimulates a pathway leading to the formation of D3 and D4

polyphosphoinositides, which rmcap filamentous (F)-actin ald enable actin monomers to

add orrto the actin fast-growing end (Hartwig et aL.,1995). Raplb may also have a role in

inducing actin leorgartization through a Pl3-K-dependent mechanism (Bertoni et ø1.,

2002; Lova et al., 2003).

Ploteins directly bound to the cytoplasmic tails of ørruÞ¡ may also influence

conformational changes in the receptor. Shattil et al (L998) have proposed a modei in

which ollu and F¡ are constitutively linked, possibly tluough a salt bridge, to maintain the
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integrin in a quiescent state. Specif,rc signaling mechanisms triggered downstream of

agonist receptors may stimulate the binding of certain proteins to the cytoplasmic tail of

either subunit. Consequently, the integrin subunits may dissociate or become reoriented

relative to one another, exposing the ligand-binding domain (Kashiwagi et al., 1997;

Shattil et al., 1998). Several integrin-binding proteins are proposed to function in this

manner. B3-endonexin and the cytoskeletal protein, talin, bind selectively to the p3 tail

(Kashiwagi et al., 1997;Tadokorc et a\.,2003), while calcium integrin-binding protein

binds to oriu (Tsuboi, 2002). Therefore, cr,¡¡6 and B3 cytoplasmic binding proteins may be

final effectors of complex signaling pathways that culminate in integrin confolmational

changes and clustering, leading to efficient ligand binding.

2.5.3. Inside-out signaling pathways activated by excitatory agonists

Although platelet activation by physiological agonists collectively has the same

outcome, anup¡ activation and aggregation, there is much heterogeneity in the signal

tlansduction mechanisms utilized to achieve these ends. Overviews of the cuuent

knowledge on signaling pathways stimulated by the following common agonists are

provided below: th¡ombin, collagen, ADP, TxAz, and FcyRIiA. An additional review of

the key features of bacteria-induced platelet aggregation is also included.

2.5.3.1. Thrombin

Thrombin, a serine protease generated at sites of vasculat injury, is the rnost

potent platelet agonist (McNicol and Genard, 1993) (Fig.2.Ð. Thlornbin receptots on the

surface of hurnan platelets include the G-protein coupled receptors, ptotease-activafed
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Fig.2.4. Platelet signal transduction mechanisms induced by thrombin.
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receptor 1 (PARi) and PAR4, and GP Ib/V/IX (Brass,2003). PAR1 and PAR4 activation

is mediated by a unique mechanism in which tluombin cleaves the N-terminus of the

receptor to reveal a new N-terminus that can act as a tethered ligand. The binding site for

the tethered ligand is located within the extracellular loops of the receptor (Brass, 2003).

The synthetic peptides SFLLRN, which are the first six amino acids present in the

unmasked N-terminus of PARI, and GYPGKF, GYPGQV, and AYPGFK which mimic

the initial set of amino acids in the tethered ligand of PAR4, each activates human

platelets and they have been used to study PAR function in different cell types (Coughlin,

1999; Henriksen, 2002). PAR1 appears to mediate aggregation at low concentrations of

thrombin, while both PAR1 and PAR4 have roles at high concentrations (Coughlin,

1999). PAR1 activity is also terminated more rapidly than PAR4. Thus, in response to

high concentrations of thlombin, while PAR1 is promptly shut off, PAR4 activation is

sustained, which may be necessary for late aggregation events such as consolidation of

the platelet plug and fibrin clot retraction (Shapilo et al., 2000).

Ligand binding to the receptor induces a conformational change, which promotes

the exchange of GDP for GTP to activate the associated heterotrimeric G-protein. PAR1

and PAR4 can associate with the G-protein subtypes Go (Vaidyula and Rao, 2003) and

Gntn (Offermanns et a|.,1994). Go is essential for the activation of PLCP, whose actions

lead to an increase in cytosoli c C** and PKC activation. Ca2* release triggers cPLAz to

produce TxA2, and PKC activation mediates platelet granule secretion for the release of

ADP. PI3-K also appears to irave a role in mediating ouup¡ activation downstream of G.¡

(Dorsarn et al., 2002). Gnts activates RholRho kinase and a downstream mediator

p160RocK, which have roles in Ca2*-independent rnyosin light chain (MLC)
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phosphorylation (PauI et al., I999a; Dorsam et a\.,2002). Phosphorylated myosin binds

with actin, and this interaction aids in cytoskeletal reorganization and shape change (Fox

and Phillips, 1982; Daniel et a|.,1984).

Both TxAz and ADP act on their specific G-protein coupled receptors on the

platelet surface to support platelet aggregation (Blass, 2003). HoweveL, high

concentrations of thrombin activate platelets independently of released TxAz and ADP,

suggesting that these secondary agonists are required only to potentiate aggregation in

response to low doses of thrombin (Brass et aL.,1997;Krm et a|.,2002).

The exact mechanism of action of another thrombin receptor, GP Ib/V/X, has not

been clearly elucidated. GPIb is a heterodimer composed of an cx and B subunit attached

by disulf,rde linkages, which forms a complex with GPV and GPIX. GP Ib/V/IX is

primarily a receptor for vWf. However, GPIbcr contains a high-affinity binding site for'

thlombin (De Cristofaro et a1.,2000). Since GPIba is present in the rnembrane at

approximately twice the amount of PAR1, the faster rate of thrombin binding to GPIbo

may facilitate thrombin cleavage of PAR1 (De Candia et a|.,2001). Therefore, GPIircr

may act as a co-factol fol PAR1 hydrolysis by tluombin.

2.5.3.2. Collagen

At sites of vascular injury, platelets bind in a rapid and reversible fashion to vWf

adherent on collagen types i, III, and VI. This tlansient binding slou,s them down

sufficiently at medium to high rates of flow to allow their adhesion to othel components

of the subendothelial matrix, primarily collagen (Alberio and Dale, 1999). Collagen is the

major subendothelial component that stably binds to receptors on the platelet sulface to
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induce adhesion and subsequent activation. Therefore, platelet intelaction with coliagen

is critical in hemostasis, and has also been implicated in pathological thrombus formation

in diseased vessels affected by disorders such as atherosclerosis (Andrews et a|.,2004).

Platelets possess several collagen receptors (Clemetson and Clemetson, 2001).

The main receptors are the integrin o2B1 and GPVI, with a putative adhesive role for

GPV, a subunit of the GPIb/V/X (Moog et a|.,2001).

Watson et al (2000) proposed a model of collagen-platelet interaction involving

o.zpr and GPVI (Fig. 2.5). The initial platelet adhesion to collagen may be mediated by

either cr2B1 or GPVI, with subsequent rapid binding to the other receptor enhancing

adhesion. Signals generated by GPVI/FcR y-chain, such as PKC activation, and the

release of secondary agonists such as ADP and TxA2, induce conformational changes in

cr2B1 to higher affinity states to increase its affrnity for collagen. This leads to further

interactions between GPVI and collagen, increasing signal transduction output resulting

in platelet aggregation.

The primary role of ozÞr is to mediate firm adhesion of platelets to collagen.

However, some recent studies suggest that u2B1 can also generate intracellular signals

(Zheng et a1.,2001; Chen and Kahn, 2003; Inoue et a1.,2003). While GPVI initiates

signaling that activates cx,2B1, the latter stimulates signaling pathways that potentiate

platelet activation. In the presence of abundant collagen, normal levels of GPVi, and the

adapter protein linker for activation of T cells (LAT), GPVI signaling can activate

platelets independently of azÞl (Chen and Kahn, 2003). However, during low GPVI

signaling, such as in blockade of GPVI by GPVl-specific antibodies, low GPVI

expression, loss of LAT, or exposure of platelets to soluble collagen that preferentialiy
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binds to c{,281, cr2B1 activation compensates for weak GPVI signaiing to induce full

platelet activation (Chen and Katur, 2003). Therefore, emerging evidence proposes that

cr2p¡ not only possesses an adhesive function, but also has a role in signaling that may

support signal transduction pathways initiated by GPVI to stabilize a growing hemostatic

plug.

As previously rnentioned, the main function of GPVI, an Ig superfamily tnember,

is to initiate intracellular signaling upon binding to collagen (Fig. 2.6). GPVI binds

specifically to the giycine-proline-hydroxyproline (GPO) sequence within collagen. This

receptor contains two Ig domains linked to a mucin-like region, and uses a salt bridge to

link an arginine group in its transmembrane domain to the Fc receptor y-chain (FcR y-

chain) (l.trieswandt and Watson, 2003). The FcR "y-chain constitutively associates with the

SH3 domains of the Src family kinases Fyn and Lyn via a proline-rich sequence in its

cytoplasmic domain (Suzuki-inove et a1.,2002). FcR y-chain also contains an ITAM

('Watson and Gibbins, 1998). Consequently, collagen signaling through the GPVI/FcR T-

chain complex is similar to signal transduction pathways mediated through ITAM-

containing immune receptors, such as T cell and B cell receptors, certain natural killer

cell receptors and other Fcy receptors (Watson and Gibbins, i998; Pitcher and van Oers,

2003). Collagen-induced cross-linl<ing of two GPVI/FoR "y-chain complexes brings

LynlFyn linked to one receptor within proximity of the ITAM of its neighboring receptor,

permitting reciprocal phosphorylation (Nieswandt and Watson, 2003). This creates

docking sites for Syk, inducing its autophosphorylation and activation. The role of Syk as

a crucial, early-acting kinase in collagen signaling was demonstrated by the almost
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complete lack of response of mouse platelets deficient in the kinase (Poole et al., 1997).

However, the specifrc substrates of Syk have not been directly identified.

The adapter proteins LAT and SH2 domain-containing leukocyte protein of 76

kDa (SLP-76) are tyrosine phosphorylated downstream of Syk, as demonstrated in

experiments with Syk-deficient mouse platelets (Pasquet et aL.,1999; Gross et aL.,1999).

LAT is a single-transmembrane protein that contains ten tyrosine phosphorylation sites of

wirich at least six have the ability to bind SH2 domain-containing proteins, but has no

intrinsic enzymatic activity or any other fuirctional domains (Leo and Schraven, 2000).

Collagen, or direct stimulation of GPVI with the rattlesnake toxin, convulxin, or the

GPO-based helical peptide, collagen-related peptide (CRP), strongly phosphorylates LAT

(Gibbins et al., 1998; Pasquet et al., 1999; Asazuma et al., 2000). Tiris leads to the

association of a nurnber of signaling proteins, including the p85 subunit of PI3-K

(Gibbins et al., 1998), PLCy2, and the adapter proteins growth factor receptor bound-2

(Grb2), Grb2-related adapter downstream of Shc (Gads), which is constitutively

associated with SLP-76, Casítas B-lineage lymphoma protein (Cbl) ald Src kinase-

associated phosphoprotein of 55 kDa homologue (SKAP-HOM) (Asazuma et a1.,2000).

These adapter proteins are also found in T cell receptor signaling complexes,

emphasizing the similarity between immune receptor signaling and GPVi signaling

(Asazuma et a|.,2000), Therefore, LAT has a central role in the recruitment of signaling

molecules to the plasma membrane. LAT is also a major constituent of glycolipid-

enriched microdomains (GEMs), also known as lipid rafts, where these molecules rnay be

organized into functional complexes. The significance of LAT in GPVI signaling was

demonstrated in LAT-deficient mouse platelets, in which the phosphorylation and
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activation of PLCy2, a major effector of collagen-induced platelet activation, is

substantially inhibited in response to CRP (Pasquet et al.,1999). SLP-76 may also play a

role upstream of PLCy2, since PLCy2 phosphorylation and intracellular C**

mobilization is attenuated in SlP-76-dehcient platelets (Clements et al., 1999; Gross e/

al., 1999). The absence of LAT, however, only slightly reduces SLP-76 phosphorylation,

suggesting that SLP-76 is activated by a LAT-independent mechanism (Pasquet et al.,

1999). As LAT and SLP-76 both directly interact with PLC12 in CRP-stimulated

platelets, these adapter proteins probably regulate PLCyZ through divergent pathways.

PI3-K is also activated by collagen and GPVl-specific agonists to produce the

lipids PI(3,4)P2 and PI(3,4,5)P3 (Watson, 1999). These two second messengers are

essential for recruitment to the membrane of proteins with PH domains. Collagen and

CRP platelet responses involve the class IA PI3-K, which contains the p85o subunit

(Watanabe et a1.,2003). Platelets from p85a, -l- mice exhibited marked inhibition of

coilagen and CRP-induced aggregation and tyrosine phosphorylation of known PI3-K

effectors, such as Bruton's tyrosine kinase (Btk), Tec, Akt, aatdPLCy2 (Watanabe et al.,

2003). Syk, LAT, and SLP-76 phosphorylation were not affected, as they likely act

upstream of PI3-K (Watanabe et a1.,2003, Gibbins et al., 1998). An important role for

Pi(3,4,5)P3 is the regulation of PLC"yZ (Watson, 1999). in FcyRliA cross-linked platelets

(see below), PLCy2 binds directly to PI(3,4,5)P3 (Gratacap et al., 1998), wirich rnay

facilitate the recruitment of the phospholipase to the membrane. Additionally, Btk, a

member of the Tec family of tyrosine kinases, contains a PH domain that specifically

binds to PI(3,4,5)P3, which brings it into proximity of Src family kinases for its

phosphorylation and activation (Scharenberg et al., 1998). Moreover, PLCy2 rnay be a

46



substrate of Btk in platelets. Btk phosphorylates PLCy2, and this is associated with lPs

production following B cell receptor stimulation (Scharenberg et al., 1998). Platelets

from patients with the B cell deficiency X-linked agammagiobulinaemia, which is caused /

by the lack of functional Btk expression, had significantly reduced aggregation, dense

granule secretion, and. Caz* mobilization in response to collagen, which was accoffrpanied

by attenuated PLCyZ phosphorylation (Quek et al., 1998). Therefore, in platelets,

PI(3,4,5)P3 likely plays a role in the recruitment, phosphorylation, ffid activation of

PLCy2 in collagen-stimulated platelets.

As mentioned above, PLC isoforms cleave PI(4,5)P2 to generate IPg and DAG,

whiclr increases intracellular Ct* and activates PKC, respectively. PLCy2 is the isoforrn

activated in tyrosine kinase-dependent pathways, including collagen. Ca2* and DAG are

essential for collagen and GPVl-mediated aggregation, secretion and shape change

(Watson, 1999). Elevated Ca2* levels promote the activation of cPLAz and subsequent

TxAz production. The clitical role of the AA pathway in supporting platelet responses to

collagen, particularly low levels of collagen, is made evident by the complete inhibition

of collagen-induced aggregation in platelets pre-treated with inhibitors of prostaglandin

synthesis, such as acetylsalicylic acid (ASA) and indomethacin (Gerard and White,

197 6).

Dense granule secretion is mediated downstream of phosphoinositide metabolism,

since ADP release is inhibited in PlCy2-deficient platelets stimulated by low or high

concentrations of collagen (Cho et a1.,2003). ADP is another essential secondary agonist

that acts on its ownreceptors, such as the P2Yr and PZYn receptors, to amplify signals

initiated by GPVI (see below for ADP signaling). A critical role for PZYp, but not PZY1,
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in platelet responses to coliagen is supported by a strong inhibition of aggregation and

secretion by AR-C69931MX, which is specific for the P2Yn receptor, but only a slight

inhibition by the PzYl receptor-selective antagonist, MRS 2179 (Roger et a\.,2004).

In summary, GPVI/FoR y-chain-mediated PLCyZ activation induces TxA2

formation and ADP release, and each secondary agonist acts on G protein-coupled

receptors to activate positive feedback mechanisms for the release of more TxA2 and

ADP (Cho et a1.,2003). This aids in the activation and recruitment of piatelets that do not

directly bind to collagen Q.Jieswandt and Watson,2003). Additionalty, TxA2 and ADP

promote the activation of o2B¡ and strengthens its adhesion to collagen, leading to

increased GPVI activation and enhanced signaling (Atkinson et a|.,2003).

2.5.3.3. Trz\z

TxAz, and its inrmediate precursor PGH2, are potent platelet agonists that rapidly

stimulate platelet shape change, granule secretion, and o¡¡683 activation (Armstrong,

1996). Their main role is to amplify activation stimulated by other agonists, to induce

robust platelet aggregation at the site of vascular injury. The half lives of these biological

molecules are short, 30 s for Txáz and 5 min for PGHz, therefore, stable mimetics have

been developed to study signaling mechanisms; the most common analogue for both

compounds being 11,9-epoxymethano PGHz (U 46619) (Armstlong, 1996). TxAz binds

to tlre Tx prostanoid receptor (TP), which is coupled to Go (Shenker et al., I99I;

Knezevic et al., L993), G¡ (tJshikubi et al., 1994) and Glz¡lE (Offelmanns et al., 1994;

Moers et al., 2003) (Fig. 2.7). Go-deficient mouse platelets fail to aggregate and

degranulate due to lack of PLCB activation, yet exhibit shape change in response to TxA2
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Fig.2.7. Platelet signal transduction mechanisms induced by Trá2.
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(Klages et al., 1999). The G protein mediating platelet shape change was identified as

Gntn (Klages et al. 7999). TxAz-induced activation of Grz¡rr was associated with the

tyrosine phosphorylation of Src and Syk, and also led to a Rho/Rho kinase-mediatecl

pathway that induced MLC phosphorylation (Klages et al., 1999; Dorsant et a|.,2002).

The existence of G¡-coupled TP is controversial. Ushikubi et al (1994) demonstrated

functional coupling of G' and Gi with TP in phospholipid vesicles, however, more recent

evidence suggests that TxA2-mediated inhibition of AC is a result of the action of

secreted ADP binding to G¡-coupled P2Y p receptors (Paul et al., I999b). Li et al (2003)

have proposed a new model of TxAz-induced platelet activation, emphasizing important

roles for ADP and PI3-K in the induction of a second wave of granule secretion leading

to irreversible aggregation (Fig. 2.8). Binding of TxAz to TP activates Go and Gwß,

which induces the first wave of granule secretion and shape change. Released ADP binds

toP2Yn and activates G¡, which, in association with signaling from Go/G127¡3, suppofis

olups activation and the first wave of reversible aggregation. PI3-K is also activated

downstream of both GqlGpp and Gi, and in conjunction with outside-in signaling,

induces a second wave of ADP secretion that potentiates activation culminating in

irreversible aggregation (Li et a\.,2003). The potentiating effect of ADP does not appear

to be mediated through Go-coupled P2Yl since the P2Y¡-selective antagonist, adenosine

3'-plrosphate-5'-phosphate, has a minimal effect onU466l9-induced platelet aggregation

and secretion (Dangelmaier et a|.,200I).
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2.5.3.4. ADP and ATP

The purine nucleotides, ADP and ATP, are stored in dense granules and released

upon platelet stimulation by a variety of agonists to potentiate activation and recruit more

platelets to the site of injury. The development of a vast anay of platelet purinelgic

receptor antagonists demonstrates the significance of ADP in hemostasis and thrombosis.

Platelets contain 3 distinct nucleotide receptors: the ligand-gated ion channel P2X1, and

the G-protein coupled receptors P2Yr and PZYn (Kunapuli et a1.,2003) (Fi1.2.9). P2Xt

is an ATP receptor that causes rapid, transient Ca2* influx suff,icient to induce reversible

shape change, granule centralizatíon and pseudopod formation, but not aggregation (Rolf

et al., 2001; Toth-Zsamboki et al., 2003). Released ATP contributes to platelet

aggregation by mediating the rapid phosphoryiation of the extracellular signal-regulated

kinase 2 (ERK2), leading to MLCK activation and MLC phosphorylation that amplifies

platelet slrape change and degranulation (Oury et a1.,2002;Toth-Zsamboki e/ a1.,2003)-

Additionally, the effect of simultaneous P2Xl and P2Y receptor activation leads to faster

and greater Ca2* lelease than if the receptors were stimulated independently (Vial et al.,

2002). P2Yl is coupled to G' and thus is essential for triggering PLCB activation and

resultant Ca2* mobilizatíon, shape change, aggregation and TxAz release in response to

ADP (Kunapuli et ø1.,2003). The small molecular weight GTP binding protein RhoA is

also activated downstream of G' and is involved in a redundant pathway that mediates

shape change (Kunapuli et a1.,2003). Finally, P2Yn receptor occupancy leads to the

activation of Gt and the inhibition of AC (Jantzen et a1.,2001). Decreased oAMP levels,

however, do not directly contribute to P2Y12-mediated promotion of cúuuÞ¡ activation and

granule release, suggesting an irnportant role for other signaling molecules downstream
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Fig.2.9, Platelet signal transduction mechanisms induced by ADP and ATP.
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of PZYn, such as PI3-K (Daniel et ø1.,1999;Dangelmaier et a1.,2001). PI3-K activation

by GFy that dissociates from activated G; is involved in o¡¡6B3 activation and pafüal

aggregation in response to high concentrations of ADP in P2Yr-deficient mouse platelets

(Kauffenstein et al., 2001), Additionally, the serine-threonine kinase Akt, a major

downstream effector of PI3-K is phosphorylated downstream of P2Yn in response to

ADP (Kim et a1.,2004; Woulfe et a1.,2004). Possible roles for the small GTP-binding

protein Raplb (Lova et a1.,2003) and potassium channels in P2Yrz signaling have also

been proposed (Dorsam and Kunapuli, 2004).

2.5.3.5. F cyRIIA cross-linking

In 1973,Israels et al werc the first investigators to discover the presence of an Fc

receptor on the surface of platelets. Pretreatment of platelets with isolated antibody Fc

fragments, but not Fab, inhibited aggregation induced by immune complexes or heat-

aggregated gammaglobulin, suggesting that binding of Fc to its specific receptor on the

platelet mediates activation by antigen-antibody complexes (Israels et al., 1973).

FcyRiIA is expressed on all haematopoietic cells, except for NK cells, and is the only

type of FcyR on platelets (Pan and Pei, 2003). Aggregated IgG or immune complexes,

which are surfaces, cells, or particles coated with IgG, bind to FryRIIA and induce their

cross-linking or clustering within the plasma membrane, leading to activation. Ligation

by monomeric lgG has no activatory effect (Anderson et al., 1995). In vitro, FcyRIIA can

be cross-linked by aggregated IgG or by using anti-FcyRIIA antibodies, such as the

monoclonal mouse antibody IV.3 followed by anti-mouse F(ab')2 fragments. Clinically,

platelet FcyRIIA is associated with the pathogenesis of immune-tnediated
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thrombocytopenia in which autoantibodies bound to self or neo-antigens activate

FoyRIIA on platelets, ieading to increased platelet clearance andlor platelet aggregation

and thrombosis (McKenzie et a1.,1999).

FcyRIIA is a 40 kDa receptor expressed at relatively low levels on the platelet

surface (Anderson et al., 1995). Cross-linking of FoyRIIA induces activation of

constitutively associated Src family kinases, possibly Src and Lyn (Huang et al., 1992),

which phosphorylate the two tyrosine residues within the ITAM motif in the cytoplasrnic

dornain (CoggeshalI, 2002) (Fig, 2.10). Similar to collagen receptor signaling, these dual

phosphotyrosines recruit SH2 domain-containing Syk and induce its autophosphorylation

and activation (Chacko et a|.,1994). This event is upstream of the phosphorylation of key

signaling molecules such as PLCy2 and LAT (Bodin et al., 2003a). Tyrosine

phosphorylated LAT relocates to GEMs where it associates with a number of SH2

domain-containing proteins, including PLCy2, PI3-K and the adapter protein Cbl (Bodin

et al., 2003b). Cbl also associates with PI3-K downstream of FcyRiIA clustering,

providing another means of PI3-K recruitmerf (Saci e/ al., 1999). Although LAT rnay

have a role in the relocation of PLCyZ to the membrane, the PI3-K product PI(3,4,5)P3 is

crucial fol the recruitment and activation of PLCy2 within GEMs (Bodin et a|.,2003b,

Gratacap et al., 1998). EfÍicient PI3-K activation occurs by rneans of ADP released

during early FcyRIIA signaling, which stimulates the Gi pathway downstream of P2Y n

(Gratacap et a1.,2000). The Go-coupled ADP receptor, PZYt, does not appear to have a

role (Gratacap et ø1.,2000). FcyRllA-induced platelet shape change and actin filament

assembly ale also dependent on PI3-K activity and intracellular Ca2* rnobilization

(Barkalow et al., 2003).
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GEMs have a key role in the organízation of early signaling molecules leading to

platelet activation (Bodin et a|.,2003b). Sigriif,rcant PI3-K and,PLCy2 activity occurs in

GEMs, and disruption of GEM integrity using methyl B-cyclodextrin, which removes

cholesterol from the plasma membrane, inhibits activation of these enzymes and leduces

secretion and aggregation in response to FoyRIIA cross-lin-king. However, GEM integrity

is not required for tyrosine phosphorylation events, since pre-treatment with methyl B-

cyclodextrin had a minimal inhibitory effect on LAT and PLCy2 phosphorylation in

FcyRIIA-cross-linked platelets (Bodin et a|.,2003b).

2.5.3.6. Bacteria-induced platelet activation

Several different species of gram negative and positive bacteria cause platelet

aggregation, both in vitro and in vlvo, suggesting a thrombogenic potential associated

with various infections. The proposed mechanisms of platelet activation of the following

microorganisms will be discussed: the oral bacteria ,S. sanguis, S. nnttans, and P.

gingivalis, and the infectious agents Staphylococcus aureus (5. aureus), Helicobacter

pylori (H. pylorí), utd Streptococcus pyogenes (5. pyogenes).

Over 20 years ago, Herzberg et al (1983) demonstrated the ability of certain

strains of S. sangu¡s to adhere to platelets and induce their aggregation. S. sanguis is a

member of the viridans group of streptococci found in the oral cavity and pharynges.

These bacteria are part of the commensal oral flora, and are among the first bacteria to

colonize the salivary pellicle in the formation of supragingival plaque (Manson et al.,

2000). S. sanguis is one of the most commonly isolated species fi'om endocalditis lesions

(Douglas et al., 1993), and its ability to interact with platelets has been cited as a major
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contributor to its virulence (Herzberg et a\.,1992). Adhesion is mediated by proteins on

streptococcal and platelet surfaces, suggesting a ligand-receptor interaction, and is

independent of bacterial cell surface carbohydrates or dextrans, plasma components or

divalent cations (Heruberg et al., 1983). Platelet activation does not have a role in

adhesion, since ,S. sanguis binds readily to platelet ghosts, which are outdated platelets

that no longer respond to agonists (Herzberg et a1.,1983). Platelet-,S. sanguis binding is

rapid, occurring within 15 s of mixing, and is optimal at a I:1 ratio (Helzberg et al.,

1983; Sullam et aL.,1990). A more recent study identified plateiet GPIb, a suburit of the

vWf receptol', as a putative receptor for S. sanguis (Kerrigan eÍ al., 2002). Antibodies

specific for the N-terminal I - 255 amino acid portion of GPIb inhibited adhesion and

aggregation, and the interaction did not require vWf (Kenigan et al., 2002). However,

fibrinogen mediates adhesion between streptococci and o¡¡683 (Sjöbring et a\.,2002).Pre-

incubation of platelets with the arnino acid sequence RGDS, the a¡¡683 peptide ligand in

fibrinogen, significantly potentiates platelet binding to S. sanguís (Parnpolina and

McNicol, unpublished results).

S. sanguis-induced platelet agglegation is a true activation response, inducing

platelet shape change, granule secretion and TxAz release (Ford et al., 1993). A lag

phase, the duration of which is donor dependent, precedes rapid aggregation that is

dependent onC**, TxA2, and ADP (Sullam et a1.,1987; Ford et al., lgg3). Cofactols

present in plasma are also indispensable for aggregation (Sullam et al., 1987). Washed

platelets suspended in a HEPES Tyrodes buffer failed to aggregate to the bactelia.

However, supplementation of the suspension with 10% normal plasrna restored platelet

aggregation (Sullarn et al., 1987). The plasma components necessary for S. sangttis-
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induced platelet activation that have thus far been identified are complement proteins,

fibrinogen, and IgG (Sullarn et a1.,1987; Sullarn et a1.,1988; Ford et al., 1996;Ford et

al., 1997).In-hibition of complement activity by heating plasma to 56oC, treating plasma

with cobra venom factor, or by the addition of soluble Complement Receptor 1 each

prevented S. sanguis-induced agglegation (Ford et al., 1996). Additionally, the rate of

assembly of complement proteins on the surface of S. sanguls correlates with the lerrgth

of lag time in each donor, suggesting that complement may be tire rate-limiting factor in

the aggregation response to S. sanguis (Ford et al., 1996). igG depletion of plasma or

blocking FcyRiIA with tV.3 also abolishes aggregation, demonstrating that the

engagement of FcyRIiA with bacteria-bound IgG is essential in triggering platelet

activation by S. sangizis (Ford et al., 1997). However, unlike complement, the length of

lag phase is independent of antibody titres specific for the activating S. sanguis strain

(Ford et al., 1997). Fibrinogen has a role in mediatin g aggregation by binding to activated

auuÞ:, as it does with physiological platelet agonists. As mentioned above, it may also

have a role in facilitating adhesion. Fibrinogen can rapidly bind to the surface of ,S.

sanguis, which may provide a surface of immobilized fibrinogen to wliich cx,¡¡6p3 on

resting platelets can stably bind (Ford et al.,1997).

Herzbelg et al have provided evidence that S. sanguis promotes aggregatior-r by

generating ADP using an ecto-ATPase on its surface (Herzberg and Blintzenhofe, 1983;

Herzberg et al., 1985; MacFarlane et al., 1994). Cell-free supernatant of S. sanguis

incubated with ATP rapidly induced platelet aggregation, which was inhibited by the

ADP hydrolase, apyrase, or by pleincubation of platelets with adenosine (Herzberg and

Brintzenhofe, 1983). Additionally, S. sang¿¿ls cells incubated with ¡r4C1aTP produced a
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linear and quantitative yield of ¡t4C1aOt (Herzberg et a\.,1985). Strains that induced

aggregation had twice the ATPase activity of non-aggregation-inducing strains. Taken

together, these studies provide evidence for the presence of an exogenous ATPase that

produces ADP and amplifies aggregation stimulated by S. sanguis (Herzberg and

Brintzenhofe, 1983).

Severai lines of evidence support the possibility that S. sanguis and collagen

interact with platelets at a cornmon site. For example, platelets deficient in GPIa, a

subunit of the collagen receptor, failed to aggregate in response to ,S. sanguis (Sober-ay er

al., 1987). Additionally, pre-incubation of platelets with cell-free peptide extracts from

mildly trypsin-digested,S. sanguis, or a collagen-like octapeptide significantly prolonged

the lag phase in response to ^9. sanguis or collagen (Erickson and Herzb erg, 1987;

Erickson and Herzberg, 1990). Moreover, anti-S. sanguis antibodies neut¡alized the

inhibitory effect of the octapeptide (Erickson and Herzberg, 1987). A fibril-associated

peptide, termed the platelet aggregation-associated protein, was identified to be

immunologically similar to the platelet-interactive domains found within cyanogen

bromide (CB) fi'agment 4 of type III and CB6 of type I collagens (Erickson and Herzberg,

1987). The minimal domain isolated from S. sanguis cell wall that maintained inhibitory

activity against ,S. sanguis-induced platelet aggregation was a 7 peptide fragment,

PGEQGPK, which conforms to the platelet-interactive domains of collagen (Erickson

and Herzberg, 1993). Therefore, this bacterial peptide may activate platelets by binding

to the sarne activating receptors as collagen. However, the utility of this peptide as an

antagonist of S. sangu¿s-induced platelet aggregation was questioned in a recent study
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that found PGEQGPK to have no effect on adhesion or aggregation to the same bacterial

strain as the one used by Erickson and Herzberg (Kenigan et a1.,2002).

S. mutans also belongs to the viridans group of streptococci, and is often isolated

from endocarditis lesions (Chia et aI., 2000). Particular strains of this species have

recently been shown to induce activation and aggregation of human and rabbit platelets

(Clria et a1.,2004). Similar to S. sanguis,aggregationinresponse to S. mutans occurs in

the presence of plasma and also requires specific igG (Chia et a\.,2004). Both ,S. mutans

and platelets possess a fibronectin binding protein on their cell surfaces (Chia et al.,

2000). Immobilization of S. mutans and platelets on the same fibronectin-coated surface

may allow specific IgG bound to S. mutans to adhere to nearby platelet Fc receptols,

initiating activation and thrombus formation (Sjöbring er al., 2002). Adhesion to and

agglegation of platelets by S. mutans may also be mediated by cell wall polysacchalides

composed of rhamnose-glucose polymers (Chia et al., 2004). The rhamnose-glucose

polymer-deficient mutant strain Xc24P. aggregated platelets to 50Yo of the extent induced

by wild-type S. ntutans.

The gram-negative oral bacterium, P. gingivalis, is a rnajor pathogenic agent in

periodontitis. It has also been shown to be a potent inducel of human and murine platelet

aggregation (Herzberg et a|.,1994; Sharma et a\.,2000). P. gingivalzs-platelet adhesion

may be directly or indirectly mediated by bacterial fimbriae, which may bind to an

unidentified platelet receptor or to fibrinogen (Sharma et a|.,2000). These fimbriae rnay

have the additional role of trapping and concentrating released P. gingivalis outer

membrane vesicles in the vicinity of the platelet, which is significant due to the ability of

these vesicles to induce rapid platelet aggregation (Shalma et a|.,2000). These vesicles
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contain high levels of the R-gingipains, which are the cysteine proteases RgpB and

FIræA that hydrolyse peptide bonds following arginine residues and carry out the

trypsin-like proteolytic activity of P. gingivalis (Lourbakos et al., 2001; Pharn et al.,

2002). These proteases induce platelet aggregation by activating the thlombin receptor:s,

PAR-1 and PAR-4. Pretreating platelets with subthreshold concentrations of thrombin or

PAR-1 and PAR-4 activating peptides, which desensitizes PARs, and temporarily renders

them inactive to a second treatment, inhibited C** increases in response to RgpB and

HrgpA. Similarly, platelets initialiy exposed to the gingipains abolished a secondary

response to thrombin, suggesting that RgpB and HrgpA and thrombin act on the same

receptors (Lourbakos et al., 2001). Additionally, PAR-I and PAR-4 stably transfected

into NlLF cells, which are murine lung myofibroblasts that lack functional PAR-1, PAR-

2, and PAR-4, could be stimulated by RgpB and FIrgpA to induce intracellular Ca2*

increases (Lourbakos et a|.,2001). The gingipains-R enzymes expressed by P. gingivalis

also have the ability to activate clotting factors IX and X (Imamura et al.,1997;Imamwa

et a|.,2001), Activation of the coagulation cascade ieads to the production of thlombin,

which cleaves fibrinogen into fibrin that can polymerize into a clot.

S. aureus is a gram-positive bacterium involved in endovascular infection, such as

intravascular catheter sepsis and hemodialysis access site sepsis, ffid is the second

leading cause of infective endocarditis (Moreillon et a|.,2002). S. aureus-induced platelet

aggregation is similal to that mediated by S. sanguis in that it is cyclooxygenase and

fibrinogen dependent and requires plasma ploteins. However, it is independent of platelet

secretion since the ADP hydrolase apyrase has no effect on aggregation (O'Brien et al.,

2002). Several proteins on the surface of S. aureus have been identified to interact
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directly with platelet receptors or with matrix molecules such as f,rbrinogen and vWf

(O'Brien et al., 2002). The clumping factors ClfA and ClfB and the serine-aspartate

repeat protein SdrE, which bind fibrinogen, each caused aggregation when they were

expressed in the non-aggregation-inducing bacterium Lactococcus lactis (O'Brien et al.,

2002). The S. aureus membrane constituent, protein A, which binds to the Fc poltion of

IgG (O'Brien et al., 2002), vWf (Hartlelb et al., 2000), and the complement receptol

gClqR/p33 Qrlguyen et al., 2000), cannot independently induce aggregation when

expressed in Lactococcus lactis, however, it amplifies aggregation in the presence of

ClfA and SdrE (O'Brien et a1.,2002).

S. pyogenes is involved in the pathogenesis of a variety of diseases, ranging frorn

impetigo to necrotizing fasciitis. S. pyogenes has long been known to activate platelets,

and requires the presence of fibrinogen and the activation of cyclooxygenase (I(urpiewski

et al., 1983). Among the most important cell wall proteins contributing to its virulence

are the M and M-like proteins (Robinson and Kehoe, 1992). These proteins are capable of

binding several plasma proteins inciuding fibrinogen, igA, IgG, serum albumin,

plasminogen, kininogens, and complement ploteins, which may account for their

antiphagocytic properties (Rasmussen et al., 2000). As described by Sjöbring et al

(2002), tlre fibrinogen-binding capacity of S. aureus and S. pyogenes may contribute to

platelet aggregation by providing a sulface of immobilized fiblinogen to which platelets

may bind via crlruÞs. Bacteria-specific IgG bound to the microorganisms may

subsequently interact with and cross-link platelet FcyRIIA to induce activation.

H. pylori, the putative infectious agent in peptic ulcers, has been shown to be

associated with CVD, such as MI (Gunn et a1.,2000; Rupprecht et a1.,2001), although
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this has been challenged (Koenig et a|.,1999). Nonetheless, animal models demonstrate

that H. pylori infection leads to incleased arterial thrombosis following vascular injury by

argon laser (Agu ejour et al., 2003), and platelet and platelet-leukocyte aggregate

formation in murine gastric venules (Elizalde et al., 1997). Patients with Il pylori

infections also had circulating platelet aggregates and increased activated platelets as

measured by P-selectin expression compared to non-infected controls (Elizalde eÍ al.,

1997). One recent study provides insight into possible mechanisms mediating H. pylori-

induced platelet activation (Byrne et a|.,2003). Aggregation is dependent on fibrinogen

binding to activated crrruÞs, COX-I activity and FoyRIIA engagement by IgG. ll pylori

also binds to vv/f, and antibodies against vWf inhibit agglegation. Additionally,

aggregation-inducing strains of H. pylori bind vWf to a much greater level than non-

aggregating strains. Therefore, vV/f may fiurction as an adhesive bridge binding both 1L

pylori and its receptor GPIb on the platelet surface. Consequently, IgG bound fo H. pylori

can cross-link FoyRIIA to induce activation.

2.5.4. Outside-in signaling mediated by c¿lr¡Ês

ulup: ligation by fibrinogen or vWf, and subsequent oligomerization, induce the

activation of complex signal transduction pathways collectively termed "outside-in

signaling." The wide array of biochemical and physical effects triggered, including

promotion of granule secretion, TxA2 production and cytoskeletal reorganization, support

irreversible aggregation (Shattil, 1999; Phillips ø/ al., 200I). Therefore, outside-in

signaling determines the extent of platelet aggregate or thrombus formation.
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An early event in cr¡uÞ¡ signaling is the activation of Src family kinases and Syk

(Shattil, 1999), which both directly associate with the p3 cy'toplasmic domain (Woodside

et a1.,200I; Arias-Salgado et a1.,2003) (Fig.2.11). Both Src and Csk, the kinase that

phosphorylates and negatively regulates Src, are constitutively associated with p3. Upon

frbrinogen binding, Csk dissociates from Þ¡ allowing the dephosphorylation and

activation of Src (Obergfell et al. ,2002). Syk is also recruited to B3 and is phosphorylated

by Src. Syk activation leads to the phosphorylation of signaling molecules that promote

actin polymerization and cytoskeletal rearrangement, such as guanine nucleotide

exchange factors Vavl and Vav3, and the adapter plotein SLP-76 (Miranti et a|.,1998;

Obergfell et a|.,2001). Src and Syk may also induce the tyrosine phosphorylation of the

adapter protein Cbl, which recruits PI3-K to this pathway (Saci er aL.,2000).Indeed, the

products of Pi3-K, parlicularly Pi(3,4)P2, may maintain cr¡¡683 activation (Kovacsovtcs et

al., 1995). Further, SH2 domain-containing inositol 5-phosphatase (SHIP), which

dephosphorylates inositol 1,3,4,5-tetrakisphosphate and Pi(3,4,5)P3, is also tyrosine

phosphorylated and relocates to the actin cytoskeleton following fibrinogen binding to

cr¡uÞs and may therefore contribute to the accumulation of PI(3,4)Pz (Giuriato et al.,

te97).

Distal ormp: signaling events are dependent on actin polymerization and

reorganization. Cytochalasin D, an inhibitor of actin polyrnerization, abolishes

phosphorylation of focal adhesion kinase (FAK) (Shattil et al., 1994). FAK mediates the

recruitment and assembly of signaling complexes downstream of integrin activation.

Autophosphorylation of FAK recruits Src and PI3-K (Guinebault et a|.,1995; Shattil et

al., 1998). Src subsequently phosphorylates additional tyrosine residues on FAK
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Fig. 2.11. Overview of outside-in signaling.
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providing docking sites for the adapter protein Grb2. FAK also binds to the SH3 domains

of the adapter proteins p130 Crk-associated substrate þl30cas) and paxillin, in addition

to the Rho GTPase-activating protein, GRAF (Shattil et a1.,1998). FAK may play a role

in the recruitment of PLCy2, whose phosphorylation and activation downstream of olluÞ¡

are also dependent on cltoskeletal rearrangements (Wonerow et a|.,2003).

The substrates of FAK have not been compietely elucidated. However, it has been

determined that p13Ocas and paxillin are phosphorylated by the FAIlSrc complex, which

permits the recruitment of more signaling molecules (Shattll et al., 1998). Additionally,

c¿-actinin is phosphorylated on its actin-binding domain directly by FAK (Izaguirre et al.,

2001). The phosphorylation of o-actinin prevents its binding to actin, which may

contribute to the fluidity of the cytoskeleton producing a dynamic state essential for

aggregation and piatelet spreading (Izaguirre et aL.,2001).

Phosphorylation of the B3 cytoplasmic tail on two tyrosine residues is also a post-

aggregation event dependent on actin polymeúzation (Phillips et al., 2001). The Src

family kinase, Fyn, is the major kinase associated with tyrosine pliosphorylated B3

peptides, and therefore may have a prominent role in B3 phosphorylation (Phillips et al.,

2001). Two other proteins that bind directly to phosphorylated Þr are the cytoskeletal

protein myosin (Phillips et aL.,2001) and the adapter protein Shc (Cowan et al., 2000).

The association of phosphorylated B3 with myosin has a role in the translocation of the

integrin to the c1'toskeleton (Jenkins et al., 1998). Additionally, the contractile forces

generated by myosin are transmitted to a¡¡6B3-bound fibrin to mediate clot retraction. The

precise function of the association between phosphorylated B3 and Shc is unknown,

although, Shc binds to CrrbZ, which has a role in the activation of the Ras pathway. One
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of the downstream effectors of Ras is the mitogen-activated protein kinase (MAPK)

family of enzymes. Both p38 and ERK 1/2 regulate cPLAz activation and therefore affect

AA release and subsequent TxAz formation (Kramer et a|.,1995; Bör'sch-Haubold et al.,

T997; Sato et al., 1999). Therefore, B3 tyrosine phosphorylation may regulate another

pathway for the production of AA that potentiates platelet aggregation.

Regulatory enzymes are also activated by ouup¡ ligand occupancy and clustering.

Comparison of tyrosine phosphorylation profiles of normal platelets and thrombasthenic

platelets (lacking o¡ug¡) established that certain proteins remain phospholylated in the

absence of cr¡¡583, suggesting the activation of PTPs downstream of crlluÊ¡ (Takayama et

a|.,1993). Furthermore, the PTPs (see Section 2.7.3.1) PTPlB and SHP-1 both relocate

to the cytoskeieton in an crl¡683-dependent manner (Ezumi et a1.,I995;Li et a1.,1997).

Post-aggregation events are also negatively regulated by the activation of calpain

(Sclroenwaelder et al., 1997). Calpain catalyzes the proteolysis of structural proteins and

signaling molecules such as FAK, Src kinases, paxillin, talin, o-actinin and PTP-18, in

addition to the cytoplasmic tail of 83, leading to the dissociation of Src, talin and c¿ur,F¡

from the cytoskeleton. PTPlB cleavage, and activation, causes tyrosine

dephosphorylation of several cytoskeleton-associated proteins (Schoenwaelder et al.,

1997; Schoenwaelder et a|.,2000). As a result of the weakening of integrin-cytoskeletal

interactions, clot retraction is relaxed. Calpain-induced hydrolysis of cyroskeletal

components may also contribute to the shedding of procoagulant miclovesicles fi'om the

platelet surface (Fox el aL.,1991).
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2.6. Platelet inhibitory mechanisms

2.6.1. Platelet inhibitors

Physiological platelet antagonists maintain platelets in a quiescent state by

limiting inadverlent platelet activation and regulate the extent of activation induced by

excitatory agonists. Among the most potent mediators of platelet inhibition are the cyclic

nucleotides, cAMP and cGMP (Schwarz et a1.,2001). PGIz, produced by ECs binds to

G,-coupled heptahelical receptors and activates AC to ploduce cAMP, activating oAMP-

dependent protein kinase (PKA). Similarly, nitric oxide, synthesized by ECs and

platelets, induces the elevation of cGMP to activate cGMP-dependent protein l<inase

(PKG). These protein kinases phosphorylate specific substrates to mediate the inhibition

of intracellular signaling pathways, cytoskeletal rcanangement, crlluÞ: activation, granule

release and expression of pro-inflammatory molecules (Table 2.2) (Schwarz et a|.,2001).

Additional endogenous platelet antagonists include CD39, an ecto-nucleotidase

expressed on the surface of ECs that limits nucleotide levels in plasma, and may therefore

attenuate platelet responses to ADP (Geiger, 2001), and platelet-derived growth factor,

stored in platelet u-granules, which may reduce platelet aggregation responses to

stimulatory agonists (Shattil et a|.,1998).

2.6.2. Inhibifory platelet receptor, PECAM-I

Immune cells signaling through iTAM-bearing receptors often possess inhibitory

co-receptors that, when co-cross-linked, negatively regulate cellular activation (Gergely

et al., 1999). The cytoplasmic domain of these receptors contain immunoleceptor

tyrosine-based inhibitory motifs (ITIMs) that arc defined by the consensus sequence
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Substrate PKA PKG Proposed function of
phosphorylation

I(¡own platelet substrates

ABP Platelets Stabilization of the restin g platelet
cytoskeleton

Caldesmon Platelets Stabilization of the resting platelet
cytoskeleton

Gr¡ Platelets Inhibítion of the RhoA/Rho
lcinase pathway

GPibB Platelets Inhibition of collagen-induced
actin polvmerizalion

Heat shock protein 21 (Hsp21) In vitro Platelets Reduced stimulation of actin

IP3 receptor Platelets
erization in vitro

Platelets Down-regulation of Ca
frorn intracellular stores

Phosphodiesterase 3 (PDE3) Platelets Enhanced cAMP degradation
Raplb Platelets Platelets Irilribition of Raplb activation
Vas odil ator-stimulated
phosphoprotein ryASP)

Platelets Platelets Inhibition of integrin cr¡¡¡83

activation
Potential platelet substrates

IP3 receptor-associated cGMP-
PK subsfrate (IRAG)

Smooth
muscle cells

Down-reguiation of Ca
* 

release
fÍom intracellular stores

MLCK In vitro In vin'o Reduction of MLC
phosphoryiation

Phosphodiesterase 5 (PDE5) In vitro In vitro Enhanced cGMP degradation
RhoA Leukocytes In vitro, Reduction of MLC

smoothmuscle phosphorylation
cells

TxA2 receptor IIEK 293 cells Invitro,HBL
cells

Inhibition of TxA2 receptor-
associated G protein activation

Table 2.2. Known and potential PKA and PKG substrates. (Source: Schwarz et al.,
200 1 ).
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V/VLISX)I)C(LIVlIlS. Phosphorylation of the tyrosine residue within this motif induces

the recruitment of SH2 domain-containing protein and lipid phosphatases that effect

negative regulation. Several examples of lTAM-containing receptors and their ITIM-

bearing counterparts have been described, such as the BCR complex and FcyRIIB

(Gergely et a|.,1999), FceRI and paired lg-like receptor B (PIR-B) in mast cells (Uehala

et a|.,200I), and FoyRIII and p58 on natural killer cells (Gergely et a|.,1999).

Since the collagen receptor, FcyRIIA and GPIb/V IIX utilize ITAMs to initiate the

activation of signaling pathways, they may also be negatively modulated by an ITiM-

containing inhibitory receptor. The only known receptor on the surface of lesting

platelets that possesses an ITIM is the platelet endothelial cell adhesion molecule-l

(PECAM-I, also known as CD31) (Gibbins,2002). This i30 liDa member of the Ig

superfamily is present on the surface of a variety of haematopoietic cells, including

platelets, monocytes, neutrophils, B and T lymphocytes, and vascular ECs (Cicmi| et al.,

2002). Negative regulation by PECAM-I has been reported for the B cell receptor

(Wilkinson et al., 2002), the T cell receptor Q'Jewton-Nash et al., 1999), mast cells

(Wong et al., 2002), and platelets (Patil et a1.,2001; Jones et a1.,2001; Cicmil et al.,

2002;Thai et a1.,2003; Rathore et a|.,2003). PECAM-1 contains 6 extracellular lg-like

homology domains, of which the two amino-terminal domains mediate PECAM-I

lromophilic interactions (Sun QH e/ al., 1996). Other ligands include oyB3 and CD38

(ADP-ribosyl cyciase), and these interactions have been implicated in leukocyte-

endothelial transmigration (Buckley et al., 1996; Deaglio et al., 1998). PECAM-I also

contains a transmembrane domain of 19 amino acids, and a cytoplasmic tail of I 18 arnino

acids Qllewman and Neu'rnan, 2003). The cytoplasmic domain contains two distinct
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ITIMs that recruit SH2 domain-containing signaling molecules, including certain Src

family kinases, the 5'-inositol phosphatase SHIP, and PLCyI Q.{ewman &, Newman,

2003). In platelets, however, the most reported PECAM-I binding proteins ale SH2

domain-containing protein tyrosine phosphatases SHP-1 and SHP-2 Q.{ewman and

Newman,2003).

Plateiet activation in response to a number of agonists induces the tyrosine

phosphorylation of PECAM-I. It is phosphorylated following collagen receptor

stimulation, FcyRIIA closs-linking, and GPIb/V/IX activation, which each initiate

signaling ttu'ough ITAMs (Cicmil et a1.,2000: Thai et a1.,2003; Rathore et a1.,2003).

However, PECAM-I phosphorylation also occurs in thrombin and thrombin receptot'-

activating peptide (TRAP)-stimulated platelets (Jackson et al., 1997b; Hua et al., 7998;

Cicmil et a1.,2000). Putative kinases that phospholylate PECAM-I belong to the Slc

family and Csk family of tyrosine kinases (Cao et a|.,1998).

The inhibitory effect of PECAM-I on platelet activation was revealed in studies

in which PECAM-1 was artificialiy activated prior to the addition of agonist, or by using

PECAM-1 deficient mice. In collagen- and GPVl-stimulated platelets, PECAM-1 cross-

linking with anti-PECAM-1 antibodies and F(ab')2 fragments or homophilic activation by

PECAM-1/Ig chimeras inhibited aggregation, granule secretion, tyrosine

phosphorylation, and intracellular Ca2* mobilization (Jones et al., 2001; Cicmil et al.,

2002). Additionally, PECAM-1-deficient mouse platelets exhibited platelet aggregation

and dense granule secretion in response to subthreshold concentlations of fibrillar

collagen (1 ¡rglml.) and CRP (0.5 pglml,), while wildtype platelets failed to respond at

these agonist concentrations (Patil et a1.,200I). Higher levels of collagen (10 pglml-) or'
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CRP (5 p,glmL) elicited aggregation and dense granule secretion in PECAM-I -l-

platelets similar to wild type platelets. The different responses observed between low and

high levels of GPVI/FoR y-chain agonists suggest that the absence of PECAM-1 lowers

the threshold for activation, allowing subthreshold agonist levels to induce platelet

responses (Paríl et al., 2001). Thrombus formation on a collagen matrix under flow

conditions was reduced in PECAM-1/ig chimera-treated platelets, but increased in

PECAM-I -/- platelets, which demonstrates that PECAM-I also regulates growth of

thrombi on collagen surfaces (Jones et a|.,200i).

Similar inhibitory effects of PECAM-I have been observed in FcyRIIA cross-

Iinked and GPlb/V/IX-stimulated platelets. A recent study established that FoyRIIA and

PECAM-1 are constitutively associated on the memblane of resting platelets (Thai et al.,

2003). The precise function of this association is unknown, However, Thai et al (2003)

suggested that Fo1RIIA activation might induce conformational changes in PECAM-1 to

enhance ligand binding. Their close proximity may also facilitate the negative regulation

of FcyRiIA signaling pathways by PECAM-I and its associated phosphatases. Indeed,

activation of PECAM-l abolishes aggregation and inhibits PLC¡2 phospholylation, Ca2*

mobilization, and PI3-K signaling pathways in FcyRllA-mediated platelet activation

(Thu et a1.,2003). Rathore et al (2003) also reported hyperaggregation and exaggerated

activation and adhesion responses by PECAM-i deficient platelets stimulated through GP

Ib/IX/V.

Thrombin-induced platelet aggregation and secretion is aiso reduced by closs-

linking of PECAM-I, suggesting that PECAM-1 may mediate general inhibitory

mechanisms in response to ITAM- and non-ITAM-bearing receptors (Cicmil et al.,
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2002). However, PECAM-I activation fails to inhibit platelet responses to moderate

concentrations of thrombin (0.1 r.r/ml,), while an inhibitory effect is still observed against

very high concentrations of collagen (i00 pglml-) (Cicmil et al., 2002). Therefore,

PECAM-1 regulates lTAM-mediated responses more efficiently than those stimulated

through G protein-coupled receptors, which may be due to an increased dependence of

the former on the substrates of PECAM-1-recruited phoshatases.

The precise signaling mechanisms utilized by PECAM-I to effect negative

regulation have not been completely elucidated. Decreases in whole-cell protein tyrosine

phosphorylation induced by PECAM-1 cross-linking in platelets activated by collagen,

convulxin, thrombin (Cicmil et a1.,2002), and FoyRIIA (Thai et a1.,2003) are consistent

with the recruitment of protein tyrosine phosphatases to activated PECAM-I. In in vitt'o

binding assays, SHP-1 (Hua et al., 1998) and SHP-2 (Jackson et al., 1997b) bind to

PECAM-I cytoplasmic domain phosphopeptides containing pTyruu' o, pTyr68u, and both

ITIMs are essential for SHP-1 and SHP-2 binding (Jackson et al., L997a; Pumphrey ef

al., 1999). SHP-I and SHP-2 also co-immunoprecipitate with PECAM-I in TRAP-

aggregatedplatelets (Huaet ø1.,.7998; Jackson et a|.,1997b). However, SHP-2 associates

with the cytoplasmic domain of PECAM-1 with a 5-foid higher affinity than SHP-1 (Hua

et a|.,1998), and most studies report SHP-2 association witli PECAM-1, suggesting that

PECAM-1 preferentially recruits SHP-2 QrTewman and Ne\Mnan,2003). The specific

substrates of SHP-I and SHP-2 in platelets are yet to be ideffified.
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2.6.3. Platelet phosphatases

Regulation of phosphorylation levels in platelets is critical for the applopliate

activation and inactivation of signal transduction mechanisms, leading to contloiled

hemostasis. Platelets contain several different protein phosphatases that dephosphorylate

tyrosine and serine/threonine phosphorylated proteins, and lipid phosphatases that

dephosphorylate polypliosphoinositides.

pr.,ein,,::ï:ffi:, :î: : .ï:ï'::i:,ffTT n",.,..n, s,a,e .f
resting platelets (Jackson et al., 1996). This was demonstrated by treating platelets with

the tyrosine phosphatase inhibitor vanadate, which induced a dose-dependent increase in

plotein tyrosine phosphorylation, granule secretion and aggregation (Lerea et al., 1989;

Inazu et a1.,1990). PTPs also regulate events downstream of ø¡5B3 activation (Ezurni et

al., 1995). Platelets possess 4 cytosolic PTPs: SI{P-l, SHP-2, PTPIB, and PTPMEG

(Jackson et a1.,1996; Gu and Majerus, 1996). To date, there has been no transmembrane

receptor PTPs identified in platelets.

SHP-1 (also known as PTP1C, HCP, SHP and SHPTPl) is expressed

predominantly in haematopoietic cells and epithelial cells, and functions as a negative

regulator of cell signaling in lymphocyfes (Zhang et ø1.,2000). Mice def,rcient in SHP-1

experience chronic inflammation and systemic autoimmune disease, demonstrating that

SHP-l downregulates haematopoietic cell activation (Zhang et a|.,2000). It contains two

tandem N-terminal SH2 domains, a catalytic site and an inhibitory C-terrninal tail

containing two tyrosine phosphorylation sites (Yang et a|.,2003, Zhang et a|.,2000). The
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phosphatase activity of SHP-I is inhibited by its SH2 domains and C-terrninal tail, and

binding of the SH2 domains to phosphorylated tyrosine residues induces a

conformational change that exposes the active site (Yang et al., 2003). Tyrosine

phosphorylation of SHP-1 also serves to relieve basal inhibition and increases catalytic

activity (Zhang et a1.,2003).

Li et al (1994) were the first to identify SHP-I in platelets. SHP-I rapidiy

translocated to the cytoskeleton following thrombin stimulation in an aggregation-

dependent manner (Li et al., 1994).It was also phosphorylated on tyrosine and serine

residues within 10 s of thrombin addition, which does not require CI,¡¡683 engagement (Li

et al ., 1997) . The precise role of SHP- 1 in platelet signaling is not completely understood,

however, it may have both positive and negative influences. SHP-I may relieve

constitutive inhibition of the tyrosine kinase Src by dephosphorylating it at an inhibitory

carboxy-terminal phosphorylation site (Somani et al.,lgg7).The Src C-terminal tyrosine

residue was shown to be preferentially dephosphorylated by SHP-1 in vitro, and

thymocytes from SHP-l-deficient mice had significantly lower Src kinase activity

compared to wild-type thymocytes (Somani et al., 1997).ln platelets, Src and SHP-i

translocated to the cytoskeleton with similar time courses (Li er al., 1994) and were co-

precipitated from thrombin-stimulated platelets (Falet et al., 1996). Therefore, SHP-1

may increase platelet activation by dephosphorylating Src and increasing its activity. Src

also phosphorylates GST-SHP-I fusion proteins, suggesting that SHP-I and Src rnay

have a recipt'ocal relationship, activating one another in a concomitant or sequential

manner (Somani et al., 1997). SHP-I is also phosphorylated downstream of GPVI

stimulation by coilagen and CRP, arid FcyRIIA cross-linking (Pasquet et a|.,2000). SHP-
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1 deficient platelets stimulated by CRP exhibited decreased phosphorylation of Syk and

Lyn and P-selectin expression, demonstrating a functional requirement for SHP-I in

GPVl-mediated platelet activation (Pasquet et a|.2000). SHP-1 may also regulate the

association of s¡uÞ¡ to the cytoskeleton (Lin et a1.,2004). As previously mentioned, u-

actinin is a cltoskeletal protein that binds onug¡ to the actin cytoskeleton, and

phosphorylation of a-actinin inhibits its binding to actin. o-actinin has recently been

slrown to be a substrate of SHP-I (Lin et a1.,2004). Therefore, SHP-I dephosphorylation

of u-actinin mediates its association with actin, establishing SHP-I as an important

regulator of cy'toskeletal reorganization. A roie for SHP-I in the negative regulation of

piatelet activation has not been fully established. Src-dependent pathways rnay be

regulated by SHP-1 , as a recent study by Frank et al (2004) showed that Src substt'ates

can be efficiently dephosphorylated by SHP-1. SHP-I is also recruited to PECAM-i in

platelets following TRAP stimulation (Hua et al., 1998). Since both SHP-1 and SHP-2

recruitment to PECAM-I is necessary for inhibitory regulation of B cell receptor

signaling (Henshall et a|.,2001), a similar requirement may also be present in platelets.

SHP-2 (also known as PTP2C, PTPID, or SHPTP2) is 60% structurally

homologous to SHP-1 but is expressed ubiquitously (Yang et a|.,2003). It is composed

of two adjacent N-terminal SH2 domains, a catalytic domain, and a C-terminal tail that

contains tyrosine phosphorylation sites and a proline-rich sequence that allows interaction

with SH3 domain-containing proteins (Tamir et a1.,2000). Similar to SHP-I, the N-

tenninal SH2 domain binds to the catalytic dornain, blocking its active site. Attactunent

of the N-SH2 domain to a phosphotyrosine lesidue induces a conformational change that

relieves this inhibition (Hof et a|.,1998). Despite the structural similarity between SHP-1
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and SHP-2, SHP-2 has been often implicated as a positive regulator of immune cell

signaling (Qu, 2000). Additionally, they have different substrates, as demonstrated by

domain swapping studies using SHP-I/SHP-2 chimeras (Tenev et a1.,1997; O'Reilly and

Neel, 1998).

Little is known about the functional significance of SHP-2 in regulating platelet

activation. However, it has been shown to associate with PECAM-I following

stimulation by thrombin (Edmead et al., 1999), TRAP (Jackson et al., 1997b), collagen

(Jones et al., 2001) and FcyRIIA cross-linking (Thai et al., 2003), and appears to

negatively regulate responses to these agonists.

PTP1B is a 50 kDa PTP that contains a catalytic domain and a C-terminal

targeting sequence that anchors it to the membrane of the sarcoplasmic reticulurn in

platelets (Frangioni et a|.,1993).In an cr116B3-dependent manner, PTPlB is cleaved by tire

Ca2*-dependent protease, calpain, to produce a catalylically active 42kDa fragment that

relocates to the cltoskeieton (Frangioni et al., 1993;Ezumi et al., 1995). PTPlB activity

may play a role in promoting the shift from reversible to irreversible aggregation

(Frangioni et a1.,1993; Ragab et a1.,2003). A study by Ragab et al (2003) suggested that

this transition is facilitated by the dephosphorylation of early-acting signaling molecules,

such as LAT. PTPlB dephosphorylates LAT distal to c¿uuÞ¡ activation in FcyRIIA cross-

linked platelets, since dephosphorylation is inhibited by RGDS or with an inhibitor of

calpain (Ragab et a\.,2003). Additionally, inhibition of PTPlB with a pharmacological

antagonist prevents LAT dephosphorylation and irreversible platelet aggregation.

Therefore, dephosphorylation of certain proteins by the phosphatase is essetfial in
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promoting aggregation, possibly by inducing protein complex dissociation that

contributes to reorganization of the actin cytoskeleton (Ragab et aL.,2003).

Gu and Majerus (1996) identified the cytosolic protein tyrosine phosphatase,

PTPMEG (PTP identified in human megakaryoblastic cell line, MEG-O1), in plateiets.

PTPMEG contains several serine and threonine phosphorylation sites, two PEST

sequences and two proline-rich domains that may facilitate binding to SH3 domains.

Similar to PTPiB, it is cleaved and activated by calpain in thrombin- and ionophore-

stimulated platelets (Gu and Majerus, 1996). The functional significance of PTPMEG in

platelets remains to be determined.

2.6.3.2. Serine/threonine phosphatases in platelets

Platelets contain several ser/thr phosphatases, including protein phosphatase I

(PP1), PP2A, and PP2C. A role for serine/thleonine phosphatases in platelet activation

was demonstrated by the ability of the potent PPl and PP2A inhibitors calyculin A and

okadaic acid to abolish aggregation and granule secretion in response to thrornbin,

collagen and the TxAz mimetic STA2 Qrlishikawa et al., 1994). PP1 and PP2A may have

a role in cytoskeletal remodelling, since they translocate to the cytoskeleton following

thlombin stimuiation and their phosphatase activity significantly increases in this fraction

(Toyoda et a|.,1996). Additionally, calyculin A and okadaic acid induce gross changes in

platelet morphology (Yano et al., 1995). The manner by which PP1 and PP2A manage

c1'toskeletal rearrangement is not clear, however, it may be through dephosphorylation of

cytoskeletal proteins (Toyoda et al., 1996) and regulation of microtubule and actin

reorganrzation (Yano et al., 1995).
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Several substrates of ser/thr phosphatases in platelets have been identified. The

p38 MAPK is an upstream mediator of small heat shock protein 27 (HSP27), which has a

role in actin remodelling (Sundaresan and Farndale, 2002). In collagen and CRP-

stimulated platelets, p38 MAPK is dephosphorylated on a threonine residue by PP2A in

an aggregation-independent manner (Sundaresan and FamdaLe, 2002). Thus, PPZA

influences cytoskeletal reorganization by regulation of p38 MAPK phosphorylation.

Additionally, PP2A, in conjunction with a PTP, maintains p38 in its non-phospholylated

form in resting platelets (Sundaresan and Famdale, 2002). Another member of the MAPK

farnily, ERK2, is regulated by an uncharacterized serine/threonine phosphatase in

platelets by dephosphorylation of pThrrs3 (Pawlowskí et al., 2002). To date, the

functional significance of MAPKs, and therefore their regulation, in platelet activation

remains unresolved. PP2C, and possibly PP1, have been shown to dephosphorylate the

protein moesin, which links plasma membrane constituents to F-actin in the cytoskeleton

(Hislriya et al., L999). Following thlombin stimulation, moesin becornes phosphorylated

at Thr558, which facilitates moesin binding to F-actin and coincides with filopodia

formation (Hishiya et ol., 1999). The ser/tlu phosphatases involved in moesin

dephosphorylation were calyculin A-sensitive and insensitive, and the latter was

determined to be PP2C (Hishiya et al., 1999). Therefore, PP2C, and likely PP1, regulate

dynarnic interactions between the actin cy'toskeleton and moesin-associated plasma

membrane components.
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2.6.3.3. Lipid phosphatases in platelets

The accumulation of polyphosphoinositol lipids in piatelets is regulated by several

lipid phosphatases: SHIP-1, SHIP-2, inositol-polyphosphate 4-phosphatase (4-

phosphatase), and the 43 kDa inositol polyphosphate 5-phosphatase (5-phosphatase).

SHiP-1 and SHIP-2 are highly homologous proteins that each contains an SH2 domain at

the N-terminus, proline-rich sequences, and NPXY motifs that rnediate their function as

docking proteins (Giurato et a|.,2003). They hydrolyse Pi(3,4,5)P3 at the 5' position of

the inositol ring to produce PI(3,4)P2, and SHIP-I is also capable of dephosphorylating

Ins(1,3,4,5)Pa. In platelets, SHIP-1 becomes tyrosine phosphorylated by Src downstream

of crlr¡Ê¡ engagement and associates with the cytoskeleton following thrombin

stimulation (Giuriato et al., 1997; Giuriato et al., 2000). The specific function of the

SHIP ploduct PI(3,4)Pz is not completely understood. However, it may have a role in

promoting irreversible aggregation by maintaining o¡6B3 in its activated state, and

supporting cytoskeletal leorganization by inducing actin filament uncapping and actin

assembly (Kovacsovics et al., 1995; Hartwig et al., 1995; Hartwig et al., 1996). SHIP-2

appears to be less important than SHIP-I in regulating PI(3,4,5)P3 levels in tluombin and

collagen-stimulated mouse platelets as demonstrated in experimerfs using homozygous

and heterozygous SHIP-1 and SHIP-2 deficient mice (Giuriato et a1.,2003). However,

SHIP-2 may regulate actin rcorganization in response to GPIb/V/IX adhesion to vWf

(Dyson et a1.,2003). GPIbo subunit is anchored to the actin cytoskeleton by the actin-

binding protein, filamin. in platelets spreading on a vWf matrix, SHIP-2, filamin, actin

and GPIbA//IX co-localized in the actin cytoskeleton, suggesting that SHIP-2 regulates
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local concentrations of PI(3,4,5)P3 and therefore has an active role in cytoskeletal

remodelling initiated by GPib/ViIX adhesion to vWf (Dyson et a1.,2003).

Another lipid phosphatase thal regulates the PI3-K pathway is inositol

polyphosphate 4-phosphatase (4-phosphatase). This enzyme hydrolyzes PI(3,4)Pz at the

4' position of the inositol ring to produce PI(3)P. In thrombin and Ca2*-ionophore-

stimulated platelets, 4-phosphatase is a substrate of calpain, æid its cleavage drastically

reduces its enzymatic activity (lrlorris et al., 1997). Consequently, platelet activation

leads to inactivation of 4-phosphatase to allow for accumulation of PI(3,4)P2.

The 43 I<Da inositol polyphosphate 5-phosphatase (5-phosphatase) acts on IP3, a

product of PlC-induced hydrolysis of PI(4,5)P2, ãnd Ins(1,3,4,5)Pa. Therefore, 5-

phosphatase may regulate lP3-stimulated intracellular C** release. The platelet ploteins

pleckstrin and 14-3-3Ç each interacts with 5-phosphatase and induces its activation

(Auethavekiat et ø1., 1997; Campbell et al., 1997). 14-3-3Ç may control C** release in

lesting platelets, while pleckstrin, which requires phosphorylation on serine and threonine

residues in order to bind 5-phosphatase, may have a role in regulating intracellular Ct*

levels in activated platelets.
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3. RESEARCH OBJECTIVES

The objectives of this research project are to characteize the initial interactions

that occur between platelets and the oral bacterial strain, S. sanguis 2017-18, and the

subsequent signal transduction events triggered in the platelet. This microorganism has

previously been shown to adhere to and activate human platelets (Herzberg et a|.,1983).

Additionally, a critical role for IgG and its platelet teceptor, FcyRlIA, in the platelet

aggregation response to other S. sanguis strains has also been established (Sullam et al.,

1988; Ford e/ al., 1997). Unliiçe platelet aggregation induced by dilect FoyRIIA cross-

linking, aggregation stimulated by 2017-78 and other strains of '9. sanguis is

chancterized by an extended lag phase prior to brisk aggregation. Therefore, the primary

lrypothesis to be tested is that S. sanguis strain 2017-78 utilizes similar platelet

biochemical pathways as direct Fc1RIIA cross-linking to give rise to aggregation, br-rt

distinct signaling events occur within the lag phase that lead to the protracted delay prior

to aggregation. A second project will address the irnportance of the major glycoproteins,

GPIb and srru9s, in platelet adhesion to 2017-78.
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4. MATERIALS AND METHODS

4.1. Materials

S. sanguis strain 20Il-78, originally isolated from a confirmed case of subacute

bacterial endocarditis (Herzberg et al., 1983) was a gift from Dr. Mark Herzberg

(University of Minnesota). Oxoid biood agar base #2 was purchased from Oxoid Inc.

Qrlepean, ON), citrated sheep's blood from Atlas Laboratories Co., Ltd. (Winnipeg, MB)

and trypticase soy broth without dextrose from Becton Dickinson Microbiology Systems

(Cockeysville, MD). Vitamin K, hemin, bovine serum albumin (BSA), HEPES,

glutaraldehyde, staurosporine, Triton X-l00, Igepal CA-630, phenylmethylsulfonyl

fluoride (PMSF), sodium orthovanadate, Tween-2}, o-phenylenediamine dihydrochloride

tablets (4 rng substrate per tablet), ASA, wortmannin, and RGDS were purchased from

Sigrna-Aldrich Canada Ltd. (Oakville, ON). Methanol,95Yo ethanol, hydrochloric acid,

and oxalic acid were obtained from Fisher Scientific Ltd. (Whitby, ON). Formic acid was

purchased from BDH inc. (Toronto, ON). Chloroform and Baker Si250 thin layer

chromatography (TLC) plates were purchased from J.T. Baker Chemical Co.

(Phillipsbrug, NJ). 5-hydroxy-[G-3H]-tryptamine creatinine sulphate (fHl-5-HT), ["P]-

ortho-phosphate, scintillation fluid, ECL western blotting detection reagents and

Hyperfihn were purchased from Amersham Biosciences (Baie D'Urfé, PQ). Protein A

Sepharose CL-48, Sepharose CL-28 and complete mini EDTA-free protease inhibitor

cocktail tablets were from Roche Diagnostics Canada (Laval, PQ). Nitrocellulose

membrane (0.45 ¡rM pore size), and prestained SDS-PAGE standards (low and irigh

ranges) were obtained from BioRad Laboratories, Ltd. (Missisauga, ON). Plotein A/G

PLUS agarose was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) and
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the TxBz ertzyme immunoassay kit was from Oxford Biomedical Research Inc. (Oxford,

Mi). p-nitrophenol phosphate, IJ73122,and protein tyrosine phosphatase inhibitor I were

obtained from CalbiochenVEMD Biosciences, Inc. (San Diego, CA). PP1 was purchased

from Biomol Research Laboratories, Inc. (Plymouth Meeting, PA). BIBU-52 was a gift

fi'om Boehringer Ingelheim (Canada) Ltd. (Buriington, ON). BW75CC was a gift fi'om

Dr. Jon Gerrard (University of Manitoba). All other chemicals wele of the highest grade

available.

4.2. Antibodies

Anti-phosphotyrosine rabbit poiyclonal antibody (Ab), anti-LAT rabbit polyclonal

Ab and 4G10 (anti-phosphotyrosine mouse monoclonal Ab) were purchased from

Upstate Biotechnology Inc. (Lake Placid, NY). Anti-Syk rabbit polyclonal Abs (LR and

N-19), anti-PLCy} rabbit polyclonal Ab, anti-PECAM-i goat polyclonal Abs (M-20 and

C-20), anti-SHP-1 and SHP-2 rabbit polyclonal Abs, anti-cPL{z rabbit polyclonal Ab

and donkey anti-goat IgG (horseradish-peroxidase (HRP)-lini(ed) were obtained from

Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). IV.3 (anti-FcyRIIA lnouse monoclonal

Ab) was from Medarex Inc. (Annandale, NJ) and was also purified from tissue culture

supernatant (American Type Culture Collection no. HB-217, Manassas, VA) by Ms.

Patricia Sauder (Rheumatic Disease Research Laboratory, Winnipeg, MB). AN51 (anti-

human platelet GPIblCD4zb monoclonal Ab) and anti-CD9 mouse monoclonal Ab wele

purchased from DAKO Diagnostics Canada Ltd. (Missisauga, ON). Anti-crflu/CD41 was

obtained from Chemicon International (Temecula, CA). Anti-mouse IgG F(ab')2 fragment

was pulchased from Sigma, anti-rabbit and anti-mouse IgG (HRP-linked) from New
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England Biolabs Ltd. (Pickering, ON), and rabbit anti-human IgG (HRP-lini<ed) from

DAKO (Glostrup, Denmark). Antibody 260 (anti-FcyRIIA rabbit polyclonal Ab) was a

gift from Dr. Jean-Luc Teillaud (Institute Curie, Paris, France). PECAM-l.3 (anti-

PECAM-1 mouse monoclonal Ab specific against Ig domain 1) was a gift from Dr. Peter

Newman (Btood Research Institute, Milwaukee, WI).

4.3. Preparation of platelet-rich plasma

These studies were approved by the Research Ethics Board of the University of

Manitoba, Blood was drawn by venipuncture from healthy adults, following informed

consent, who denied taking any medications known to interfere with platelet function

within the previous two weeks. The blood was mixed with 0.1x volume of 3.8% sodium

citrate and centrifuged at 200 x g for 20 min at room temperature to obtain platelet-rich

plasma (PRP). Platelets were allowed to equilibrate for 30 min at 37'C prior to use.

Platelet counts were obtained by Ms. Eileen McMillan-Ward (Manitoba Institute of Cell

Biology, Wimipeg, MB) using an electronic particle analyzet'

4.4. Growth conditions and storage of Streptococcus sønguis strain 2017-78

2017-78 was grown anaerobically on blood agar plates (Appendix) for 18 h (late

stationary-phase growth) at 37"C (Herzberg et al., 1983), and loopfuls of cells were

harvested into stelilized Eppendorf tubes containing 0.5 mL of fueezing broth

(Appendix). These aliquots of bacteria were stored at -80oC.
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4.5. Enumeration of 2017-78

A tube of frozen bacteria was thawed, vortexed and a 25 ¡tL aliquot of the

bacterial suspension was applied to a blood agar plate and grown as described above.

Bacteria were scraped from the plate and suspended in 0.5 mL of HEPES-Tyrodes buffer'

(Appendix) and washed twice by centrifugation at 12 000 x g. Bacteria were lesuspended

in a final volume of 0.25 mL HEPES-Tyrodes buffer and sonicated (15 s,20%o output) to

disperse any bacterial clumps (Suspension A). A 50 pL aliquot of Suspension A was

diluted (1:20) with reduced transport fluid (RTF, Appendix) (Suspension B) and the

optical density measured at 660 nm. A 0.1 mL aliquot of Suspension B was diluted witli

an equal volume of dilute methylene blue dye (Suspension C). A 25 ¡rL aliquot of

Suspension C was applied to a Petroff-Hauser counting chamber (Arthur H. Thomas Co.,

Philadelphia, PA) for cell enumeration under phase contrast microscopy at 40x

magnification. Bacteria in each of 16 smal1 squares within 3 larger squares in the grid,

clrosen randomly, were counted and averaged. The volume of each small squale is ll20

000 000 cm3.

The formula used to calculate the number of bacteria/ml in Suspension B is:

Average number of bacteria per small square x 20 000 000 cm3 x 2 (dilution with

methylene blue)

This procedure was conducted at least 8 times, varying the amount of bacteria in

each original suspension, and the optical density was plotted against bacteria./rnl to

obtain a standard curve (Fig. a.1). To enumerate subsequent bacterial suspensions
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(Suspension A), the optical density of a 1:20 dilution of Suspension A (Suspension B)

was measured (y), and the equation of a straight line (y : ax -f y0; where y0 : 0.191, a:

6.189 x 10-1) was used to obtain bacteria/mL in Suspension B (x). The concentration of

bacteria in Suspension A was obtained by multipiying by the dilution factor of 20.
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Fig. 4.1. Standard curve of 2\fi-78 concentration vs. optical density of Suspension

B.

4.6. Platelet aggregation by 2017-78

Platelet agglegation was determíned by stirnulating PRP (0.4 mL) with 2017-78 in

a dual channel Payton aggregometer with moderate stirring at 7 000 rpm at 37oC and

measuring the increase in tight transmission. Sevelal platelet to bacteria ratios (5:1,2:1,

I:I, 7:2, 1:5, 1:10) were tested to obtain the one that resulted in the shortest delay, or lag
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phase, prior to platelet aggregation. This ratio was determined to be a platelet:bacteria

ratio of I:2, andthis ratio was subsequently used in all experiments.

For inhibitor studies, the PRP samples were stirred at37"C with the appropriate

inhibitor in the aggregometer, prior to addition of 2011-78. The exception was ASA,

where PRP was incubated with the inhibitor for 30 minutes at37'C without stirring prior

to activation.

4.7. cPLAz mobility shift assaY

Phosphorylated oPLA2 can be distinguished from the non-phosphorylated form by

its retarded mobility in SDS-polyacrylamide gels (Kramer et al., 1993). Therefore, gel

rnobility shift assays were used to detect for phospholylation of cPLAz in 2017-18-

stimulated platelets. Platelets were stirred with 2017-78 as outlined above and reactions

terminated by the addition of 2x stopping solution. Samples were centrifuged at 8 500 x g

for 30 s, the pellets solubilized by sonication (4 x 10 s, 20o/o output) in 100 pL of 4x

reducing buffer and boiled for 5 min. Proteins were sepaÍated by SDS-PAGE (10% gel;

180 mV for 4 hours, 4'C) and transferred to nitrocellulose membrane. The tnembrane

was blocked wittr TBS-Tween containing 5% milk (w/v) and washed 6x 5 min with TBS-

Tween. cPLAz was detected by incubating the blot with anti-cPlA2 rabbit polyclonal Ab

(1:500 dilution in TBS-Tween containing 5o/o BSA) for t horu at room temperature,

washing 6x 5 min with TBS-Tween, incubating with anti-rabbit IgG Ab (HRP-linked)

(1:1000 diiution in TBS-Tween containing 5o/o milk) for t hour at room temperature, and

washing 6x 5 min with TBS-Tween. Bound antibodies were detected by commercial ECL

reagents following manufacturer' s instructions.
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4.8. TxAz release

Platelet aggregation in PRP was determined as outlined above and reactions

terminated by the addition of an equal volume of ice cold ACD. Platelets were pelleted

by centrifugation at 8 500 x g and the supernatant collected into separate Eppendorf

tubes. Levels of released TxA2, as indicated by the atnount of its stable rnetabolite, TxB2,

in the supernatant, were determined from duplicate samples using a TxBz enzyme

immunoassay kit.

4.9. í-IJT lserotonin release

5-HT release was measured by the method of McNicol (McNicol , 1996). Briefly,

PRP was incubated with 0.5 pCi of [3H]-5-HT creatinine sulphate ([3H]-5-HT) per 1 mL

of PRP for 60 min at 37"C to allow for uptake of ¡3H1-S-UT into platelet dense granules.

Platelets were not washed prior to stimulation with 2017-78, resulting in high background

readings in controls.

Following addition of 2017-78 to platelet suspensions, reactiotts were tetminated,

at the times indicated by the addition of an equal volume of 0.1% glutaraldehyde in

Write's saline (Israels and Gerrard, 1996), and the entire sample was tlansferred to

Eppendorf tubes and stored in ice. Szunples were centtifuged for 2 min at 12 000 x gto

obtain platelet pellets, A 0.4 mL aliquot of the supernatant was removed and the amount

of radioactivity present was determined by liquid scintillation counting using the

Beckmal model 5801 tiquid scintillation counter. The rernaining supernatant was

discarded and the platelet pellet was digested with 0.1 rnl. of 88% formic acid at 37'C for
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t hour. The bottom portion of the Eppendorf tube was snipped off and radioactivity

counted. The per cent release per sample was calculated by the following formula:

Counts in supernatantx} x 100

Counts in pellet * (counts in supernatarúx2)

4.10. Phosphatidic acid (PA) formation

4.10.1. Labelling of platelets with 32P-orthophosphate and resuspension into citrated

plasma

Equal quantities of blood were drawn into both O,lx volume of 3.8%o sodium

citrate and 0.18x volume of acid-citrate-dextrose (ACD) (Appendix). PRP was obtained

by centrifugation at200 x g for 20 min at room temperature. Platelets were pelleted from

PRP by further centrifugation at 800 x gfor 15 min atroom temperature. Platelet-poor

citrated plasma was transfened to a clean tube and incubated at 37"C until use. The

platelet pellet from acidified PRP (i.e. from blood drawn into ACD) was resuspended in I

-2 mL of PO¿-free HEPES-Tyrodes buffer and incubated with 100 - 120 pCi l"pl-

ortho-phosphate for t hour at 37oC to label the metabolic pool of ATP. ACD was

subsequently added at 0.lx original volume of PRP and the volume brought back up to

the original PRP volume with PO¿-free HEPES-Tyrodes buffer. Platelets were pelleted by

centrifugation at 600 x g for i0 min at room temperature. The labelled platelets were

lesuspended in platelet-poor citrated plasma and allowed to equilibrate for 30 min at

37oC prior to use.
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4.L0.2. PA formation analYsis

Platelet aggregation of fzPl-ortho-phosphate-1abelled platelets was determined, in

triplicate, as outlined above and terminated by transferring the entire sample into 2 mL of

chloroform:methanol:10 N HCI (25:50:4) in conical bottom glass tubes and vofiexing.

Chloroform and ddHzO (0.625mL of each) were added, the samples vortexed and

centrifuged at 800 x g for 10 min at room temperature. The iipid phase (bottom layer)

was transferred to round bottom screw-cap test tubes and dried with a strearn of nitrogen

gas at 28"C. The tipids were resuspended in 50 pL of i:l chlorofotm:methanol and

separated, along with phospholipids standards on a Baker Si250 TLC plate (impregnated

with 0.5 N oxalate in methanol) with a mobile phase of chloroform:methanol: 10 N HCI

(87:13:0.5). The TLC plate was dried and PA standards were visualizedby iodine vapour.

The radioactivity in spots corresponding to PA and the total radioactivity in each sample

were quantified by liquid scintillation counting. The results are expressed as amouú of

t3'plpn as a percent of total ¡32P1 phospholipid.

4.1-1. Immunoprecipitation, SDS-PAGE and western blotting

Platelet aggregation in PRP was determined as outlined above and reactiolls were

stopped by the addition of an equal volume of 2x stopping solution (20 mM EDTA, 6

nrM Na:VO a,20 ¡t}rir staurosporine). Platelets were pelleted by centrifugation at 8 500 x g

for 30 s, sonicated (4 x l0 s,20Yo output) in 400 ¡rL cold 2x RIPA buffer (Appendix)

(Clark and Brugge,1996), or 1x lysis buffer (for PECAM-1 IP, Appendix) (Cicmil et al.,

2000) and lysed for' 30 min at 4'C. The lysate was centrifuged at 12 000 x g for 10 min at

4"C, and the supernatant was precleared with 30 pL of 10% Protein A Sepharose CL-48
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agarose beads hydrated in 2x RIPA buffer containing 1% BSA or Protein A/G PLUS

agaïose beads (for PECAM-I IP) for 30 min at 4"C.

For phosphotyrosine, PLCy2, PECAM-I and SHP-I IPs, 10 p'glmL of anti-

phosphotyrosine rabbit polyclonal Ab,2.5 pglmL of anti-PlCy-Z rabbit polyclonal Ab,

i0 pglml, of anti-PECAM-l (M-20) goat polyclonal Ab, or 2.5 ¡tg/mL of anti-SHP-l

rabbit polyclonal Ab, respectively, were incubated with lysates overnight at 4"C, and 30

¡rL of the agarose beads was added for a further 60 min.

For Fc1RIIA and Syk IPs, 2.5 pglmL IV.3 mouse monoclonal Ab or 2.5 pglml-

anti-Syk (LR) rabbit polyclonal Ab, respectively, were incubated with lysates for 90 min

at 4"C, and agarose beads were added for another 60 min.

The beads were isolated by centrifugation and washed 3x with lx RIPA wash

buffer (Appendix) (Clark and Brugge,1996) or 1x PBS (for PECAM-1 IP). Proteins were

eluted by boiling agarose beads in 35 pL of lx reducing buffer, separated by 10 or 12Yo

SDS-PAGE (180 mV for 80 min, room temperature) and transferred to nitrocellttlose

membranes (100 rnV for t hr, 4'C). The membranes were blocked with western wash

buffer (Appendix) (Clark and Brugge, 1996) containing 5% BSA, and incubated with

anti-phosphotyrosine Ab clone 4G10 (1:1000 dilution in western wash buffer coutaining

3% BSA) for 90 min at room temperature.

The blots were washed with western wash buffer 6x 5 min, incubated with a

peroxidase-conjugated anti-mouse IgG Ab (1:2000 dilution in western wash buffer

containing 1% BSA) for I hour at room temperature, and washed with western wash

buffer 6x 5 min. Proteins were visualized with a commercial ECL kit following

manufacturer' s instructions.
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The membranes were subsequently stripped by washing for t hour with two

changes of stripping buffer (Appendix), washed with several changes of Tris-buffered

saline (TBS) (Appendix) containing 0.l% Tween (TBS-Tween) for 1 hour, and reprobed

with the appropriate antibody to ensure even ioading among lanes.

4.l2.Preparation of IgG-free PRP

IgG was depleted from plasma by affinity column chromatography using Protein

A coated-sepharose beads. The column was initially eluted with wash buffer (100 mM

Tris, pH 7.5, 7.5 mM NaCl), followed by HEPES-Tyrodes buffer. Piatelet-poor plasma

(PPP), which was prepared by centrifugation of 1 mL aliquots of citrated PRP at 8 500 x

g for 30 s, was applied to the column. The first 0.5 mL of eluate was discarded and the

next 1 .5 -2 mL collected into an Eppendorf tube and stored at37'C until use. Bound IgG

was removed with elution buffer (0.1 M citrate, pH 3.0). The column was washed with

several column volumes of wash buffer, and stored in 0 . I M citrate, pH 2.0 , at 4" C.

Acidified PRP was centrifuged at 2 000 x g for 3 min to obtain piatelet peilets,

which \Ã/ere resuspended in the IgG-free PPP prepared above. Platelet suspensions were

allowed to equilibrate at37"C for 30 min priol to use.

To measure the efficacy of IgG depletion, PPP containing IgG and PPP eluted

from the column were diluted with phosphate-buffered saline (PBS) (Appendix) (1:50),

and the amount of 2017-7ï-specific IgG in the sample was measuÍed by enzyme-linlced

immunosorbent assay (ELISA) (N4cNicol et al., submitted). The wells of 96-well

microtitreplateswereeachcoatedwith 100 pL of 2017-78 suspendedincoatingbuffer

(Appendix) (0.1 mglmL dry weight, approximately 2.5 x 108 bacterialml-) overnight at
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4"C. The plates were washed2x with 100 pl blocking buffer (PBS-Tween containing

0.1% BSA), then blocked with 100 ¡rL of blocking buffel for 45 min at room

temperature. The plates were washed2x with 100 pl PBS-Tween, and duplicate samples

of 100 pL of diluted PPP were applied to the wells and incubated for 3 hr at room

temperature. The plates were washed 3x with PBS-Tween, peroxidase-conjugated rabbit

anti-human IgG (1:1500 dilution in blocking buffer) was added to each well and

incubated for t hr at room temperature. Following washing 3x with PBS-Tween, 100 ¡rL

of HRP substrate solution (Appendix) was added to each well in the dark at room

temperature until color developed (approximately 10 min). Plates were read on a BioRad

microtiter plate reader (Model 550) at 450 nm. IgG was depleted to 15.99 + 4.57%

(expressed as igG present in PPP eluted fiom the column as a percentage of IgG present

in untreated PPP; n:3).

4.13. Platelet-bacteria adhesion

4.13.L. Gel filtration of platelets

To exclude a role for plasma proteins in platelet adhesion to 2017-78, platelets

were isolated by gel filtration (McNicoI, 1996), which is a gentler and more thorough

method of isolating platelets from plasma than centrifugation. The gel filtration colurnn,

packed with Sepharose 2B and corfaining glass wool at the bottom, was pre-conditioned

by washing with several column volumes of HEPES-tyrodes buffer at room temperature.

Citrated PRP was applied to the column and HEPES-tyrodes buffer was added following

entry of PRP into the column. The opaque fi'action of the eluate, which contains the

platelets, was collected and used for adhesion assays.
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4.13.2. Platelet-bacteria adhesion assay

The wells of 96-well microtitre plates were each coated with 100 pL of 2017-78

suspended in coating buffer (2.5 x 108 bacteria/mL) as described above. The plate was

washed 3x with PBS-Tween and once with PBS, then blocked with 300 ¡rL of PBS

containing 10% skim milk powder (w/v) for 2 hours at room temperature. Following a

further wash, 100 pL of gel-filtered platelets (I.25 x 108 platelets/ml) were added to each

well and allowed to adhere for 30 min at room temperature, The plate was washed to

remove unbound platelets and bound platelets were detected by one of two methods. In

initial adhesion experiments, including determination of optimal bacteria to platelet tatios

and bacteria-platelet adhesion time course studies, a monoclonal Ab specif,rc for the

platelet membrane receptor CD9 was used to detect bound platelets. Wells were

incubated with anti-CDg (1:1000 dilution in PBS containing 0.1% BSA) for t hr at room

temperature, and washed 3x with PBS-Tween and once with PBS. Peroxidase-conjugated

anti-mouse IgG (1 :2000 dilution in PBS containing 0.1% BSA) was subsequently applied

to the wells and incubated for t hr at room temperature. Following the 3 washes with

PBS-Tween and 1 wash with PBS, 100 pL of HRP substrate solution (Appendix) was

added to induce color development as described above. The method of Kenigan et al

(2002) was used in experiments examining the effect of piatelet receptor inhibitors on

adhesion. This procedure detects bound platelets by lysis and reaction of released acid

phosphatases with the substrate p-nitrophenol phosphate (p-NPP). Briefly, 100 pL of

lysis buffer (0.1 M sodium acetate pH 5.5, 0.i% Triton X-100, 10 mM p-NPP) was

applied to the weils and incubated for 2 hours at 37oC. The reaction was stopped by the

addition of 100 ¡rL 1 M NaOH and the resultant color was read at 405 nm in a miclotitel
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plate reader. This method may be superior 
fo 

the previously described technique as

washing steps are eliminated, and results may be more accutate due to lack of concern

about non-specific Ab binding. Additionally, platelet activation that may occur following

adhesion to bacteria may cause increased expression of CD9 from o-granules on the

platelet surface, which may lead to overestimation of binding when anti-CD9 is used.

4.1.4. Statistical analYses

5-HT secretion, TxAz release, PA production, and adhesion assay data were

analyzed. by one-way ANOVA and Tukey's multiple comparison test. Statistical

significance was achieved at p < 0.05.
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5. RESULTS

5.1.2017-78 induces platelet aggregation in an IgG-dependent manner

Streptococcus sanguis strain 2017-78 stimulates piatelet aggregation, as shown

previously (Herzberg et al., 1983). There is a donor-dependent lag phase prior to the

onset of aggregation with maximum aggregation occurriîg at I2.1 + 1.6 min (range from

5 to 19 min; n:10; data + SEM) (Fig. 5.1). Pre-incubation of platelets with the

tetrapeptide RGDS (lmM, 5 min), which blocks fibrinogen binding to o,rr¡F¡, prevents

aggregation, demonstrating an essential role for CI,¡16B3 engagement in platelet aggregation

by 2017-78 (Fig. s.1).

Previous studies showed lhat aggregation in response to S. sangu¿s strain NCTC

7863 is inhibited by depleting plasma of IgG or by pre-incubating platelets with the anti-

F9yRIIA antibody IV.3, demonstrating a role for igG and its receptor FcyRIIA (Ford er

al., 1997). in the present studies, depletion of plasma IgG inhibits aggregation in

response to 2017-78, demonstrating a similar requirement for IgG (Fig. 5.24). In contlast

to 2017-78 which has a protracted lag phase prior to aggregation, direct activation of

Fc1RIIA by cross-linking with IV.3 (2.5 p,g/m[ 1 min) and anti-mouse IgG F(ab')2

fragment (30 pglml.) induces rapid platelet aggregation with a minimal lag phase (Fig.

5.28). This difference in response time indicates that the bacterialIgG induce weak

FgyRIIA cross-lin-king and activation compaled to FoyRIIA cross-linking by specific

antibodies. Additionally, it suggests the possibility that different signaling mediatols are

activated in response to each agonist.
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Fig. 5.1. S. sanguis strain 2017-78 stimulates RGDS-sensitive aggregation of human
platelets.

Platelets were stirred, in the presence or absence of 1 mM RGDS for 5 min prior to tire

addition of 20t7-78. Aggregation was monitored continuously as an increase in light

transmission. Arrow indicates addition of 2017-78.Tracings a.re representative of at least

5 independent expeliments using different donors.
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5.2. Platelet aggregation induced by 2017-78 is dependent on the presence of

Platelets, in the absence or plesence of IgG, were stirred with 2017-78 and

aggregation monitored as an increase in light transmission. Tracings are

representative of at least four differetrt experiments using different donors.

Platelets were pre-incubated with the mouse monoclonal antibody IV.3 (2.5

¡rg/ml, 1 min), followed by anti-mouse F(ab')2 fragments (30 pglml.) to induce

FoyRIIA cross-linking. Aggregation was monitored as an increase in light
transmission. Tracing is representative of at least five separate experiments with

different donors.
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5.2.2017-78-induced aggregation is accompanied by cPLA2 phosphorylation and

arachidonic acid metabolism

Pre-incubation of PRP with ASA prevents platelet aggregation in response to

2017-78 (Fig. 5.3), an effect similar to that reported for other aggregation-inducing S.

sanguis strains (Sullam et al., 1987; Ford et al., 1993). Therefore, 2017-78-induced

platelet aggregation requires AA release and subsequent conversion to TxAz'

cPLAz is believed to be the principle enzyme responsible for the cleavage of AA

from phospholipids following platelet stimulation (Börsch-HauboId et al., 1995)' The

activation of cPLAz is associated with its phosphorylation on Ser727. The mobility of

phosphorylated cPLAz on an SDS-polyacrylamide gel is slower than the

u¡phosphorylated form, which allows for their distinction on western blots (Bölsch-

Haubold et al., Ig95). Therefore, cPLAz phosphorylation was used as an index of enzyme

activity, and gPLA z activation in 2}I7-78-stimulated platelets was detected by gel

mobitity shift assays. As shown in Fig. 5.4, cPLL2mobility begins to slow as aggregation

is initiated, ffid the mobility is increasingly retarded as aggregation proceeds to

completion. This observation demonstrates that cPLAz phosphorylation and activation,

and thus AA release, occurs during aggregation.

The levels of the active product of AA, TxAz, in response to 2017-78 were

measuïed by the detection of its stable metabolite, TxB2, in plasma by ELISA. TxA2

release does not occur during the lag phase prior to aggregation, but it primarily occurs

during aggregation (Table 5.1). Pre-incubating platelets with acetylsalicylic acid (ASA)

abolishes TxAz production, conf,rrming that rnetabolism of AA is the source of Tx in

2117-7}-stimulated platelets (Table 5.1). Inhibition of TxAz release by pre-treating
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Fig. 5.4. cPLAz is phosphorylated in platelets stimulated by 2017-78.

Platelets were stined with 2017-78 for the times indicated and reactions terminated.
Platelets were lysed, proteins separated by SDS-PAGE and transferred to nitrocellulose.
cPLA2 was detected by immunoblotting using anti-cPlA2 antibody and visualized by
ECL. The mobility of the phosphorylated form of cPLAz þ-cPLA2) was retarded when
compared to the non-phosphorylated form (cPLA2). Labels below the blot refer to
aggregation status and correspond to the time points indicated along the aggregation
tracing. This experiment was repeated three times using different donors.
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TxBz released (ng/ml)

Control 0.10 + 0.05

20L7-78 (ras) 0.34 + 0.03

20L7 -7 8 (post-aggregation) 24.06 + 4.78 *

RGDS +20t7-78 1.40 + 0.57

ASA + 2017-78 0.02 + 0.004

Table 5.1. TxAz release in respons e to 2017-78 is inhibited by RGDS or ASA.

Untreated platelets, or platelets pre-incubated with RGDS (1 mM, 5 min) or ASA (100

p"M,20 min) were stimulated with2017-78 for the time points indicated. Reactions were

terminated by the addition of ice cold ACD and the levels of TxB2 released into the

supernatant were measured by a commercial TxBz enzyme immunoassay kit. Activation
of RGDS and ASA-treated platelets was stopped at the time point corresponding to full
aggregation. Results are the mean + SEM of three experiments with two observations per

sample. r'p < 0.05 compared to control.
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platelets with RGDS (lmM, 5 min) is consistent with the above results and demonstrates

that TxAz release takes place downstream of arnps activation.

5.3. Dense granule secretion in responseto 2017'78 is dependent on au¡F¡

engagement

Platelet activation stimulated by several different agonists is accompanied by the

release of granule contents, which supports aggregation. 5-HT release, a tneasure of

dense granule secretion, is not observed prior to, but does occur during, aggregation in

2017-7ï-activared platelets (Fig. 5.5). Platelets pre-treated with RGDS (1 mM, 5 min) do

not secrete 5-HT in response to 2017-78, suggesting that 5-HT release is dependent on

o.1¡6B3 activation (Fig. 5.5). ASA (100 pM, 20 min) prevents 5-HT release, demonstrating

that this functional response also occurs downstream of TxAz production (Fig. 5.5).

5.4. PLC is activated in2017'78-stimulated platelets

Thus far, it has been established that 2017-78 induces TxA2-dependent

aggregation and dense granule release. PLC activation is anearly event in several platelet

receptor-stimulated pathways, including those triggered by collagen, thrombin, and TxAz

(Siess et a1.,1983; Faiii et al., 1994). Depending on the agonist, PLC can be activated

upstream or downstream of TxA2 production. Pre-incubation of platelets with the PLC

inhibitol IJ73l22 abolishes platelet aggregation stimulated by 2017-78 (Fig. 5.6). These

data suggest that PLC has an essential role in 2017-78-índuced aggregation and therefore

its activation \ilas studied. As previously mentioned, PLC cleaves PI(4,5)Pz into IP3 and

DAG. The latter is phosphorylated by diglyceride kinase to
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Fig. 5.5. 2017-78-stimulated dense granule secretion is inhibited by RGDS and ASA.

Platelets were pre-incubated wittr ¡3H]-S-HT (60 min), untreated or treated with RGDS (1

mM, 5 min) or ASA (100 ¡t"M, 20 min), then stirred with 2017-78. Release was

terminated by the addition of an equal volume of 0.1% glutaraldehyde in White's saline

at the specified time points. Release from RGDS and ASA-treated samples were stopped

at the tirne point conèsponding to aggregation. Platelets were pelleted and the [3H]-5-HT
in the supematants, and in the formic acid-digested pellets, were determined by liquid
scintiliatiàn counting. Results, expressed as peicentagã released ¡3H1-S-HT, are the mean

+ SEM of three experiments each with tr¡ro observations per sample. *p < 0.05 compaled

to control.
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Fig. 5.6. The PLC inhibitor, 1J73L22, abolishes platelet aggregation in response to

2017-78.

Platelets were stired in the presence or absence of 10 pM U73I22 for 2 min prior to the

addition of 2017-78. Aggregation was continuously monitored as an increase in light

transnrission. Arrow indicates addition of 2017-78. These tlacings are representative of
tluee different experiments using different donors.
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form its metabolite, phosphatidic acid (PA) (I.{ozawa et al., 199I). Pre-labelling the

metabolic pool of ATP with l32P)-ortho-phosphate allows PA formation to be followed

radiometrically. PA formation can subsequently be used as an index of PLC activity.

PA formation in response to 2017-78 does not occur within the lag phase prior to

aggregation but takes place simultaneously with aggregation (Fig. 5.7). Platelets pre-

incubated with RGDS (1 mM, 5 min) failed to produce PA above basal levels,

demonstrating that cr,1¡6B3 ensagement is required fol PA formation (Fig. 5.7). PLe-

treatunent of platelets with the cyclooxygenase inhibitor, BW755C (100 lLM, 2 min),

prevented PA production, suggesting that PLC activity is mediated downstream of TxAz

release (Fig. 5.7).

5.5.2017-78 induces an increase in platelet protein tyrosine phosphorylation

Tyrosine phosphorylation of intracellular mediators plays a role in the

transmission of signals from receptor engagement to aclivate orrup¡, and downstrearn of

integrin engagement to induce platelet aggregation. Thus, tyrosine phosphorylation in

platelets activated by 2017-78 was examined (Fig. 5.8). As previously reported, a number

of proteins in unstimulated platelets are tyrosine phosphorylated. Stimulation wilh 2017 -

78 increases whole cell tylosine phosphorylation, which is apparent during the lag phase,

and increases significantly during aggregation. Therefore, signaling pathways induced in

platelets following 2017-78 stirnulation likely involve the action of tyrosine kinases.

Tyrosine phosphorylation of specific signaling proteins was subsequently studied in

platelets activated by 2017-78.
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Fig. 5.7. 20L7-78 induces PLC activity, which is abolished by the COX-I inhibitor,
BW755C, and RGDS.

Platelets were pre-incubated with ¡32f1- ortho-phosphate (60 min), and platelets untreated

or pre-treated with RGDS (1 mM, 5 min) or BW755C (i00 ¡rM, 2 min) were stirred with
2017-78. Reactions were terminated at the specified time points (RGDS and BW755C-
treated samples stopped at time point corresponding to agggregation,) and the

phospholipids were extracted and separated by thin layer chromatography. The levels of

it'pl-pe and total ¡'2t1-tuU.tted phospholipid ^in each sample were quantif,red by
scintillation counting. Results are expressed as ["P]-PA levels as a percentage of total

¡3te1-taU"tted phospholipid. Data are the mean * SEM of three experiments each with
tiu'ee observations per sample. *p < 0.05 compared to control.
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Fig. 5.8. Activation of platelets with 2017-78 is associated with an increase in whole
cell tyrosine phosphorylation.

Platelets were stirred with 2017-78 for the times indicated and reactions terminated.
Platelets were lysed and tyrosine phosphoproteins isolated by immunoprecipitation,
separated by SDS-PAGE and transferred to nitrocellulose. Tyrosine phosphorylation was
monitored by immunoblotting using antibody 4G10 and visualizedby ECL. Labels below
the blot refer to aggregation status. Experiment is representative of five similar
experiments using different donors.
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5.6. FcyRIIA is tyrosine phosphorylated in responseto20lT-78

FcyRIIA cross-linking by anti-FcyRIIA and F(ab')2 is accompanied by the

phosphoryiation of two tyrosine residues within the ITAM by Src family tyrosine kinases

(Huang et a\.,1992). Activation of platelets by 2017-78 causes FcyRIIA phosphorylation,

which occurs within 30 s of the additionof 20IT-78, decreases in the lag phase priol to

the onset of aggregation and subsequently increases as aggregation proceeds (Fig. 5.9).

Pre-treatment of platelets with the Src family kinase inhibitor PPl (30 ¡-LM, 5 min), which

blocks the activities of Lck, Lyn, Src and Hck, abolishes 2017-78-induced FoyRIIA

phophorylation (Fig. 5.104). Additionally, PPl inhibits platelet aggregation in response

to 2017-78 in a dose-dependent mannel (3 - 30 pM, 5 min) (Fig. 5.108), suggesting that

Src family kinase activity is essential for 2017-7ï-induced aggregation'

5.7 Downstream mediators of FcyRIIA are fyrosine phosphorylated in2017'78-

activated platelets

Phosphorylation of the tyrosine residues in the ITAM of FoyRIIA allows for the

recruitment of the non-receptor tyrosine kinase Syk, which is necessary for downstream

events such as tyrosine phosphorylation of the adaptel protein LAT and PLC^¡2 (Bodin el.

a1.,2003a). In the present studies, platelet activation by 2017-78 induces Syk, LAT, and

PLCyZ tyrosine phosphorylation (Fig. 5.11). Each protein is phosphorylated within 30 s

of the addition of 2017-78, becomes dephosphorylated duling the lag phase prior to

aggregation, md is rephosphorylated as aggregation occurs, which is similar to the

phosphorylation profile seen for FcyRiIA (Fig. 5.9).

111



0.5 min

öotr
dßÊ+)

v)
,tr

' (-,¡

FcyRIIA-p

.FFcyRIIA

Fig. 5.9. Platelet activation by 2017-78 induces FcyRIIA fyrosine phosphorylation.

Platelets were stined with 2017-78 for the times indicated and reactions terminated.
Platelets were lysed and FoyRIIA isolated by immunoprecipitation, separated by SDS-
PAGE and transferred to nitrocellulose. Tyrosine phosphorylation was monitored by
immunoblotting using 4G10 and visualizedby ECL (upper panel). Blots were stripped
and re-probed with antibody 260 (lower panel) to confirm equal loading. Labels below
upper panel refer to aggregation status. Experiment was carried out three three times with
similar results using different donors.
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Fig. 5.10. PPI inhibits FcyRIIA phosphorylation and aggregation in 2017-78-
activated platelets.

A) Platelets were pre-treated with DMSO (0.25%,5 min) or PP1 (30 ¡rM, 5 rnin)
prior to addition of 2017-78. Reactions were terminated by the addition of lysis
buffer at the time point corresponding to aggregation. FcIRIIA was isolated by
immunoprecipitation, subjected to SDS-PAGE and transferred to nitrocellulose.
Tyrosine phosphorylation was detected by 4G10 and visualizedby ECL (upper
panel). Blots were stripped and reprobed with 260 antibody to ensure even
loading among lanes. This experiment is representative of three similar
experiments using different donors. D, DMSO; P, PPl.

B) Platelets were pre-incubated with DMSO or PP1 (3 - 30 FM, 5 min) prior to the
addition of 2017-78. Aggregation was monitored as an increase in light
transmission. Arrow indicates point of addition of 20L7-78. Tracings aïe
representative of at least three different experiments.
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Fig. 5.11. Activation of platelets with 2017-78 induces the tyrosine phosphorylation
ofSyk, LAT, and PLCy2.

Platelets were stimed with 2017-78 for the times indicated and reactions terminated. (A)
Syk, (B) LAT, and (C) PLCy2 were isolated by immunoprecipitation, and tylosine
phosphorylation was monitored by immunoblotting using 4Gl0 (upper panels). Blots
were stripped and reprobed with the appropriate antibody to confirm equal loading (lower
panels). Labels below the upper blot refer to aggregation status. Experiments are
representative of three similar experiments using different donors.
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5.8. Earty tyrosine phosphorylation requires FcIRIIA, but not üll¡Þ¡ or TxAz

PLCyZ phosphorylation is dependent on Syk in response to collagen and FryRIIA

activation (Keely and Parise, 1996; Gratacap et al., 1998) and LAT following collagen

receptor GP VI stimulation (Pasquet et al., 1999). LAT may also play a role in the

recruitment of PLCyZ into signaling complexes within lipid rafts following FoyRIIA

cross-linl<ing (Bodin et a\.,2003b). Consequently, the phosphorylation of PLCyZ is likely

to be downstream of Syk and LAT following S. sønguis-mediated platelet activation.

Tlrerefore, PLCyZ phosphorylation is representative of the activation of this pathway and

tlre effects of several inhibitors on phosphorylation at an early time point (1 rnin) wele

studied.

Depletion of IgG from plasma prevents PLCy2 phosphorylation, demonstrating

that FcyRIiA cross-linking initiates, or is an early event in, this pathway (Fig. 5.12A).

Pre-incubation of platelets with PPl (30 pM, 5 min) also abolishes PLCy2

phosphorylation (Fig. 5.128), which may be either a direct or indirect effect since Src

family kinases have been implicated in the phosphorylation of both FcyRIIA (Huang ø/

at., 1992) and PLCy2 (Liao et al., 1993). Pretreatment of platelets with either RGDS (1

mM, 5 min) or ASA (100 p"M,20 min) had no effect on early PLCy2 phosphorylation

(Fig. 5.I2C and 5.12D) suggesting that tiris pathway is activated independently of

aggregation or TxAz synthesis.

5.9. The rephosphorylation phase is mediated by u1¡¡p3 activation and TxAz

As observed above, the rephosphorylation of FoyRIIA, Syk, LAT, and PLCI2

occul simultaneously with aggregation. Pre-incubation of platelets with RGDS abolishes
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Fig. 5.12. Early PLCy2 phosphorylation triggered by 2017-78 requires FcyRIIA
engagement, but is independent of allnps activation and TxAz

The early phosphorylation of PLC12 induced by 2017-78 in untreated or vehicle-treated
platelets was compared with platelets A) depleted of IgG, B) treated with PPI (30 pLM, 5

min), C) RGDS (1 mM, 5 min), or D) ASA (100 ¡rM,20 min). Reactions were terminated
at 1 min with lysis buffer, PLCy2 was isolated by immunoprecipitation, and tyrosine
phosphorylation was monitored by immunoblotting using 4G10 (upper panels). The blots
were stripped and reprobed with anti-PLCy2 to confirm even loading (lower panels).
Experiments ar:e representative of two similar experiments using different donols. D,
DMSO; P, PPl.
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rephosphorylation of these four signaling ploteins, confirming a role for u,¡¡sB3-mediated

outside-in signaling in this process (Fig. 5.134).

These studies establish that TxA2 is an essential mediator downstream of o,¡¡683

engagement in 2017-78-stimulated platelets. Therefore, the effect of ASA on this

rephosphorylation phase was investigated. As demonstrated in Fig.5.138, the

rephosphorylation of FoyRIIA, Syk, LAT, and PLCy2 is attenuated, but not abolished, in

ASA-pretleated platelets, suggesting that the rephospholylation is initiated by cutr'|3:

activation and potentiated by released TxA2.

5.10. 2017 -78 induces PECAM-I phosphorylation

As outlined above, 2017-78-induced platelet activation is associated with a

triphasic phosphorylation time course of FcyRiIA, Syk, LAT and PLCy2.In each case,

two waves of phosphorylation separated by a dephosphorylation phase is observed

suggesting the actions of both kinases and phosphatases. Platelets contain the cytosolic

PTPs SHP-1 and SHP-2, which associate with tlie phosphorylated ITIMs of the

transmembrane receptor, PECAM-I (Jackson et al., 1997b; Hua et al., 1998). Ct'oss-

linking of PECAM-i with antibodies induces tyrosine phosphorylation and activation of

PECAM-1. Furthermore, PECAM-1 cross-linking inhibits platelet aggregation in

response to collagen, GPVl-specific agonists, FcyRIIA, and GP ib/V/X, each of which

initiate signaling through lTAM-containing receptors (Cicmil et al., 2000, Thai et al.,

2003; Rathore et a1.,2003). Therefore, the possibility that PECAM-I, and its recruited

PTPs, rnediate the dephospholylation phase observed in respouse to 2017-79-induced

platelet activation was studied.
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Fig. 5.13. a¡¡683-mediated outside-in signaling is required for protein re-
phosphorylation.

Platelets were untreated or treated with A) RGDS (1 mM, 5 min), or B) ASA (100 ¡rM,
20 min) prior to the addition of 2017-78. Reactions were terminated at the time point
corresponding to full aggregation. FoyRIIA, Syk, LAT, and PLCy2 were
immunoprecipitated, and tyrosine phosphorylation was monitored by immunoblotting
using 4G10 (upper panels). The blots were stripped and validation of equal loading was
monitored using the appropriate antibodies (lower panels). Experiments are
representative of three separate experiments using different donors.
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PECAM-I is tyrosine phosphorylated within 1 min of the addition of 2017-78

(Fig. 5.14A), and this early phosphorylation is inhibited in the absence of IgG (Fig.

5.148). PECAM-I also becomes dephosphorylated, however, in contrast to FoyRIIA

(Fig.5.9A), Syk, LAT, andPLCy2 (Fig. 5.1 1), PECAM-I remains phosphorylated longer

within rhe lag phase (Fig. 5.144). PECAM-I rephosphorylation is inhibited by RGDS

(Fig. 5.14C) and is therefore dependent on û,¡¡683 engagement.

5.11. PECAM-I cross-linking can inhibit 2017-78-induced aggregation, but not via

dephosphorylation of PLCy2

PECAM-I cross-linking using the monoclonal antibody PECAM -1.3 (20 ¡t'g/mL;

5 min) and anti-mouse IgG F(ab')2 fragments (60 ¡rglml-; 1.5 min) prior to challenge by

2017-78 prevented platelet aggregation in 7 out of 13 trials (Fig. 5.154). In samples in

which PECAM-I cross-linking inhibited aggregation, the effect of PECAM-I cross-

linking on the PLCyZ phosphorylation time course was studied. As shown in Fig. 5.158,

following stirnulation by 2017-78, PLCy2 is not dephosphorylated in the lag phase in

PECAM-1 closs-linked platelets, as occurs in non-cross-linked platelets (Fig. 5.11C).

These observations suggest that although direct PECAM-I cross-linking can inhibit

2017-78-índuced aggregation, the mechanism of this inhibition is not via

depho splrorylation of PLCy2.

5.12. SHP-I co-precipitates with PECAM-L and is fyrosine phosphorylated

following stimulation by 2017-78

Stlipping and reprobing a PECAM-I time course westetn blot with anti-SHP-l
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Fig. 5.14. PECAM-I is tyrosine phosphorylated following stimulation by 2017-78.

A) Platelets were stirued with 2017-78 for the times indicated and reactions
terminated. PECAM-i was isolated by immunoprecipitation, and tyrosine
phosphorylation was monitored by immunoblotting using 4G10 (upper panel).
The blot was stripped and reprobed with anti-PECAM-1 (C-20) antibody to verify
even loading among lanes (lower panel). Labels below the upper blot refer to
aggregation status. Results are representative of three separate experiments using
different donors.

B) Platelets were stirred with 2017-78 in the presence of absence of IgG, and
reactions were terminated at 1 min. PECAM-I was immunoprecipitated, and
tyrosine phosphorylation and validation of equal loading was monitored as above.
Experiment is representative of two experiments using different donors.

C) Platelets were untreated or pre-incubated with RGDS (1 mM, 5 min) prior to the
addition of 2017-78. PECAM-1 phosphorylation was detected as described above.
Presented blot is representative of three separate experiments.
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Fig. 5.15. PECAM-I cross-linking can inhibit platelet aggregation induced by 2017-
78, but not via dephosphorylation of PLCy2.

A) Platelets were untreated or treated with PECAM-l.3 antibody (20 p,glmL, 5 min)
followed by anti-mouse IgG F(ab')2 (60 pglml,, 1.5 min) to induce PECAM-I
cross-linking. 2017-78 was added as indicated by the arrow and platelet
aggregation was monitored as an increase in light transmission. Tracings
represent results obtained from 7 out of 13 trials.

B) PECAM-I was cross-linked as described above prior to addition of 2017-78 and
reactions terminated af the times indicated. PLCyZ was isolated by
immunoprecipitation, subjected to SDS-PAGE and transferred to nitrocellulose.
Tyrosine phosphorylation was monitored by 4G10 and visualizedby ECL (upper
panel). Equal loading was confirrned by stripping and reprobing the blots with
anti-PLCyZ antibody (lower panel). Labels below the upper panel refer to
aggregation status. This experiment is representative of two similar experiments.
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antibody demonstrated the presence of SHP-I at the lag phase, suggesting that SHP-i

associates with PECAM-1 within this phase (Fig. 5.164). In contrast, upon stripping and

reprobing the same blot witli anti-SHP-2, there was no SHP-2 detected (data not shown),

which suggests that SHP-1 is the primary PTP that associates with PECAM-1 following

platelet activation by 20T7-78.

SHP-I is also tyrosine phosphorylated in response to 2017 -78. The

phosphorylation time course of SHP-i appears to be opposite to that of FcyRIIA, Syk,

LAT, and PLCy2, as maximal phosphorylation occurs during the lag phase followed by

dephosphorylation during aggregation (Fig. 5.168). In the plesence of RGDS, SHP-1

remains phosphorylated at the time point corresponding to aggregation, confirming a role

for c¿rrup¡ engagement in SHP-1 dephosphorylation (Fig. 5.16C).

Protein tyrosine phosphatase inhibitor I (PTP Inlil) is a membrane permeable,

potent inhibitor of SHP-I and PTP1B (Arabaci et al., 1999). As previously mentioned,

SHP-I can be activated upstream of o¡683 activation, while PTP1B is cleaved and

activated following integrin engagement. Therefore, the effect of PTP InhI on 2017-78-

induced aggregation was studied by adding the inhibitor at different time points prior to,

and following, the addition of 2017-78. PTP InhI (200 ¡rM) added 2 min plior to

clrallenge by 2017-78, prevents platelet aggregation (Fig. 5.17). Addition of the inhibitor

at time points within the lag phase, starling at 30 s after the addition of 2017-78, also

abolishes aggregation (Fig. 5.17). However, when the inhibitor is applied shortly prior to,

or at the start of, aggregation, the aggregation is either slightly decreased or unaffected

(Fig.5.17). Since PTP InhI affects both SHP-I and PTP1B activity, the mechanism of
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Fie. 5.16. SHP-I coimmunoprecipitates with PECAM-I and is also fyrosine
phosphorylated in response to 20L7-78.

A) Platelets were stimulated with 2017-78 and reactions terminated at the times

indicated. PECAM-I was isolated and tyrosine phosphorylation monitored as

described in Fig. 144 (upper panel). Blots were stripped and reprobed with anti-

PECAM-I antibody (C-20) to verifu even loading (middle panel). Blots were

stripped again and reprobed with anti-SHP-l antibody to detect for
coimmunoprecipitation of SHP-1 (bottom panel). Labels below top panel refel to
aggregation status. Experiment is representative of three similar experiments.

B) Platelets were stined with 2017-78 and reactions terminated at the times

indicated. SHP-I was isolated by immunoprecipitation, subjected to SDS-PAGE
and transferred to nitrocellulose. Tyrosine phosphorylation was monitored by
4G10 and visualized by ECL (upper panel). Blots were stripped and reprobed

with anti-SHP-l antibody to ensure equal loading among lanes (lower panel).

Presented blot is representative of th¡ee similar experiments.
C) Platelets were untreated or pre-incubated with RGDS (1 mM, 5 min) priol to

stimulation with 2017-78. Reactions were terminated at the time point
corresponding to full aggregation. SHP-1 was isolated by immunoprecipitation
and tyrosine phosphorylation was detected as above. Experiment was carried out

two times each with similar results.
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Fig. 5.17. PTP activity is necessary for irreversible aggregation in response to 2017-
78.

Platelets were A) untreated, B) pre-treated with 200 pM PTP InhI 2 min prior to addition
of 2017-78, or incubated with PTP InhI C) 30 s, D) 2 min, E) 4 min, or F) 5 min
following addition of 2017-78. Aggregation was monitored continuously as an increase in
light transmission. Time point of addition of 2017-78 is indicated by the solid arrow and

addition of PTP InhI is shown by the dotted arrows. Tracings are representative of three

separate experiments.
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inhibition of aggregation by PTP InhI cannot be distinguished. Yet, these data suggest

that PTP activity mediated by cr¡¡Þ¡ is essential for ineversible aggregation to occut'.

5.13. alr¡F¡ and GP Ib have roles in platelet adhesion to 2017-78

Gel-f,rltered platelets, which are separated from plasma ploteins more efficiently

than platelets isolated by centrifugation, were used to examine platelet adhesion to 2017 -

78 in the absence of plasma proteins. Platelets have been previously shown to bind to a

variety of strains of S. sangizis (Sullam et al., 1990; Kenigan et al., 2002), including

2017-78 (Herzbelg et al., 1983). In the present studies, platelet adhesion to 2017-18 is

maximal at 1:i and l:2 platelet to bacteria ratios (Fig. 5.184). Additionally, adhesion is

observed within 15 s of application of platelets to the bacteria-coated wells, with maximal

adhesion occurring by 20 min (Fig. 5.188). For subsequent adhesion studies, platelets

were incubated in bacteria-coated wells at a l:2 platelet to bacteria ratio for 30 min to

ensure maximal, efficient adhesion.

Herzbelg et al (1983) established that adhesion does not require platelet

activation, since outdated washed platelets that do not lespond to physiological agonists,

referred to as platelet ghosts, readily bound to S. sanguzs (Herzberg et al., 1983). In the

present work, a preliminary study agreed with this finding by dernonstrating that pre-

incubation of platelets with ASA (100 pM, 20 min) has a minimal effect on adhesion

(7 .53% decrease in adhesion compared to untreated platelets).

Inhibitors of FoyRIIA (Ford et a\.,1997), GPIb (Ford et a1.,1993; Kenigan et al.,

2002), and u¡6B3 ford et al., 1997) have been shown to prevent aggregation in response

to different strains of S. sangu¿s. A role for GPIb in adhesion to strain 133-79 was also
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established by Kerrigan et al (2002). Consequently, the possibility that these receptors

mediate adhesion to 2017-78 was addressed. Platelets were pre-incubated with IV.3 (1

þg/mL,5 min); AN51 (10 pg/ml, 5 min), a GPlbo,-specific antibody; anti-u¡¡683 antibody

specific for orru (10 ¡rglml,, 5 min), the peptide RGDS (1 mM, 5 min); or BIBU-52 (1

pM, 5 min), an RGDS mimetic, prior to addition to microtitre wells coated with2017-78.

Platelet adhesion to 2017-78 is decreased by IV.3 and AN51 to 58.58 t 6.61% and 20.98

+ 0.94% of control (n:3), respectively. However, the effect of IV.3 is not statistically

significant. The anti-u,¡¡683 antibody slightly increases adhesion to 137.15 + 19.16% of

control, while RGDS and BIBU-52 amplifies adhesion to 214.74 t 21.16% and 207 .94 !

7.063% of control (n : 3), respectively (Fig. 5.18C). Statistical analyses demonstrated

that adhesion by anti-a,¡16p3 antibody-treated platelets is not significantiy different from

control samples. These tesults suggest an important role for GPib in mediating direct

adhesion to 2017-78, while RGDS-containing ligands support an indirect adhesive role

for c¿¡up¡.
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Fig. 5.18. Platelets adhere to immobilized20lT-78.

A) Gel-filtered platelet suspensions were diiuted with HEPES Tyrodes buffer to
produce indicated platelet to bacteria ratios. Platelets were applied to microtitre
wells coated with 2017-75 and incubated for 30 min prior to washing to remove
unbound platelets. Adherent platelets were detected by lysis and reaction of
released acid hydrolases with p-NPP. Color development was read by a

spectrophotometer at 405 run. Results are mean + SEM of three experirneuts each

with ¡wo observations per sample.
B) Platelets at a I:2 platelet to bacteria ratio were incubated in 2017 -79-coated wells

for the times indicated, and wells were washed to remove unbound platelets.

Adherent platelets were detected as above. Data arc the mean + SEM of two

experiments each with trvo observations per sample.

C) Platelets v/ere untreated, or pre-treated with IV.3 (1 pglmL,5 min), AN51 (10

pglmL,5 min), anti-CI,¡6 antibody (10 ¡rglml-,5 min), RGDS (1 mM,5 min), or
BiBU-52 (1 pM, 5 min) prior to incubation in2017-78-coated microtitre wells for
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30 min. Unbound platelets were removed by washing, and adherent platelets wele
detected as above. Results are expressed as a percentage of adhesion of untreated

or control platelets. Presented data are the mean + SEM of three experiments each

with two observations per sample. *p < 0.05 compared to control.
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6. DISCUSSION

Increasing evidence from epidemiological studies supports a linl< between

periodontai disease and certain cardiovascular diseases. individuals with periodontally-

related infections have a greater incidence of systemic infection by oral microorganisms,

and the continual presence of periodontal pathogens in the circulation may negatively

influence systemic health. Biological evidence has thus far provided the best endorsement

of this hypothesis. For example, the presence of oral bacteria in atherosclerotic lesions

suggests that their local presence stimulates inflammatory processes that promote

atherosclerotic disease progression (Chiu, 1999;Haraszthy et a|.,2000). Additionally, the

ability of certain strains of oral bacferia to adhere to and activate platelets indicates a

thrombogenic potential for these strains. Studies by Herzberg and Meyer (Herzberg and

Meyer, 1996; Meyer et al., 1998) demonstrated that direct infusion of an aggregation-

inducing strain of S. sanguis caused symptoms of MI and thrombocytopenia, while a non-

aggregation-inducing strain failed to do so. This suggests that the platelet interactive

phenotype of this strain accounts for its role in the induction of ML

The mechanisms by which S. sanguis activates human platelets have not been

conrpletely elucidated. Putative roles for GPIb (Kerúgan et al., 2002), the collagen

receptor szpr (Soberay et a|.,1987), Fc1RIIA (Ford et al., 1997) and o,rlr,F¡ (Ford et al..

1997) in adhesion and4or activation have been proposed. Additionally, plevious studies

have demonstrated requirements for plasma constituents such as complement, fibrinogen

and IgG (Sullam et a\.,1987; Sullam et a\.,1998; Ford et a|.,1996; Ford et al., 1997) and

secondary mediators released from stimulated platelets such as TxA2 and ADP (Sullam e/
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al., 1987; Ford et al., 1993). However, the specific signaiing pathways triggered in

platelets following challenge by S. sanguis have not been characteúzed. The present

studies were undertaken to address this issue. In addition, a smail project was developed

to identifu specific platelet receptors mediating adhesion to S. sanguls strain 2017-78.

Previous studies have shown that platelets fail to respond to S. sanguls strains

either when plasma is depleted of IgG or when the platelet low affrnity Fc receptor,

FcyRiIA, is biocked by the murine monoclonal antibody IV.3 (Sullam et a|.,1988; Ford

et al., 1997). These observations are consistent with the interaction of igG with FcyRIIA

playing some role in S. sangi.¿zs-induced platelet aggregation. In the present studies,

several lines of evidence suggest that the engagement of FoyRIIA by igG has a central

role in the platelet response to 2017-78. First, depletion of plasma IgG prevented

aggregation. Additionally, Fc1RIIA was tyrosine phosphorylated following 2017-78

stimulation. This observation indicates the initiation of signal transduction, as

phosphorylation of the tyrosine residues in the ITAM of FcyRIIA permits the recruitment

of tlre non-r'eceptor tyrosine kinase Syk (Anderson e/ al., 1995). Src family kinases,

notably Src and Lyn, have been irnplicated as the kinases responsible for the

phosphorylation of the ITAM of FcIRIIA in platelets (Huang et a|.,1992). The inhibition

oî 20I7-78-induced FcyRIIA phosphorylation and agglegation by the Src family kinase

inhibitor, PP1, supports a role for Src family kinases in the activation of FoyRIIA and

subsequent aggregation. Furthermore, the presence of igG is necessary for the tyrosine

phosphorylation of PLCy2, an essential mediator of FcyRIIA cross-linking (Yanaga et al.,

1gg5), 1n 2017-78-activated platelets. Taken together, these observations confirm an
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eatly, if not initiating, role for FoyRIIA clustering and phosphorylation in platelet

activation by 2017-78.

Syk, LAT and PLCy2 are phosphorylated in response to 2017-78, which is not

surprising since phosphorylation of these mediators is evoked by direct cross-linking of

FoyRIIA (Chacko et al., 1994; Robinson ¿l al., 1996; Daniel et al., 1994). What is

striking is that the phosphorylation time course of FcyRIIA and these tluee intracellular

mediators occurs with unique triphasic kinetics. ln each case, phosphorylation was

triggeled within 30 s of the addition of 2017-78, decreased priol to the onset of

aggregation and subsequently increased as aggregation progressed. The

dephosphorylation occurred within the lag phase, which is significantly protracted

compared to that observed in direct FoyRIIA cross-linking. Additionally, studies using

cross-linking antibodies to activate Fc1RIIA have not, as yet, repofted dephosphorylation

prior to sr16p¡ activation, although o1¡583-dependent dephosphorylation of PLCy2

(Gratacap et a1.,1998) and LAT (Ragab et a|.,2003) have been observed. This suggests

that there are significant differences between the mechanisms of platelet activation by S.

sanguis and by direct IgG cross-linking.

The dephosphorylation of individual signaling proteins reported in the present

studies may be due to a lower degree of Fo1RIIA cross-linking mediated by the .S.

sønguis-bound igG tlian by direct IgG cross-iinking. Although S. sanguis becomes coated

with IgG in plasma, platelet-S. sanguis binding is saturable at a ceftain platelet to bacteria

ratio (Sullam et ø1., 1990). In this study, the optimal platelet to bacteria ratio was 1:2;

ratios above or below increased the length of the lag phase. Therefore, effective and

efficient FoyRIIA cross-linking may not be achieved and this sub-maximal activation
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may not have the ability to overcome negative regulatory mechanistns, such as the

activity of protein tyrosine phosphatases. Conversely, specific FcyRIIA antibodies and

secondary cross-linking antibodies can be used at saturating concentrations to ensure the

activation of most Fc1RIIA on the platelet surface, which leads to rapid platelet

aggregation. Indeed, the concentration of secondary antibody is inversely proportional to

lag time, confirming that the degree of cross-linking affects the degree of activation

(Anderson and Anderson, 1990). Under these conditions, the strong kinase activity may

negate the effects of phosphatases.

The observed dephosphorylation in the platelet response to 2017-78 is likely a

result of the tyrosine phosphorylation of, and the recruitment of protein tyrosine

phosphatase(s) to, PECAM-1. This is consistent with studies that suggest that PECAM-1

negatively reguiates platelet responses to ITAM-medited signaling pathways, such as

those stimulated by collagen and GPVl-specific agonists (PatiI et a1.,2001; Jones et al.,

2001; Cicmil et al., 2002). Additionally, a recent study established that FoyRIIA and

PECAM-I co-locaIíze on the platelet membrane and that PECAM-I has an inhibitory

effect on FcyRllA-mediated platelet activation (Thai et a|.,2003).

In the present study, PECAM-I is rapidly tyrosine phosphorylated and remains

phosphorylated within the lag phase. The phosphorylation of PECAM-1 in the lag phase

suggests that it recruits phosphatases and, critically, SHP-1 co-immunoprecipitates with

PECAM-I during the lag phase. MoreoveL, SHP-I tyrosine phosphorylation, which

enhances its enzymatic activity (Zhang et al., 2003), occurs maximally during the lag

phase concomitant with the dephosphorylation of Fo1RIIA, Syk, LAT and PLCy2. These

observations collectively suggest a possible role for PECAM-1 recruitment of SHP-1 in
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tlre negative regulation of 2017-78-induced platelet signaling. The function of PECAM-1

dephosphorylation prior to aggregation is unknown, however it may attenuate the ability

of PECAM-I to recruit phosphatases thereby promoting positive, proaggregatory

signaling. The rephosphorylation of PECAM-I during aggregation may be a result of

increased homophilic binding, since cell-cell contact induced by stining alone leads to a

low degree of PECAM-I phosphorylation (Cicmil et dl., 2000). Alternatively,

aggregation leads to release of granule contents, and since PECAM-I is plesent in the

membranes of cx-granules (Cramer et al., 1994), increased surface expression of

PECAM-I may contribute to its increased activation. Although PECAM-I is robustly

rephosphorylated during aggregation, its association with SHP-1 is decreased compared

to the lag phase and SHP-2 does not appear to be recruited by PECAM-I in2017-78-

stimulated platelets. The role of PECAM-I downstream of ü,1¡683 engagement requires

further study.

The present studies report that PECAM-I recruits SHP-I, but not SHP-2, to the

membrane in Z}I7-79-stimulated platelets. This contrasts several previous studies that

show SHP-2 to be the preferued PECAM-I-associated phosphatase (Masuda et al., 1997;

Sagawa et al., 1997; Hua et al., 1998; Xu et al., 2002). Howevet, the preferential

recruitment of SHP-1 observed in this study is plausible. Firstly, previous studies have

recognized SHP-1 as a negative influence on signaling in haematopoietic cells (Qu,

2000). In contrast, under most circumstances SHP-2 is believed to enhance cell signaling,

although a negative role in the regulation of PI3-K downstream of the EGF receptor has

been shown (Zhang et al., 2002). Secondly, direct FoyRIIA activation of platelets

(Pasquet et al., 2000) and myeloid cells (Ganesan et al., 2003) using cross-linking
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antibodies lead to both SHP-I phosphorylation and its association with tyrosine

phosphorylated FcyRIIA. Since FcyRIIA and PECAM-I co-Iocalize on the platelet

surface (Thai et al., 2003), the recruitment of SHP-I to FcyRIIA may bring this

phosphatase into closer proximity to PECAM-1. Finally, substrate specificity may dictate

wlrich protein tyrosine phosphatase associates with PECAM-I. Flanlc et al (2004)

recently demonstrated that Src substrates are effrciently dephosphorylated by SHP-1. The

inhibition of the S. sanguis-induced early signaling pathway by Src famiiy kinase

inhibitors implicates a central role for these kinases, and the substrates of Src and other

related kinases rnay therefore be targets of SHP-I. Syk is also a substrate of SHP-I in B

and T cells (Zhang et a1.,2000), and may also be a SIIP-1 substrate in FcyRIIA-closs-

linked platelets and myeloid cells since it co-precipitates with SHP-1 (Ganesan et al.,

2003). Therefore, it is possible, and indeed likely, that SHP-I is the preferred

phosphatase that mediates the dephosphorylation of Syk and the other proteins observed

in this study.

As previously mentioned, PECAM-1 cross-linking and activation irihibits

aggregation and functional responses in platelets stimulated by both collagen (Cicmil er

al., 2002) and FoyRIIA clustering (Thai et al., 2003). However, the present. studies

demonstrate that PECAM-I cross-linking prior to platelet activation by 2017-78 does not

always inhibit aggregation. Moreover, in platelets in which PECAM-1 cross-linking did

prevent 20I7-78-induced aggregation, PLC¡Z remained phosphorylated, most notably

within the lag phase. These results are surprising, as one would expect that cross-linking

and activation of PECAM-I and its lTlM-mediated inhibitory pathways would prevent

tyrosine phosphorylation events stimulated by 2017-78. It is possible that PECAM-I
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crossJinking by anti-PECAM-l antibodies and F(ab')2 fragments invoke different

pathways than those triggered downstream of PECAM-I in2017-78-stimulated platelets.

Indeed, cross-linking of PECAM-1 prior to FcyRiIA cross-linlcing induced a significantly

increased association of SHP-2 with PECAM-1 compared to platelets in which PECAM-

1 was previously unactivated (Thai et a1.,2003). PECAM-I cross-iinking and possible

SHP-2 recruitment may therefore preclude SHP-I binding to phosphorylated ITIMs.

Since SHP-I and SHP-2 have different substrate specificities (Ten ev eî al., 1991,

O'Reilly and Neel, 1998), SHP-2 may not dephosphorylate the sa-rre mediators in201l-

78-stirrrulated pathways as SHP-1. This scenario may explain the lack of effect onPLCy2

phosphorylation and the inconsistent inhibitory effect of PECAM-I cross-linking on

20 1. 7 -7 8 -induced aggr e gation.

üll¡ßs engagement and subsequent outside-in signaiing are vital to the

rephosphorylation of FcyRIIA, Syk, LAT and PLCy2. SHP-I dephosphorylation occurs

during aggregation and is also dependent on u¡583 activation, Thus, SHP-1 deactivation

by a PTP may shift the balance from phosphatase activity to kinase activity, permitting

the protein rephosphorylation that leads to aggregation. The tyrosine phosphatase PTPIB

is cleaved and activated by the Ca2*-dependent protease calpain in an u¡5B3-dependent

manner, and this process corresponds to the transition from reversible to irreversible

aggregation (Frangioni et a1.,1993). Therefore, the effect of the PTP inhibitor PTP InhI

was studied on 2017-78-induced aggregation. Because PTP InhI prevents the catalytic

activity of both SHP-I and PTPIB, its effects when added prior to, and at different time

points following, the addition of 2017-78 werc studied. Pre-incubation of platelets with

PTP InhI prior to stimulation by 2017-78 and treatment with the inhibitor 30 s and 2 rnin
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following agonist addition prevented aggregation. However, the mechanism of action of

PTP InhI cannot be clearly discerned between SHP-I and PTPIB inhibition. Meanwhile,

the lack of inhibition by PTP InhI when added just prior to aggregation may be attributed

to a failure to completely inhibit the aggregation-dependent cleavage and activation of

PTPiB. Consequentty, PTPiB ís active and can dephosphorylate its substrates, which

may include SHP-1, to allow aggregation to occur. A similar observation was reported by

Ragab et al (2003). In Fo1RIIA cross-linked platelets, addition of PTP Inhi 1,2 or 3 min

following activation caused a reversal of aggregation and an inhibition of o¡uÊ¡-

dependent LAT dephosphorylation (Ragab et a1.,2003). Thus, these studies propose that

PTPlB activation, with its possible mediation of SHP-i dephosphorylation, is esseutial

for the promotion of ir¡eversible aggregation in response to 2017-78.

cPLAz phosphorylation and activation, and the subsequent release of TxAz, also

occurred concomitant to aggregation and are dependent on ü,¡¡sB3 engagement. TxAz

release was stimulated downstream of rephosphorylation events and potentiated outside-

in signaling, because inhibition of its synthesis by aspirin decreased, but did not abolish,

rephospholylation. TxAz also mediated PLC activation and dense granule release.

Therefore, these observations suggest that many of the functional responses required for

aggregation to occur depend on the activation of 4,1¡6B3. The initial Z}I7-7\-triggered

signaling pathways are likely weak and either cannot generate the necessary intracellular

mediators or do not produce them at the appropriate concentrations in a rapid fashion. It

is possible that TxAz release, PLC activation and ADP secretion occur at levels

undetectable to the assays used in these studies, and that accumuiation of their effects

may initiate oirup¡ activation.
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The early phosphorylation phase is independent of olluÞ¡ and downstream

mediators, suggesting that 2017-78-induced platelet activation involves two waves of

tyrosine phosphorylation mediated by FcyRIIA cross-linking and ür¡6p3 activation. Since

PECAM-1/SHP-1 negatively regulates FcyRllA-dependent tyrosine phosphorylation

events, tlre precise mechanisms leading to cr¡683 activation in response to 2017 -78 require

fuither study. One possibility is a role for complement proteins. Ford et al (1996)

demonstrated that inhibition or depletion of complement proteins prevented aggregation

in response to .S. sanguis strain NCTC 7863. Interestingly, platelets possess the

complement receptor, gCiq-R, which interacts with the globular head of C1q

(Ghebrehiwet et a\.,2001). Since platelet adhesion to C1q-coated surfaces stimulates the

expression of fibrinogen binding sites on olr¡F¡ (Peerschke and Ghebrehiwet, 2001), the

role of gClq-R in mediating integrin activation in S. sanguis-stimulated platelets is

intriguing. The presence of a collagen-like peptide on aggregation-inducing strains of S.

sanguis (Erickson and Herzberg, 1993) and the inability of szÊr-deficient platelets to

aggregate in response to S. sanguls (Soberay et a|.,1987) suggest the possibility that the

collagen receptor(s) is engaged and may trigger activating signaling mechanisms.

Additionally, the ectoATPase identified on certain strains of S. sanguis (Herzberg and

Brintzenhofe, 1983; Herzberg et al., 1985; MacFarlane et al., 1994) may increase local

concentrations of ADP to levels that, acting on its own surface receptors, may stimulate

o.1¡6B3 activation.

The present studies have also demonstrated direct and indirect loles for certain

platelet receptors in platelet adhesion to 2017 -78. The attenuation of adhesion by the anti-

FoyRIIA antibody, IV.3, may suggest that FcyRIIA is able to bind directly to the surface
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of 2017-78. Alternatively, FcyRIIA has been shown to colocalize in the platelet

membrane with GPIb|V/IX (Sultam et a1.,1998). Thus, the slight inhibitory effect of IV.3

may be due to its steric hindrance of bacterial binding sites on GPIb. Indeed, the strong

inhibitory effect of the GPIb blocking antibody, 4N51, suggests that GPIb has an

important role in mediating direct platelet to2017-78 interaction. This is consistent with a

study by Kenigan et al (2002), who demonstrated that S. sanguis strain 133-79 adhered

to GPlbotransfected CHO cells, purified GPIbs in a ligand blot and to glycocalicin, the

soluble cleavage fragment of GPIb. An adhesive function may also indicate a signaling

role for GPIb. Platelet activation by the GPIb ligand, vWf, induced o¡683 activation in a

Src-dependent manner (Marshall et a\.,2004). Additionally, GPlb/vV/f-mediated platelet

adhesion stimulated PLCy2-dependent intracellular Ca2* release leading to shape change

(Mangin et al., 2003). Roles for PKC and PI3-K in GPlbiV/lX-mediated activation of

o,1¡683 have also been recently identified (Kasirer-Friede et a1.,2004). Therefore, GPIb

engagement by its bacterial ligand and subsequent signaling may support FcyRiIA-

initiated signal transduction. Since AN51 recognizes the N-terminal portion of GPIbo,

(Kerrigan et al., 2002), of which the f,irst 282 residues contain vWf binding sites

(Andrews et al., 2003), it is possible that the bacterial ligand and vWf bind in a similar

fashion to GPIb and may therefore trigger the same signaling pathways.

The results presented in this study suggest an indirect role for o1¡6B3 in platelet

adhesion fo 2017-78. A slight increase in adhesion was observed in platelets treated with

an antibody specific to the CI,1¡6 portion of the integrin. This antibody has been shown to

inhibit ADP and collagen-induced aggregation and secretion of ATP, and ADP-

stimulated fibrinogen binding (Thurlow et al., i983). Therefore, this antibody likely
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blocks the fibrinogen-binding site or û,1¡6. it is unclear why the antibody enhances

adhesion, however it may due to a non-specific adhesive effect of the antibody. The two-

fold increase in adhesion induced by the peptide RGDS, and its non-peptide mimetic

BIBU-52, indicates that RGDS-containing adhesive molecules, such as fibrinogen, can

act as adhesive blidges between platelets and 2017-78. Fibrinogen has been shown to

bind rapidly to the surface of S. sangLzls (Ford et al., 1997), and the present study

demonsûates that adhesion may be mediated by bacterial receptors for RGDS. Thus,

when exposed to the systemic circulation, 2017-78 may adsorb fibrinogen from plasma

and provide a surface of immobilized fibrinogen. In contrast to solubie fibrinogen, which

binds to o¡683 that has been converted to its ligand-binding conformation, surface-

adsorbed fibrinogen can bind stably to the resting conformation of c¿lups (Goncalves et

al., 2003). Therefore, quiescent platelets via cl¡683 may adhere to 20l7-78-bound

fibrinogen, initiating or supporting platelet-2017-78 interaction. Sjöbring et al (2002)

demonstrated a dependence on fibrinogen for S. pyogenes-induced platelet adhesion and

thrombus formation. S. pyogenes is a member of the group A streptococci that expresses

a class of flrbrinogen-binding M protein. Whole cells, as well as purified streptococcal M

proteins, that were bound to glass slides and exposed to flowing blood induced platelet

adhesion and thrombus formation. Washed platelets suspended in FIEPES-Tyrodes buffer'

had reduced adhesion to immobilized M protein. However, supplementation with

fibrinogen increased adhesion but did not induce thrombus formation. This latter event

required the presence of antibacterial antibodies, which bound to S. pyogenes and

interacted with Fo1RIIA to stimulate platelet activation. Therefore, S. sanguis may have a

similar dependence on fibrinogen and IgG for platelet adhesion and activation,
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respectively. However, a signaling role for o¡¡5B3 cannot be excluded. Platelets bound to

immobilized fibrinogen matrices exhibit Src kinase-dependent PLCy2 activation, which

mediates increased intracellular Ca2* levels that lead to platelet shape change, spleading

and release of ADP that potentiates activation (Goncalves et al., 2003). Thus, c¿rbÞ¡

bound to fibrinogen adsorbed on the surface of 20ll-78 may provide secondaly

mediators that potentiate platelet activation initiated by FoyRIIA cross-linking.

The activation of platelets by S. sanguis strain 20t7-78 is therefore mediated by a

number of sequential adhesive and biochemical events. GPIb and a1¡583 binding to

fibrinogen adsorbed by 2017-78 play roles in the adherence of platelets to bacterial cells.

Specific IgG, also bound to the surface of 2017-78, aclivate platelets by inducing the

cross-linking and activation of FcyRIIA. The expected signaling pathway is triggeled,

involving the activation of Src family kinases, Syk, LAT and PLCy2, However, this

pathway is attenuated by co-stimulation of PECAM-I and the recruitment of SHP-I,

which may dephosphorylate FoyRIIA, Syk, LAT and PLCy2. By slow accumulation of

activating mediators to levels above threshold or by an unidentified mechanism, u,¡¡6B3 is

converted to its fibrinogen-binding conformation. o¡¡683 engagement stimulates outside-in

signaling, which includes the dephosphorylation of SHP-I. This event may shift the

balance from phosphatase activity to kinase activity for rephosphoryl áion to occur,

which stimulates the production of TxAz and the release of ADP for the potentiation of

activation, leading to the f,rnal response of aggregation (Fig. 6.1)'

The implications of these findings remain to be established. Determining the

mechanisms by which S. sanguis activates human platelets may provide indications of

appropriate prophylactic therapies to minimize S. sanguis-induced thrombosis. As
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Fig. 6.1. Platelet adhesion and signal transduction mechanisms involved in 2017-78'

induced platelet activation.
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demonstrated in the results of these studies, TxA2 reiease and cL¡¡6B3 engagement by

fibrinogen are essential for intraceilular signaling and platelet functional responses that

lead to irreversible aggregation. Consequently, aspirin, widely used in primary prevention

of MI (McNicol and israels,2003), is a good choice for long-term anti-platelet therapy in

individuals with both periodontal disease and atherosclerosis. CI,¡¡6p3 antafonists, such as

abciximab, eptifibatide and tilofiban, alone or in conjunction with aspirin therapy, are

effective, short-term, reversible anti-thrombotics (McNicol and Israels, 2003). These

drugs may be useful in preventing acute thrombotic complications during invasive dental

procedures, such as endodontic therapy or periodontal surgery, in periodontal patients

with cardiovascular disorders. However, the need to implement anti-platelet prophylaxis

in individuals with periodontitis must be qualified by large-scale clinical triais

demonstrating a link between periodontal disease and CVD. For example, the PAVE

trials will study the effect of periodontal disease treatment on secondary cardiovascular

events. The results of these trials, in addition to long-term epidemiological studies

specifically examining the association, may firmly support ol refute a causal relationship

between periodontal disease and CVD. Another consideration prior to use of preventative

therapies is whether the platelet interactive and activating mechanisms of one strain can

be generalizedto other strains within the species. In the present studies, only strain 2017-

78 was utilized in each experiment. Nonetheless, it is likely that the findings in these

studies, particular{y the involvement of IgG and FcyRIIA, are general features of .L

sanguis-induced platelet activation. Three groups, including the present author's, have

verified roles for IgG and FoyRIIA in platelet activation each using a different strain

(Suliam et al., 1988; Ford et al., 1997). Moreover, Sjöbring et al (2002), who
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demonstrated a similar requirement in Streptococcus pyogenes and Stap ylococcus

aureus-induced platelet activation, suggest that pb!t@ be a general requirement for

bacteria-induced thrombus formation.

The importance of the present studies is that they provide fuither insight into

platelet activation. Triphasic phosphorylation time courses, the involvement of PECAM-

1-recruited SHP-I in protein dephosphorylation, and the dephosphorylation of SHP-1 by

u¡683-dependent mechanisms have not been previously reported in plateiets.

Additionally, * almost complete dependence on cû¡683 for TxA2 release, ADP secretion

and PA formation differs from physiological agonists such as thrombin and collagen,

which produce these mediators to promote u,¡683 activation. Delineating the mechanisms

whereby orrupg is activated in S. sanguls-stimulated platelets would be the most obvious

and interesting next step in understanding the mechanisms of platelet activation by ,S.

sanguis.
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7. APPENDIX

Blood agar (Bowden. personal communication)

Into each of 2 | L medium bottles add:
. stir bar
o 39.5 g Oxoid Blood Agar Base #2 (Cat. # CM27I, Oxoid Inc., Nepean, ON)
o water up to about 900 mL

Mix and add:
o 200 ¡rL vitamin K/L (0.15 mL vitamin K in 30 mL 95%o ethu'tol; Cat. #

V305i, Sigma)
o 10 mL hemin/L (50 mg hemin in 1 mL i N NaOH to dissolve; bring volume

up to 100 mL with ddH2O)

Autoclave for 30 min at 1.2I"C. Cool to 55oC in awater bath. Mix first bottle of agar and

pour a thin layer in petri dishes. Add 1 bottle citrated sheep's blood (50 mL, Atlas Labs,

V/innipeg, MB) to second bottle of agar and mix well. Pour over first layer in petri
dishes, flaming the bottle frequently. After the agar is set, dry the plates in an oven set at

a low temperature to remove any condensation, Incubate 1 plate overnight to ensure

blood was not contaminated.

Reduced transport fluid (Syed and Loesche. 1973)

Component Concentration e in 1000 mL ddHzO

Potassium phosphate monobasic (KHzPO¿) 0.045% 0.45

Potassium phosphate (KzFIPO+) 0.045% 0.45

Sodium chloride fNaCl) 0.09% 0.9

Ammonium suiphate (CÌ'{FI+)zSO+) 0.09% 0.9

Magnesium sulphate MgSO+) 0.018% 0.18

Ethvlenediamine tetracetic acid (EDTA) 0.038% 0.38

Sodium calbonate (IrlazCO¡) 0.04% 0.4

Dithiorhreitol (DTT) 0.02% 0.2

Dissolve ingredients in ddHzO.
Dispense in 20 mL amounts using Universal bottles.
Autoclave for 30 min at 121"C.

-70oC freezing broth (Bowden. personal communication)

Dissolve 15 g tryptic soy broth 1n30% glycerol (30 mL glycerol, 70 mL ddH2O) and

sterilize in 100 mL bottle at l2I'C for 15 min.
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HEPES-Tyrodes Buffer

134 mM NaCl
T.2 nMNaHCO:
0.29 mM KCI
0.034 mM NazHPO¿
0.1 mM MgCl2
1 mM HEPES
5 mM dextrose
0.3% BSA (Cat. # A-7030, Sigma-Aidrich Canada, Oakville, ON)
pH7.4

ACD

0.085 M trisodiurn citrate
0.065 M citric acid monohydrate
0.111Mglucose

2x RIPA Buffer (Clark and Brugge. 1996)

ZYoTriton X-100
2o/o so dium de oxycholate
0.2% SDS
3 i6 mM NaCl
2 mM EGTA
20 mM Tris pH 7.6
1 mM PMSF
I mM Na:VO¿
1 plotease inhibitor cocktail tablet

lx RIPA V/ash Buffer (Clark and Brusge. i996)

lYoTriton X-100
1% sodium deoxycholate
0.1% SDS, 158 mM NaCl
1 mM EGTA
10 mM TrispH7.2
1 mM PMSF
1 mM Na¡VO+
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lx lysis buffer (Cicmil ¿r a/.. 2000)

I%olgepal CA-630
10 mM Tris
150 mM NaCl
5 mM EDTA
1 mM PMSF
1 mM Na3VOa
1 protease inhibitor cocktail tablet
pH7.4

Western wash buffer (Clark and Bruege. 1996)

50 mM Tris pH 7.5

150 mM NaCl
0.2o/olgepal CA-630
*BSA used for blocking buffer and antibody dilutions for detection of phosphotyrosine

was Cat. # A-2I53 from Sigma-Aldrich Canada, Oakville, ON

Stripping buffer

0.i M NaCl
0.1 M glycine, pH2.2

Tris-buffered saline

0. 13 M NaCl
0.02 M Tris, pH 7.5

Phosphate-buffered saline

0.137 M NaCl
1.3 mM KHzPO+.HzO
2.68 mM KCI, pH 7.4

Coatine buffer

15 mM NazCO¡
35 mM NaHCO¡
5 mM MgCl2
0.02% NaN3, pH 9.6
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HRP substrate solution

10 mL cítratephosphate buffer (4 parts 0.1 M citric acid monohydrate, 6 parls 0.2 M

NazHPO¿, pH 4.5)
1 o-phenylenediamine tablet
40 ¡tL 30% hydrogen peroxide
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