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Diabetics suffer from a pro-thrombotic condition. It is established that platelets are 

activated in type 2 diabetes. However the mechanisms of platelet activation in this 

disease are not yet known. The purpose of these studies was to elucidate the 

mechanisms of platelet activation and the effect these mechanisms have on type 2 

diabetic platelets. 

Apoptosis of cells is regulated by caspases, a group of cysteine proteases. When 

platelets become activated, they express phosphatidylserine (PS) on the outer 

leaflet of the plasma membrane as well as form platelet microparticles (PMPs). In 

addition, platelets aggregate when activated. We found that platelets from diabetic 

subjects contain activated caspases. These platelets also formed increased numbers 

of PMPs compared to platelets from non-diabetic subjects. We observed a 30-fold 

increase in thrombin activity in the plasma from diabetics. To determine if 

caspases were involved in platelet activation, we determine d if caspase inhibition 

(using the pan-caspase inhibitor zVAD-fmk); 1) decreased PS expression and 2) 

decreased platelet aggregation following activation. We found that platelets treated 

with zVAD-fmk significantly decreased A23187-induced PS exposure as well as 

aggregation. 
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There is limited information on the role of caspases on platelet adhesion 

proteins such as P-selectin or GPIIb/IIIa during platelet activation. Therefore, we 

tested if caspase inhibition attenuated P-selectin and GPIIb/IIIa expression. Using 

blood from non-diabetic volunteers, we found that treatment with zVAD-fmk 

caused a significant attenuation of P-selectin expression in stimulated platelets. 

Together these data suggest that caspases play a novel role in platelet activation. 

We also wanted to determine if treating type 2 diabetic rats (Zucker Diabetic Fatty 

rats, ZDF) with the caspase inhibitor zVAD-fmk in vivo; 1) attenuated PS 

expression, 2) attenuated platelet microparticle (PMP) formation and 3) attenuated 

platelet aggregation. ZDF rats were treated in vivo with 40 |a,g zVAD-fmk for 4 

days. We found attenuated PS exposure, PMP formation as well as decreased 

aggregation in ZDF rats treated with zVAD-fmk. Our overall results demonstrate a 

novel role of caspases in platelet activation. Together, these studies may lead to 

development of novel treatments for pathophysiologic states associated with 

platelet activation such as diabetes, myocardial infarction, and stroke. 
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CHAPTER 1. INTRODUCTION 

Hormonal Regulation of Glucose Homeostasis 

Glucose 

The concentration of glucose in the blood is \ery tightly regulated, and in normal 

individuals is 63-100 mg/dl. In the fasting resting state, glucose turnover (the rate 

of appearance and disappearance in the blood) is approximately 2.5-3.0 

mg/kg/min. At this rate, all glucose would disappear from the blood in less than 2 

hours. However, this never happens because it is an essential energy source for the 

body, particularly for the brain, which uses about 65% of all available glucose 

during the resting state (1). Liver glycogen is an important reservoir for 

maintaining blood glucose levels in the short term (2). When there is a small 

amount of glucose available, other tissues in the body shift from glucose to fatty 

acids for energy, sparing glucose for the brain. In the longer term, amino acids can 

be converted to glucose by gluconeogenesis, allowing for a continuous glucose 

source for the brain (2). 

Insulin 

Insulin is produced in the B cells of the islets of Langerhans. These islets are the 

endocrine part of the pancreas and are scattered throughout the exocrine pancreas 

whose main function is to release digestive enzymes into the gut. Insulin is a 
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protein molecule with a molecular weight of 5700. The secretion of insulin is 

stimulated primarily, but not exclusively, by glucose (1). One important function 

of insulin is to maintain a constant level of glucose in the bloodstream. It does this 

by stimulating the upregulation of glucose transporters to the surface of the plasma 

membrane on cells, allowing those cells to take up glucose (2). 

Interaction Between Glucose and Insulin 

Glucose is transported into the B cell in the islets of Langerhans in the pancreas by 

the glucose transporter GLUT2 and is subsequently phosphorylated by 

glucokinase (1). Glucose needs to be metabolized to produce ATP in order to 

stimulate insulin secretion. An increase in the ATP: ADP ratio closes charmels, 

depolarizing the membrane and opening Ca"^ charmels. This influx of Ca^"*^ results 

in the movement of insulin storage vesicles to the surface where they fuse with the 

plasma membrane and release insulin (Figure 1.1) (1). Insulin stimulates glucose 

transport by causing the translocation of the glucose transporter GLUT4 from the 

intracellular compartment to the plasma membrane of myocytes and adipocytes 

(1). 
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Figure 1.1 

Mechanism of glucose-mediated insulin action. 
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Diabetes 

Diabetes mellitus is a disorder characterized by the presence of an excess of 

glucose in the blood and tissues of the body. The word diabetes is Greek for a 

siphon, referring to the discharge of an excess quantity of urine, and the word 

mellitus is Latin for honey. Thus, diabetes mellitus means the passage of large 

amounts of sweet urine. Diabetes is a disease in which insulin is either not 

produced or not properly used by the body. It is characterized as a chronic 

metabolic disorder with hyperglycemia and abnormal energy metabolism. 

Diabetes is caused by a combination of genetic, autoimmune, and environmental 

factors. The precise mechanisms are the subject of intense investigation but many 

factors contribute to the development of type 2 diabetes including obesity and the 

lack of physical activity (1). 

There are two main types of diabetes: type 1 (insulin dependent diabetes); and 

type 2 (non-insulin dependent diabetes). Type 1 diabetes affects 510% of all 

people diagnosed with this disease. This type of diabetes is caused by the auto

immune system's destruction of the B cells. Symptoms associated with type 1 

diabetes include frequent urination (polyuria), increased intake of fluids 

(polydipsia), muscle cramps, blurred vision and weight loss. Polyuria is due to the 

osmotic effect of excess glucose in the urine. The resultant fluid loss causes 
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dehydration, leading to polydipsia. Muscle cramps are caused by electrolyte 

disturbances associated with the fluid loss. Many of the symptoms associated with 

type 1 diabetes are due to insulin's other activities. Insulin promotes storage of 

fatty acids in the adipocytes, and the lack of insulin increases circulating free-fatty 

acids (2). Insulin also allows for the active transport of amino acids from the blood 

stream into muscles and other tissues. This effect decreases circulating amino 

acids and increases protein building (2). An absence of insulin translates to 

increased plasma protein levels and a loss of muscle tissue. Blurred vision is due 

to both excess accumulation of glucose in the lens of the eye along with plasma 

protein leakage into the vitreous humor. Weight loss is associated with the 

breakdown of protein and fat which accompanies the lack of insulin as well as loss 

of water. This deficiency of insulin inhibits the uptake of glucose by the cells in 

the body in turn causing the cells to starve. Since the body is unable to obtain 

glucose as an energy source, it begins to make keto-acids by triggering lipolysis 

which then releases fatty acids and synthesizes keto-acids. When the body 

produces a large amount of ketones, the blood's buffering capacity is overwhelmed 

and the patient can suffer from diabetic ketoacidosis (3). 

Of the 17 million people in the United States who have diabetes, 95% have type 2 

diabetes (3). Approximately one third of all cases of type 2 diabetes are 
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undiagnosed and untreated. In the past, type 2 diabetes was also termed "adult 

onset diabetes" because of its late onset (usually occurring after the age of 40 

years). However, the term "adult onset" is no longer appropriate as there is a 

startling increase of type 2 diabetes in children as young as 10 years of age. The 

causes of type 2 diabetes are multifold. Clinically, a person may have type 2 

diabetes for many years without being aware of it. Loss of vision, which usually 

takes years to develop, may be the first sign of the disease. Risks for developing 

type 2 diabetes include: family history of type 2 diabetes; obesity; high blood 

pressure; high levels of cholesterol; a sedentary lifestyle; and development of 

diabetes during pregnancy. In type 2 diabetes, a defect in insulin action (insulin 

resistance) is combined with a defect in insulin secretion to produce 

hyperglycemia. Impaired insulin action has been demonstrated in muscle, fat, and 

liver tissues. Although there is some evidence for a genetic link to type 2 diabetes, 

it is becoming increasingly clear that in most cases of type 2 diabetes, insulin 

resistance is an acquired defect. 

Cardiovascular Disease and Diabetes 

Coronary heart disease is the leading cause of death in the United States. Diabetes 

is now recognized as a primary risk factor for cardiovascular disease as well as 

one of the most costly health problems in America, with health care and other 
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costs directly and indirectly related to diabetes amounting to 132 billion dollars 

in 2002 (4). The most significant cardiovascular disorder observed in diabetics is 

coronary heart disease. The rate, severity, and recurrence of heart attacks are 

remarkably greater in diabetics than non-diabetics (5). The relative excess risk for 

cardiovascular disease (CVD) is 2 to 8 fold greater in people with diabetes than in 

non-diabetic individuals of similar sex, age, and ethnicity. Diabetes has also been 

associated with a greater risk of restenosis (hardening of the arteries) after 

successful balloon angioplasty (6). Diabetics are at an increased risk for 

thrombosis formation due to decreased fibrinolysis and an increased inflammatory 

response (7). Elezi et al. (7) determined that patients with diabetes have a less 

favorable clinical outcome at one year after successful stent implantation 

compared to non-diabetic patients. They observed that there was a higher 

incidence of death, myocardial infarction, reintervention, and increased risk for 

restenosis in the diabetic patients compared to the non-diabetic patient (8). 

The link between diabetes and CVD is a subject of intense investigation. Possible 

mechanisms include the atherogenic properties of insulin, abnormalities in lipid 

metabolism, effects of hyperglycemia, and changes in the coagulation system. 

Diabetics are usually in a state of hyperglycemia, hyperinsulinemia, and 

dyslipidemia. In addition, diabetics often have other risk factors such as obesity. 
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hypertension and lack of physical activity. Another mechanism relates 

inflammation to the development of both CVD and diabetes. 

The mechanisms underlying the excessive coronary heart disease in diabetes are 

not clear. McDonagh and colleagues have worked extensively on blood alterations 

in diabetic heart patients (9-15). They found that in these patients, white blood 

cells are more activated than non-diabetic heart patients (16). Also, the platelets of 

diabetic heart patients are chronically activated, and can reach a level of activation 

greater than that of non-diabetic platelets. It was also of interest whether this 

"activated" blood enhanced ischemia-reperfusion injury in diabetes. In an animal 

model of type 1 diabetes, McDonagh et al. (9) demonstrated that the blood 

contribution to myocardial reperfusion injury was amplified in diabetes. 

Specifically, that neutrophils expressed the adhesion protein CD lib to a greater 

extent, that these neutrophils formed aggregates with platelets, and that they 

released greater amounts of reactive oxygen species in diabetic blood as compared 

to non-diabetic blood (11, 14, 17). These changes in neutrophil function affect the 

myocardium, leading to the paradoxical situation that when you return blood 

(reperfusion) to an organ with no blood supply (ischemia), the damage is greater 

than the ischemia alone. 
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Platelets and Platelet Activation 

Platelets are the smallest cell type in mammalian blood. Platelets are 2-3 |am in 

diameter and have a circulating life span of 9-12 days (18). Platelets have three 

major structural and functional components: 1) the membrane, where adhesion and 

receptor function occurs; 2) secretory granules; and 3) an intrinsic contractile 

system. Platelets exhibit a variety of functions including the production of 

cytokines, such as platelet activation factor (PAF), as well as releasing several key 

factors that stimulate the coagulation cascade (e.g. platelet factor 3) (19). Platelets 

demonstrate a high propensity to adhere to damaged blood vessels. Platelets also 

adhere to artificial surfaces, such as the plastics used in extracorporeal circuits 

during dialysis and cardiac surgery. Platelet adherence to damaged surfaces often 

leads to vessel narrowing and formation of a thrombus, which may embolize, 

leading to myocardial infarction, stroke, or deep vein thrombosis. 

Platelets are initially activated by contact with collagen-containing subendothelial 

basement membrane following damage to blood vessels. The platelet undergoes a 

shape change from a disc to a spiny sphere with multiple pseudopods (Figure 1.2, 

and 1.3). Following pseudopod formation, the platelet is more able to aggregate 

with other platelets as well as adhere to either endothelium or leukocytes (18). 
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Kinder et al. (18) observed that platelets interact with both monocytes and 

neutrophils when activated with thrombin, which is generated for example, during 

cardiopulmonary bypass surgery. This adhesion is mediated mainly through the 

alpha-granular membrane protein P-selectin expressed on the platelet surface after 

activation. Also, when platelets are activated, they release numerous platelet 

microparticles (PMPs). PMPs are small, membrane bound vesicles released from 

the plasma membrane of activated platelets (20). Several studies have found that 

PMPs may be involved in thrombosis and may also be involved in complement-

mediated inflammation (21, 22). Jy et al. (21) demonstrated that PMPs associate 

with neutrophils with an average of ten PMPs bound to each neutrophil when 

blood was activated in vitro. It appeared that PMPs aggregated groups of 

neutrophils into grape-like clusters. These aggregates activated other previously 

quiescent neutrophils (as demonstrated by superoxide anion production) (23). 
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Figure 1.2 

Platelet with pseudopods. In the upper middle section of the photomicrograph is a 
platelet with 3-4 pseudopods. 
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Figure 1.3 

Platelets with pseudopods. In diabetic blood, platelets extend pseudopods. 
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Platelet microparticles have been implicated in the etiology of cardiovascular 

dysfunction in several conditions such as cardiopulmonary bypass (19), stroke 

(24), and diabetes (25), though the exact ftinctional significance of PMPs is not yet 

clear. During cardiopulmonary bypass surgery, there is an increase in PMPs in the 

systemic blood, with the highest concentration of PMPs found at the time of 

cardiopulmonary reperfusion (24). 

Platelets also have specific procoagulant properties. The prothrombinase complex 

(factors Xa, Va, and calcium) is able to assemble on negatively charged 

phospholipids which are exposed on the outer leaflet of the platelet plasma 

membrane following stimulation. The prothrombinase complex allows for the 

conversion of prothrombin to thrombin (18, 22, 26). The thrombin formed on the 

platelet surface is not bound and freely disperses into the blood to convert 

fibrinogen to fibrin (18). 

Diabetes, Platelets and PMPs 

Platelets of diabetic patients may be primed, not a mechanism usually associated 

with non-diabetic platelets, which is demonstrated by increased thromboxane A2 
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release and platelet aggregability. The word "priming" is defined as a cell which 

is more easily activated, thus, and when a stimulus is added to the cell, the 

response is greater than what would be expected by activation alone. Most work 

on priming concerns white cells, mainly neutrophils (27). Platelets in diabetics 

have a 50% reduction in life span. Patients with diabetes also have increased levels 

of von Willebrand factor, fibrinogen, ddimer, thrombin, plasminogen activator 

inhibitor-1 and factor VII activity which alters their coagulation status (28). In 

both animal and human studies of diabetes, PMPs are increased in the blood (29-

35). In alloxan-treated rabbits, there were a significantly elevated number of PMPs 

eight weeks after diabetes was induced (29). Considering that PMP are generated 

from activated platelets and that diabetes is known to involve activated platelets, it 

is likely that diabetes is associated with an increase in PMP formation. It is also 

known that exposure of PS on the outer leaflet of the platelet is increased in 

diabetes (32). Increased PS exposure can increase platelet-neutrophil aggregation, 

as well as adherence of these aggregates to endothelial cells. Radziwon et al. (36), 

along with others, reported that PS exposure is involved in the conversion of 

Factor X to Factor Xa (an important step in the intrinsic arm of the coagulation 

cascade), as well as conversion of prothrombin to thrombin (22, 36-40). 
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Thrombin, formed during coagulation, is initiated by PS on the surface of the 

platelet or platelet microparticle, and is a powerful trigger for subsequent platelet 

activation (22, 37, 39, 40, 41). Calcium also has a very important role in platelet 

activation, as well as PMP formation (19, 36,42-44). When calcium is blocked 

with EGTA, there is a decrease in both platelet-neutrophil and PMP-neutrophil 

interactions (45). Interestingly, a much longer incubation time with EGTA is 

required to decrease PMP-neutrophil interactions, although this may be due to the 

smaller size of the platelet microparticles, and the ability of the PMPs to "hide" 

between two or more neutrophils (19). 

Apoptosis 

When normal cells die, it is almost always by the process of apoptosis, which is a 

morphologic description (20). Apoptosis was first described in 1972 by Kerr, 

Wyllie, and Currie (46). It was seen in cells which have a life span shorter than 

that of the whole organism. It was also observed in the cells surrounding an area of 

necrosis in ischemic injury (46-48). Since this form of cell death appeared to be 

more physiologic than necrosis, it was termed apoptosis, from a word in the 

Hippocratic Corpus (Greek) meaning the loss of leaves from trees or petals from 

flowers. The defining morphologic feature of apoptosis is a collapse of the 

nucleus. There are other classical morphologic changes that take place during 
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apoptosis: cells shrink noticeably, losing about a third of their volume; there are 

cytoskeletal changes that results in a "boiling" action of the plasma membrane, 

which is called zeiosis. By this action, the apoptotic cell blebs itself into small, 

membrane bound particles named apoptotic bodies. Another change that takes 

place during apoptosis is the flipping of phosphatidylserine (PS), a negatively 

charged phospholipid, from the inner to the outer leaflet of the plasma membrane 

(20). Whenever a cell undergoes apoptosis, regardless of the cell type or the 

stimulus, the morphology tends to be stereotyped, suggesting that the underlying 

mechanisms are very similar. 

Platelet Activation May Be a Form of Apoptosis 

We suspect that platelet activation is a process similar to apoptosis. This notion is 

novel because of the final outcome. Apoptosis allows for recognition and removal 

of the dying cell by phagocytes, avoiding an inflammatory response (20, 47, 48). 

In contrast, platelet activation can contribute to an inflammatory response (37, 38, 

40, 49, 50). Since platelets have no nuclear material, one of the most common 

morphological features of apoptosis, DNA cleavage and subsequent condensation, 

are not observed. But, similar to apoptosis, the platelet undergoes cell shrinkage, 

an increase of the negatively charged phospholipid, PS on the outer leaflet of the 



32 
platelet's plasma membrane, as well as the formation of small, membrane bound 

particles (PMPs) (49, 50, 51, 52). 

Caspases 

A family of proteases, which are known to promote apoptosis, are the caspases 

(53-56). Caspases are a conserved family of cysteine proteases that are universal 

effectors of apoptosis. In response to apoptotic stimuli, caspase proenzymes are 

proteolytically cleaved at specific aspartic acid residues to generate their active 

subunits. Once activated, caspases induce cells to undergo apoptosis by cleaving 

and altering the function of diverse intracellular proteins (57). 

The idea that blocking caspases may help prevent cell death in vivo is gaining 

support in the literature. Daemen et al. (18) used intraperitoneal injections of a 

caspase inhibitor (zVAD-fmk), given following renal ischemia and just prior to 

reperfusion. They were able to decrease damage to the kidneys by o\er 30% in 

animals treated with zVAD-fmk compared to control animals. Damage was 

determined by myeloperoxidase activity as well as serum ureum and creatinine 

levels. Iwata et al. (58) prevented inflammatory cell apoptosis by administering 

zVAD-fmk to OVA-sensitized/challenged mice (a model of lung inflammation 
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observed in human asthma). They found that :A'^AD-fmk inhibited allergen-

induced leukocyte infiltration into the lungs as well as decreased levels of IL-4 

and IL-5 in the bronchial lavage fluid. They also found decreased cellular 

infiltration into the airways and pulmonary blood vessels, decreased eosinophil 

counts, decreased mucus in the airways and decreased edema. The authors stated 

that the effects of the caspase inhibitor in this model may be due to anti

inflammatory activities, rather than inhibition of apoptosis. The broad spectrum 

caspase inhibitor may inhibit the processing of pro-IL-1 and pre-IL-18 to the 

mature cytokines by caspase-1. Caspase-3 is involved in the processing of pro-IL-

16 to the mature cytokine. Thus, caspase inhibitors may represent a new class of 

drugs to treat allergic airway inflammation. 

Both Yaoita et al. (59) and Huang et al. (60) studied the effect of in vivo caspase 

inhibition in rats subjected to ischemia and reperfusion. Yaoita et al. (59) injected 

zVAD-fmk intravenously every 6 hours starting 30 minutes prior to coronary 

occlusion (30 minutes) until 24 hour of reperfiision. They used infarct 

size/ischemic area at risk ratios, terminal deoxynucleotidyl transferase-mediated 

dUTP-biotin nick end labeling (TUNEL) positive cells, and dP/dt measurements to 

determine differences between treated and untreated rats. 
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Caspases have been impUcated in many types of ischemia/reperfusion injury. 

Most of the work has concentrated on the effects of caspase inhibitors on 

myocardial infarct size (49, 57, 61, 62). All the research in this area has focused 

on caspase activation and subsequent apoptosis in the myocytes and not on 

caspase activation in the blood component, which may increase during 

reperfusion, leading to an injury beyond what would be expected. One possible 

explanation is that there is an increase in caspase activation in platelets following 

an ischemic event, which may in part be responsible for activation of the platelets 

and PMP formation that in turn leads to a reperfusion injury greater than predicted. 

The increased caspase activity could lead to greater thrombin generation and 

subsequent activation and this may be one reason that diabetics are more 

coagulatible than non-diabetics. 

Caspases in Platelets 

Increased levels of circulating PMPs are associated with various thrombotic 

disorders, including activated coagulation, transient ischemia, myocardial 

infarction, and post surgery in cardiopulmonary bypass patients (19, 21-25). For 

these reasons, studies to delineate the mechanisms of PS exposure and 

microparticle release are extremely important for understanding platelet function. 
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Platelets function to protect the integrity of the vascular wall. Subsets of platelet 

activation responses that are especially important for thrombus formation include 

exposure of PS and release of microparticles, which generate procoagulant 

surfaces. The resemblance of these platelet activation processes to events 

occurring in nucleated cells undergoing apoptosis suggests a possible role for 

caspases, which are major effector enzymes of nucleated cell apoptosis (53). 

Shcherbina and Remold-O'Donnell (53) reported the presence and novel function 

of caspase in human platelets. They identified the zymogen form of the effector 

caspase, caspase-3, as a component of human platelets and demonstrate that 

procaspase-3 became activated when isolated platelets were stimulated by 

physiological agonists. A specific cell-permeant inhibitor of caspase-3 was 

demonstrated to abrogate agonist-induced PS exposure and microparticle release. 

The caspase inhibitor also prevented cleavage of the structural protein moesin in 

activated platelets. Comparative experiments with protease inhibitors showed that 

both caspase and calpain function in agonist induced late events of platelet 

activation and demonstrate that the two proteases have distinct roles. 
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PS exposure was inhibited by a casapse-3 inhibitor but not by a calpain 

inhibitor. Finally, moesin cleavage and PMP release were prevented by either 

calpain or caspase-3 inhibition. These findings strongly indicate that caspase-3 

functions in agonist-induced activation of the PS exposing mechanism, possibly 

by cleavage/activation of an inhibitory/regulatory protein. Based on the findings 

that PS exposure is potentiated by a calpain inhibitor, they hypothesized that 

calpain normally terminates the action of the PS exposing system. Calpain may act 

also to terminate filopod extension. Whether caspase-3 acts directly at the level of 

PMP release could not be concluded from their study, because inhibition of PS 

exposure by DEVD-fmk may suffice to prevent PMP release (53). 

Piguet et al. (63) examined the role of TNF-a in caspase activation and subsequent 

platelet activation in a mouse model of malaria. TNF-a is considered to play an 

essential role in inflammation and might therefore be involved in the perturbation 

of platelet kinetics associated with inflammation. TNF acts via 2 receptors, 

TNFRl and TNFR2, which are not detectable on platelets and it is presently 

poorly understood how TNF reduces platelet life span. Since recent observations 

indicate that platelets also contain caspases and lhat caspases are activated by 

platelet agonists such as thrombin. These observations suggest that activation of 

platelet caspases might contribute to some of the agonist-induced platelet 
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alterations, such as loss of phospholipid asymmetry, change in shape and 

fragmentation. From these studies, Piguet et al. (63) determined that TNF activates 

platelet caspases, which results in the formation of PMP. They observed a 

consistent activation of platelet caspases in platelets exposed to TNF, either in 

physiological conditions in vivo or in acid citrate dextrose (ACD) in vitro, 

evidenced by an increase of the binding of a caspase-specific probe (VAD). 

Activation of caspases-1, -3, -6, -8, and -9 was also evident in platelets activated in 

physiological condition. Activation of caspases might be responsible for change in 

platelet morphology, due to a cleavage of gelsolin, change is PS asymmetry, and 

break up into PMP. In platelets exposed to TNF in physiological conditions, 

Piguet's group observed an increase in side scatter (SSC), which might indeed 

correspond to a change in shape, and which appeared with a similar kinetics as the 

generation of PMP. In ACD in vitro in contrast, the activation of caspases was not 

followed by change in SSC or PMP formation, indicating that these steps are more 

Ca-dependent than caspase activation. The close correlation in time between 

caspase activation and the presence of PMP suggests a causal relationship which 

was clearly established by the treatment with a broad spectrum caspase inhibitor 

zVAD-fmk, which did indeed attenuate TNF-induced platelet fragmentation and 

thrombocytopenia. This observation also indicates those platelets are lost mainly 

as PMP and not by endothelial adhesion. 
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In a separate study, Piguet et al. (64) observed activation of caspases -1, -3, -6, -8, 

and -9 in vivo, in mice with thrombocytopenia induced by malaria. The authors 

noticed that the thrombocytopenia was associated with a markedly increased 

number of PMPs in the plasma. Also, the thrombocytopenia was associated with 

activation of platelet caspases. When the mice were treated with zVAD-fmk, both 

the thrombocytopenia and generation of PMPs were attenuated. Although 

thrombocytopenia is not a symptom of overt diabetes, the processes of platelet 

activation may be similar. 

Significance and Relevance of the Research 

Diabetes is recognized as a risk factor for cardiovascular disease. The most 

significant cardiovascular disorder associated with diabetes is coronary heart 

disease. The rate, severity, and recurrence of myocardial infarction are remarkably 

greater in diabetics than non-diabetics. The mechanisms underlying the excessive 

coronary heart disease in diabetes are not clear. A hypothesis proposed by our 

group is that alterations in diabetic blood exacerbate ischemia-reperfusion injury 

in the diabetic heart (9). In both animal and human studies of diabetes, platelet 

activation is increased in the blood (29, 30, 31). However, little is known about the 
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mechanisms of platelet activation and how this may impact pathophysiologic 

diseases such as diabetes and ischemia-reperfusion injury. The studies in this 

dissertation begin to examine these questions. Toward that goal, it is my hope that 

the information from these studies will aid in the development of optimal therapies 

for the treatment of diseases which have abnormal coagulatory properties such as 

stroke, coronary artery disease, and type 2 diabetes. 

The central hypothesis of this dissertation is that platelet activation is an 

apoptosis-like process and that this process is increased in the type 2 diabetic. 

Aim #1: Determine if platelet microparticles are increased in diabetic vs non-

diabetic blood under basal conditions and during ischemia and reperfusion. 

Hypothesis #1: Platelet microparticle formation is exacerbated in type 2 

diabetes. 

Aim #2: Based on the observation that PMP formation is similar to apoptosis, 

investigate specific mechanisms by which PMPs are formed. Determine whether 

there is an increased activity of these mechanisms in diabetic blood. 

Hypothesis #2: Caspases will be activated in diabetic platelets. 
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Aim #3: Detemiine in an in vitro setting, whether caspase inhibition decreases 

PS exposure and platelet aggregation in platelets subjected to activation. 

Hypothesis #3: Blocking caspases in vitro, will decrease PS expression and 

platelet aggregation 

Aim #4: Determine in an in vivo setting, whether caspase inhibition decreases PS 

exposure and platelet aggregation in platelets subjected to activation. 

Hypothesis #4: Blocking caspases in vivo, will decrease PS expression and 

platelet aggregation 
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CHAPTER 2. THROMBIN ACTIVITY AND PLATELET 
MICROPARTICLE FORMATION ARE INCREASED IN TYPE 2 
DIABETIC PLATELETS: A POTENTIAL CORRELATION WITH 
CASPASE ACTIVATION 

ABSTRACT 

Diabetics suffer from many complications including a pro-thrombotic condition. 

Activated platelet membrane provides an anchor, PS, for the attachment of the 

prothrombinase complex, which allows increased thrombin formation. This study 

aimed to further elucidate the interrelationship between coagulation proteins and 

activated platelets in type 2 diabetic blood. We found that there was a significant 

increase (3 Ox) in thrombin activity in the type 2 diabetic (Zucker Diabetic Fatty, 

ZDF) blood as compared to age-matched (Zucker Lean, ZL) lean controls 

(p<0.001). There was also a significant increase in the number of PMPs in the type 

2 diabetic rat compared to the lean control (p<0.001). Further, there were 

significant increases in caspase 3, 6, and 8 activities in the type 2 diabetic rats as 

compared to the lean controls (p < 0.05). The combination of increased thrombin 

activity, increased PMP formation and increased caspase activity may contribute 

to the hypercoagulability of the diabetic blood. These results give more insight 

into the mechanisms underlying the interrelationship between diabetic platelets 
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and coagulation proteins causing a pro-thrombotic condition in this patient 

population at increased risk from thromboembolic events. 

INTRODUCTION 

Diabetes is a growing problem, with over 17 million people (6.2% of the 

population) having this disease. Type 2 diabetes is the most prevalent form of this 

disease, which has severe thrombo-embolic complications (65). Two-thirds of 

people with diabetes mellitus die from a thrombotic event, with seventy percent of 

the thrombotic deaths due to coronary complications and the remaining due to 

cerebrovascular and peripheral vascular complications (66). The increased 

incidence of thrombotic events in diabetes may be due to a hypercoagulable 

condition. A hypercoagulable state is evidenced by elevated levels of coagulation 

activation markers, such as prothrombin, fibrinogen, factor XI, and von 

Willebrand factor, and to decreased levels of protein C (67). Investigators have 

demonstrated that platelets are activated in diabetes mellitus. Sobol and Watala 

(68) reviewed the role of platelets in diabetes-related vascular complications and 

conclude that diabetic subjects demonstrate both increased platelet adhesiveness 

and an exaggerated aggregation, with or without the addition of stimulating 

agents. These authors also state that the altered biophysical state of platelet 

membrane components in diabetes may be one of the major determinants of 
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platelet hypersensitivity and hyperfunction. However, the intracellular 

mechanisms governing increased platelet activation, defined as increased 

adhesiveness and aggregation, in type 2 diabetes are unclear. It is uncertain if there 

is an association between altered platelet intracellular mechanisms, thrombin 

activity and the hypercoagulable state in type 2 diabetes. 

It is known that when platelets become activated, they express phosphatidylserine 

(PS) on the outer leaflet of the plasma membrane. Radziwon et al. (22) reported 

that PS serves as an anchor on which the pro-thrombinase complex assembles, 

allowing prothrombin to be cleaved into the active form. When platelets become 

activated, they also release numerous PMPs from the plasma membrane. PMPs 

have been implicated in the etiology of cardiovascular dysfunction in several 

conditions such as cardiopulmonary bypass, stroke, and diabetes (26, 45). During 

cardiopulmonary bypass surgery, there is an increase in PMPs in the systemic 

blood, with the highest concentration of PMPs found at the time of 

cardiopulmonary reperfusion (26). 

The cell changes demonstrated by activated platelets closely mirror those events 

observed in apoptosis. Apoptosis, the programmed process of cell death, plays a 

very important role in many physiological and pathological conditions such as 
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embryo and organ development, immune responses, tumor development and 

growth (69). Three groups of proteins are thought to mediate apoptosis: cell death 

receptors, Bcl-2 and related proteins, and caspases. 

Due to similarities between apoptosis and platelet activation, including cell 

shrinkage, membrane blebbing and the formation of small, membrane bound 

particles (70), we hypothesized that the same proteases are involved in both 

apoptosis and platelet activation. We also investigated whether there was a link 

between platelet activation and thrombin activity in diabetes. The first aim was to 

determine if there was an increased thrombin activity in type 2 diabetic blood. 

The second aim was to determine if there is an increased quantity of PMPs in type 

2 diabetic blood. The third aim of this study examined whether caspases, which 

are known to be involved in apoptosis, are also activated in type 2 diabetic 

platelets. 

METHODS: 

Animals: 

Six male lype 2 diabetic rats (ZDF-fa/fa) and 4 age-matched male lean controls 

(ZL) were examined (Charles River Models Incorporated). The diabetic 

homozygous animals exhibit hypertension and express non-insulin dependent 
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diabetes by approximately 12 weeks of age. In these experiments, the expression 

of diabetes was determined by blood glucose measurements. Both the ZDF and ZL 

rats were maintained on a diabetagenic diet (Purina 5008 rodent diet). All 

experiments were conducted according to the guidelines issued by the Institutional 

Animal Care and Use committee and were in compliance with the NIH Guide for 

the Care and Use of Laboratory Animals. 

Blood Sampling: 

At 12 weeks of age, the rats were deeply anesthetized using ether. Six ml of blood 

was obtained from each animal via cardiac puncture using citrated syringes (0.14 

ml citrate-phosphate-dextrose solution, to each ml whole blood) (Sigma). Hood 

was then centrifuged at 50 x g for 30 minutes at 4° C to obtain platelet rich plasma 

(PRP). The PRP was measured with an automated cell counter (Serono Model 

9018 CP) and was found to be 99% platelets. The PRP was diluted in sterile 

phosphate-buffered saline to obtain a final concentration of 10^ platelets/ml. A 

subsample of the blood was centrifuged at 2500 x g for 25 minutes at 4° C to 

obtain platelet poor plasma (71). 
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Measurement of Thrombin Activity: 

Platelet poor plasma was frozen in liquid nitrogen to preserve thrombin activity 

and stored at -80? C until the experiment was performed. Plasma thrombin activity 

was measured according to Flyrm et al. using EtD-Phenylalanyl-L-pipecodyl-L-

arginine-p-nitroaniline dihydrochloride (S-2238, Chromogenix) (38). Briefly, fifty 

microliters of plasma were mixed with prewarmed substrate and incubated at 37° 

C for an hour. Three hundred microliters were then removed from each sample 

placed in a well of a 96-well plate and read at 405 nm on a microplate reader 

(Vmax, Molecular Devices) (22). 

Measurement of Platelet Microparticles: 

A subsample of PRP was incubated with annexin binding buffer, (Pharmingen) for 

10 minutes. PRP was then added to microcentiftige tubes in which FITC-labeled 

antibodies to CD61 (the GPIIIa component of the GPIIb/IIIa protein constitutively 

expressed on the outer membrane of platelets) (20 ul, Pharmingen) had been 

added. The samples were incubated for an additional 10 minutes. The samples 

were then diluted with 1 ml of ice-cold 1% paraformaldyhyde, and stored on ice 

until data acquisition by flow cytometry. 
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Measurement of Platelet Caspases: 

Caspase -2, -3, -6, -8, and -9 activity was quantified using a colorimetric assay 

(Kit # KHZlOOl, BioSource International Inc.). Briefly, platelets were lysed using 

the cell lysis buffer supplied. Fifty microliters of the lysate were aliquoted into a 

96 well microplate. Fifty microliters of reaction buffer containing 10 mM DTT 

were then added to the sample wells. Five microliters of the 4 mM VDVAD-pna 

(substrate for caspase-2), DEVD-pna (substrate for caspase-3), VEID-pna 

(substrate for caspase-6), lETD-pna (substrate for caspase-8), LEHD-pna 

(substrate for caspase-9), were added to the proper wells and the plate was then 

incubated at 37° C for 2 hours. The plate was then read at 405 nm on a microplate 

reader (Vmax, Molecular Devices). 

Data Analysis: 

Data was collected and stored on spreadsheets (Microsoft Excel). Plasma thrombin 

activity and platelet caspase activity were compared between the diabetic and lean 

control groups with a Student's t-test (SPSS 10.0). Summary data were expressed 

as mean ± SEM and the difference between mean values was considered 

statistically significant at the 95% probability level (p<0.05). 
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Results: 

Animals. The results of the blood glucose of the type 2 diabetic (ZDF) rats and the 

age matched (ZL) controls are siimmarized in Figure 2.1. At 12 weeks the blood 

glucose levels of the ZDF were approximately 500 mg/dl. The ZL had a blood 

glucose level of 100 mg/dl. 

Thrombin Activity. The results of the endogenous thrombin potential assay for the 

type 2 diabetic rats and lean controls are summarized in Figure 2.2. We found a 

significant increase (3 Ox) in thrombin activity in the Type 2 diabetic rats compared 

to the age-matched lean controls (p<0.001). 

Platelet Microparticle Formation. The results of the PMP formation experiment 

for the lean controls and type 2 diabetic rats are summarized in Figure 2.3. We 

found a significant increase in the number of PMPs per platelet in the blood of 

type 2 diabetic animals compared to the age-matched lean controls (p<0.001). 

Caspase activity. The results of the platelet caspase activity assay for the lean 

controls and type 2 diabetics are summarized in Figure 2.4. Caspase -3 activity 

was significantly increased in the diabetics as compared to the lean controls (p = 
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0.03). Caspase -6 and -8 activity were also significantly greater in the diabetics 

as compared the lean controls (p = 0.04 for caspase -6 and p = 0.02 for caspase -8). 
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Figure 2,1: Blood Glucose Concentrations in Type 2 Diabetic Rats and Lean 
Control Rats. Figure 2.1 describes blood glucose levels in the type 2 diabetic and 
lean control rats. At 12 weeks of age, blood glucose levels in the ZDF are about 
500 mg/dl (fed). The blood glucose levels in the lean controls remains below 100 
mg/dl. * p= 0.001 
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Figure 2.2: Thrombin Activity is Increased in Type 2 Diabetic Rats. Figure 2.2 
demonstrates a significant increase in thrombin activity in the type 2 diabetic rats 
as compared to the lean controls (p<0.001). 
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Figure 2.3: Platelet Microparticle Formation in Increased in Type 2 Diabetic Rats. 
Figure 2.3 summarizes platelet microparticle formation in either the type 2 
diabetic rats or the lean controls. The type 2 diabetic rats have a significantly 
greater number of PMP /1000 platelets. * p=0.001 
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Figure 2.4: Caspase Activity is Increased in Type 2 Diabetic Rats. Figure 2.4 
summarizes the increase in caspase activity in the lean control, and type 2 diabetic 
rat groups. Caspase -3, -6, and -8 activity is increased in the type 2 diabetics 
compared to the lean controls p<0.05 for caspases -3, -6, and -8. 
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Diabetes Mellitus is a growing public health problem worldwide. In the U.S. 

alone, diabetes is the seventh leading cause of death (and the sixth leading cause 

of death by disease) (65). Diabetes is associated with many life-threatening 

complications such as kidney disease, neuropathy, cardiovascular disease, and 

haemostatic problems. Many of these complications are exacerbated by thrombotic 

events. Chronic thrombin generation and activation may be due to increased 

caspase activity in platelets of diabetics (72). 

Thrombin activity 

Thrombin plays a central role in the coagulation cascade with its adequate 

production at the site of a vascular lesion pivotal in arresting bleeding. However, 

in disease states such as diabetes mellitus, excess thrombin production or the 

enzymatic activity of thrombin may contribute to hypercoagulability. In the 

present study, we found that there was a 30 fold increase in thrombin activity in 

type 2 diabetic rats. This is the first report of increased thrombin activity in 

uncontrolled type 2 diabetic blood. Several recent reports described the 

interrelationship between phospholipid exposure on the plasma membrane and 
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thrombin formation (37, 40, 50). This could explain the interrelationship 

between platelet activation (PMP formation) and thrombin generation seen in the 

ZDF rats. 

Platelet Microparticle Formation 

An aim of this chapter was to determine whether there was increased platelet 

activation, measured via PMP formation, in uncontrolled type 2 diabetes. 

Procoagulant microparticles play a major role in blood thrombogenicity. PMPs 

increase the surface area available for the prothrombinase complex to form, using 

exposed PS as an anchor (37, 40, 50, 73). Since thrombin is able to activate 

platelets, and activated platelets release PMPs, leading to fiirther thrombin 

formation. This positive feedback loop may explain why the blood of diabetics is 

chronically hypercoagulable. 

Caspase activation 

Another objective of this chapter was to determine if caspases were activated in 

the platelets of uncontrolled type 2 diabetic rats. Caspases are a family of 14 

enzymatic proteins which have cysteine protease activity and that cleave their 

substrates after aspartate residues (74). Caspases can be further classified by their 

order in the process of apoptosis with caspase initiators directly regulating 
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downstream caspase activity. Prime examples of initiator caspases include 

caspase-8, -9, and -10 (53). Caspase executioners are activated by the caspase 

initiators and then activate other substrates important in the process of 

programmed cell death and include caspase-3, -6 and -7 (72). We found a 

significant increase in caspase -3, -6, -8 and -9 activity in the platelets from type 2 

diabetic animals. The role of caspases in platelet activation is controversial. Li et 

al. (72) demonstrated an increase in caspase 3 activity as well as the amount of the 

biologically active pl7 subunit of active caspase 3. Increased activity was 

associated with apoptotic morphology in platelets stored for 5 days under standard 

blood banking conditions. However, Wolf et al. (75) reported that, although 

human platelets contain caspase-9 and caspase-3, there was no evidence that these 

caspases were involved in platelet activation or the apoptotic phenotype those 

platelets demonstrated. One hypothesis is that caspase activation in platelets 

causes PS to flip from the inner to the outer leaflet of the plasma membrane, 

leading to increased thrombin activity. 

In conclusion, thrombin activity is chronically increased in the plasma of the ZDF 

model of type 2 diabetes. This finding may help explain why diabetics are prone to 

thrombotic events. It is not known whether increased caspase activity is required 

for platelet activation and subsequent aggregation or whether other aspects of 

platelet activation lead to increased caspase activity. By determining the exact 
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mechanisms of platelet activation and its role in thrombin generation, improved 

prophylaxis and treatments can be developed. In diabetes, where there is increased 

hypercoagulability and risk of complications, understanding the mechanisms of 

platelet activation may be critical in limiting the severity of thromboembolic 

events. 
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CHAPTER 3. CASPASE INHIBITION DECREASES BOTH PLATELET 
PHOSPHATIDYLSERINE EXPOSURE AND AGGREGATION 

ABSTRACT: 

Apoptosis of nucleated cells is regulated by caspases, a group of cysteine 

proteases, and is characterized by PS expression on the outer leaflet of the plasma 

membrane. Recent reports indicate that platelets also contain caspases. However, 

the role of caspases in platelet function is not well understood. When platelets 

become activated, they express PS on the outer leaflet of the plasma membrane. In 

addition, platelets aggregate when activated. To determine if caspases play a role 

in platelet activation, the aims of this study were to determine if caspase inhibition 

(using the pan-caspase inhibitor zVAD-fmk {fluoro-methyl-ketone}); 1) decreased 

PS expression and 2) decreased platelet aggregation following activation. Flow 

cytometry was used to determine PS expression on the platelet surface and a 

platelet aggregometer was used to assess platelet aggregation. We found that 

platelets treated with zVAD-fmk significantly decreased calcium ionophore 

(A23187) -induced PS exposure (Mean Channel Fluorescence {MCF}: untreated 

=138 ± 34; ZVAD treated = 58 ± 17, p=0.05). Further, treatment with zVAD-fmk 

significantly decreased ADP-induced platelet aggregation (%: untreated = 80 ± 

1.5, zVAD treated = 69 ± 3.0, p=0.05). These results indicate that caspases play a 
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central role in the process of platelet activation, suggesting a unique physiologic 

role of these proteases. 

INTRODUCTION 

In nucleated cells, the process of apoptosis regulates life span. Cell death is 

performed by a group of cysteine proteases, named caspases. Caspases are a 

family of 14 enzymatic proteins which have cysteine protease activity and that 

cleave their substrates immediately following aspartate residues (53, 72, 74). 

Recent observations by our laboratory and others indicate that platelets also 

contain caspases (33, 53, 63, 64, 72, 75, 76, 77, 78). However, the role of caspases 

in platelet activation remains unclear. Wolf et al. (75) reported that, although 

human platelets contain caspase-9 and caspase-3, there was no evidence that these 

caspases were involved in platelet activation or the apoptotic phenotype those 

platelets demonstrated. In contrast, Li et al. (72) demonstrated an increase in 

caspase 3 activity as well as the amount of the biologically active pl7 subunit of 

active caspase 3 in stored platelets. Increased activity was associated with 

apoptotic morphology in platelets stored for 5 days under standard blood banking 

conditions. Shcherbina and Remold-O'Donnel (53) postulated that the presence of 

caspases in human platelets may be involved in various platelet responses such as 

change in shape, generation of microparticles, or loss of membrane phospholipid 



64 
asymmetry. Bertino et al. (77) concluded that platelets contain caspases, which 

are activated during storage and that these apoptotic proteins may account for the 

rapid decline in platelet viability during storage. Recently, Piguet et al. (64) 

reported activation of platelet caspases -1, -3, -6, -8, and -9 in an animal model of 

thrombocytopenia induced by malaria, and when the animals were pre-treated with 

a pan-caspase inhibitor, there was a reduction of platelet activation markers (PMP 

formation). 

Similar to cells undergoing apoptosis, platelets express PS on the outer leaflet of 

the plasma membrane when they become activated. Radziwon et al. (22) reported 

that PS serves as an anchor upon which the pro-thrombinase complex assembles, 

allowing prothrombin to be cleaved to the active form. Since the role of caspases 

in apoptosis is well defined, but the role of caspases in platelet function in not well 

understood, one aim of the current study was to determine whether caspase 

activation was involved in PS exposure on the outer leaflet of the plasma 

membrane following platelet activation. 

A more functional measure of platelet activation is platelet aggregation. When 

stimulated with ADP, platelets undergo two distinct phases of aggregation, micro-

aggregation and macro-aggregation (79). In order to determine whether caspases 

play a significant role in platelet function, our second aim was to determine if 
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ADP-induced platelet aggregation was attenuated following pretreatment with a 

caspase inhibitor. 

METHODS 

Animals. 

Male Sprague-Dawley rats (minimum of 52 weeks old) were used in this study. 

All experiments were conducted according to the guidelines issued by the 

Institutional Animal Care and Use committee and were in compliance with the 

NIH Guide for the Care and Use of Laboratory Animals. 

Flow Cytometry. 

Five rats were deeply anesthetized using ether. Twelve mis of blood were rapidly 

obtained from each animal via cardiac puncture using citrated syringes (0.14 ml 

sodium citrate per ml whole blood, Sigma) following a method established in our 

laboratory (71, 80). Blood was then centrifuged at 150-x g for 10 minutes at 22° C 

to obtain PRP. The platelet count in PRP was measured with an automated cell 

counter (Serono Model 9018 CP) and was found to be 99% platelets. Platelet Poor 

Plasma (PPP) was then obtained from the remaining red cell concentrate by 

centrifugation at 3500 x g for 10 minutes at 22°C. The platelet count in PPP was 

also measured and found to contain a platelet count of less than 10% of the PRP. 



66 

The PRP was then prepared for flow cytometric analysis of annexin V binding as 

previously described (81-83). Briefly, 25 ^1 of PRP was incubated in annexin V 

binding buffer containing 1.8 mM CaCl2 (BB) (Beckman-Coulter-Immunotech) 

for 10 minutes. A subsample of the PRP/BB was incubated with the pan-caspase 

inhibitor, Z-Val-Ala-Dl-Asp-fluoromethylketone (zVAD-fmk, Bachem), at a 

concentration of 20 fj,M for 45 minutes at room temperature. Forty-five minutes 

was chosen as the incubation time based on a preliminary study (data not shown). 

ZVAD-fmk is a broad spectrum inhibitor of caspases (20). A portion of the blood 

was then stimulated with either the calcium ionophore A23187 (Sigma) at a 

concentration of 10"' M, or ADP (Chrono-Log) at a concentration of 10 ijM for 10 

minutes (84-86). One hundred |xl of PRP/BB was then placed in 1.5 ml Eppendorf 

tubes with 6 |j,l FITC-conjugated annexin V (Beckman-Coulter-Immunotech) and 

allowed to incubate for 10 minutes. The solution was fixed and diluted with 1 ml 

ice-cold 1% para-formaldehyde (Sigma) and kept on ice until acquisition of data 

using a flow cytometer (FACSCaliber, Becton-Dickinson). Data was analyzed 

with Cell Quest Pro (Becton-Dickinson) and WinMDI software. Platelets and 

PMP were identified using forward (FSC) and side (SSC) angle light scatter in 

logarithmic acquisition mode (64). For immunofluorescence, analytic regions were 

set around both platelets and PMP and histograms were generated. PS exposure is 
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presented as the mean channel fluorescence (MCF) as previously described by 

our laboratory and others (11, 14, 15, 17). MCF is a measure of the quantity of 

expression of PS on the surface of the platelets rather than the percentage of cells 

expressing PS. 

Platelet Aggregometry. 

Separate rats were deeply anesthetized using ether. Twelve mis of blood were 

obtained from each animal via cardiac puncture using heparized syringes (1 ml 70 

Unit/ml, Elkins-Sinn Inc.). Blood was then centrifuged at 150 x g for 10 minutes 

at 22° C to obtain PRP. The platelet count in PRP was found to be 99% platelets. 

The PRP from the heparinated syringes was further diluted with phosphate 

buffered saline (PBS) to a concentration of 400 x 10^ platelets/ml. Platelet Poor 

Plasma (PPP) was then obtained from the remaining red cell concentrate by 

centrifugation at 3500 x g 10 minutes, at 22°C. The platelet count in PPP was 

measured (Serono Model 9018 CP) and found to contain a platelet count of less 

than 10% of PRP. 

A subsample of the PRP was pre-treated with 20 |j,M zVAD-fmk for 45 minutes 

prior to testing. Five hundred microliters of PRP was aliquoted into a cuvette and 

placed into the aggregometer (Platelet Ionized Calcium Aggregometer, Chrono-
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Log). Samples were stirred at 900 rpm, according to Born's method (87). 

Samples were activated with the addition of 10 |liM ADP (Sigma) and samples 

were allowed to run for 6 minutes (88, 89). The percentage of light transmission 

was set at 10% with PRP and at 90% with PPP. Platelet aggregation was 

evaluated as an increase in light transmission. As a positive control to demonstrate 

inhibition of platelet aggregation, a sample was incubated for 2 minutes with 1 

mM aspirin, a cox inhibitor, (Sigma) as described by Marcinlak et al. (90). 

Data Analysis. 

Data was collected and stored on spreadsheets (Microsoft Excel). Platelet PS 

exposure (expressed as MCF) and platelet aggregation were compared among the 

control, activated and treated groups with an ANOVA. Tukey post-hoc tests were 

also performed (91). Summary data were expressed as mean ± SEM. P<0.05 was 

considered statistically significant. 

RESULTS 

The binding of annexin V to PS was used to assess the process of PS flipping from 

the inner to the outer leaflet of the platelet plasma membrane. Figure 3.1 contains 

representative histograms of PRP incubated under different conditions. Histogram 

(a) is control PRP. The histogram represented by (b) is PRP from the same animal 
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pre-treated with 20 |j,M zVAD-fmk. The histogram represented by (c) is PRP 

from the same animal stimulated with 10 pM ADP. The histogram shifts slightly 

to the right and the MCF increases. Figure 3.1.d is another sample of PRP from the 

same animal, pretreated with 20 pM zVAD-fmk for 45 minutes and then 

stimulated with ADP at a final concentration of 10 }jM. This line is shifted to the 

left, compared to (c). The results indicate that both the number of cells with 

exposed PS on the surface, as well as the quantity of PS on each platelet's 

membrane, is increased when the PRP is stimulated with 10 |xM ADP and that 

both these values were attenuated in cells pretreated with 20 pM zVAD-fmk. The 

histogram represented by (e) is PRP from the same animal stimulated with 10'^ M 

A23187. The histogram shifts to the right and the MCF increases. Figure 3.1.f is 

another sample of PRP from the same animal, pretreated with 20 |j,M zVAD-fmk 

for 45 minutes and then stimulated with 10"^ M A23187. 

The results from the flow cytometry measures of PS are summarized in figure 3.2. 

Data is expressed as MCF (11, 14, 15, 17). The pan-caspase inhibitor zVAD-fmk 

did not significantly activate the platelets, as demonstrated by no increase in PS 

exposure, compared to vehicle control (Control = 82 ± 30; zVAD = 101 ± 32). The 

addition of 10"' M A23187 increased PS exposure compared to control (A23187 = 

138 ± 34). ADP also increased PS exposure compared to control (ADP = 133 ± 
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40). In the samples pretreated with a final concentration of 20 |xM zVAD-fink 

and then stimulated with 10"' M A23187, there was a significantly attenuation of 

the PS flipping (A23187 + zVAD = 58 ± 17, p=0.05). When the samples were 

pretreated with zVAD-fmk and then activated with 10 [iM ADP, PS exposure on 

the outer leaflet was also decreased (ADP + ZVAD = 108 ± 43), but this did not 

reach statistical significance. 

Figure 3.3 illustrates representative curves from the platelet aggregometry 

experiments. A decrease in the curves represents on increase in light transmission, 

and an increase in platelet aggregation. When stimulated with exogenous ADP, the 

classic physiological activator, platelets undergo two distinct phases of 

aggregation, micro-aggregation and macro-aggregation (79). The small decrease 

in light transmission immediately prior to the robust aggregation curves represents 

this micro-aggregation. Cur\e a represents platelet aggregation after stimulating 

PRP with 10 |xM ADP. Curve b is PRP from the same animal but pretreated with 

20 )xM zVAD-fmk and then challenged with 10 ^iM ADP. Overall, we observed a 

12% decrease in aggregation compared to ADP alone. Curve c is PRP from the 

same animal pre-incubated with 1 mM acetylsalicylic acid (aspirin, ASA) for 2 

minutes in vitro and then stimulated with 10 |a.M ADP. We consistently observed 

decreased aggregation of 45% in ASA treated PRP. The results indicate that pre-
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treatment with zVAD-fmk limits the ability of platelets to form macro-

aggregates in PRP activated with ADP. 

The results of the aggregation studies are summarized in Figure 3.4. The activator 

for the aggregation experiments was the addition of 10 juM ADP. ADP caused an 

aggregation of 80%, as compared to the PPP control. The positive control, 1 mM 

aspirin, significantly decreased the amount of ADP induced aggregation to 55%. 

20 |j.M zVAD-fmk significantly decreased the amount of ADP induced 

aggregation to 68% (p=0.05). 
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Figure 3.1: Representative histograms of PS exposure on platelet plasma 
membranes. Figure 3.1.a represents unstimulated platelet rich plasma (PRP). 
Figure B.l.b represents PRP from the same animal pre-treated with 20 )xM z 
VAD-fmk. Figure 3.1.C represents PRP from the same animal stimulated with 10 
|J,M ADP. Figure 3.1.d represents PRP pretreated with 20 |liM zVAD-fmk prior to 
stimulation with 10 |xM ADP. Figure 3.1.e represents PRP from the same animal 
stimulated with 10"^ M A23187. Figure 3.1.f represents PRP pretreated with 20 
|uM zVAD-fmk prior to stimulation with 10"^ M A23187. A shift of the histogram 
to the right represents increased PS exposure while a shift to the left indicates a 
reduction in PS exposure. Percent positive cells are expressed as % M2 on each 
histogram. 
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Figure 3.2: Phosphatidylserine exposure is increased following stimulation with 
AD? and this increase is attenuated by zVAD-fmk. Figure 3.2 summarizes PS 
exposure on platelets exposed to 10 |j,M ADP or 10"' M A23187 with or without 
pretreatment with 20 |J.M :^AD-fmk. Platelets exposed to 10"' M A23187 was 
greater than DMSO control (*; p=0.05). ZVAD treatment significantly reduced the 
amount of PS on the outer leaflet of the plasma membrane in platelets stimulated 
with A23187 (#: p=0.05). 
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Figure 3.3: Representative platelet aggregation curves. Figure 3.3.a is a positive 
aggregometry curve acquired by stimulating PRP with ADP. Figure 3.3.b is a 
negative control obtained with pre-incubation of PRP with 1 mM ASA and then 
stimulated with 10 |xM ADP. Figure 3.3.c is PRP pre-treated with 20 |iM zVAD-
fmk and stimulated with 10 |j,M ADP. 
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Figure 3.4: Platelet ^gregation is reduced following zVAD-fmk pre-treatment. 
Figure 3.4 summarizes the decrease in platelet aggregation when PRP is pre-
treated with either 1 mM ASA or 20|4.M zVAD-fmk and then stimulated with ADP 
(*: p<0.05). 
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DISCUSSION 

Platelets are involved in maintaining hemostasis in the body, maintaining the 

integrity of blood vessels and preventing blood loss. Platelets also exhibit a variety 

of functions including producing cytokines, such as platelet activating factor 

(PAF), as well as releasing several key factors that stimulate the coagulation 

cascade (19). 

Platelet adhesion and aggregation are the functional consequences of activation. 

The addition of exogenous ADP mimics release of ADP from dense granules 

within the platelet during collagen exposure. Under normal conditions, platelet 

aggregation maintains homeostasis in the vasculature. However, under either 

surgical or dsease conditions, such as cardiopulmonary bypass, artificial heart 

transplantation, heart failure, or diabetes, platelet aggregation can lead to 

thrombosis which can retard blood flow, causing ischemia. 

When activated with hemostatic agents such as thrombin, collagen or ADP, or 

when stimulated with pharmacological agents like calcium ionophore, platelets 

shrink and extend filopodia, the plasma membrane blebs, PS redistributes to the 

platelet surface and the platelet breaks into small particles. These events promote 

hemostasis by inducing platelet aggregation, platelet adhesion to injured blood 
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vessels, and activation of the coagulation cascade (75). Radziwon et al. (22) 

reported that PS serves as an anchor on which the prothrombinase complex 

assembles, allowing prothrombin to be cleaved into the active form. 

As in apoptotic cells, caspases are found in platelets and may be involved in 

platelet activation. During apoptosis, regardless of the initiating signal, the cell 

shrinks, the plasma membrane blebs, PS redistributes to the cell surface, and the 

cell vesiculates into small particles, called apoptotic bodies. In addition, the 

chromatin condenses, the nucleus breaks up, and the DNA fragments into 

oligonucleosomal pieces. These events culminate in removal of the apoptotic cell 

by neighboring phagocytes without induction of an inflammatory response (75). 

Caspases are known to be the principal downstream proteases involved in the 

apoptotic process. Several laboratories demonstrated that, in platelets, caspases 

may be important in the formation of microparticles or the flipping of PS from the 

inner to the outer leaflet of the plasma membrane (53, 54). Shcherbina and 

Remold-O'Donnell (53) demonstrated that caspase-3 is present in quiescent 

platelets and is converted to its active form following platelet activation with 

thrombin. A specific cell-permeant inhibitor of caspase-3 was found to decrease 

agonist-induced PS exposure and microparticle formation. The caspase inhibitor 

also prevented cleavage of the structural protein moesin in activated platelets. Our 
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laboratory recently reported increased caspase activity as well as increased PMP 

formation in type 2 diabetic rats, which may contribute to the hypercoagulability 

common in diabetes (33). Further, we demonstrated significant increases in 

caspase-3, -6, -8, and -9 activities in type 2 diabetic platelets (33). Piguet et al. 

(64) demonstrated that the caspase inhibitor zVAD-fmk prevented the generation 

of PMP in an animal model of malaria. Thrombocytopenia is always present 

during severe malaria (as well as during most systemic inflammatory dseases), 

due in large part to a reduced platelet life span. They observed that the 

thrombocytopenia was associated with a markedly increased number of PMP in 

plasma, as well as an increase in caspase activity, suggesting that caspases are 

involved in platelet break-up into PMP. 

In this study, we determined that when pretreated with zVAD-fmk, platelets 

express significantly less PS on the outer leaflet of the plasma membrane when 

they are stimulated with either a pharmacological stimulator (calcium ionophore, 

A23187), or a physiological activator (ADP). This reduction in platelet activation 

markers supports earlier data from Piguet et al. (92) and Shcherbina and Remold-

O'Dormell (53). In contrast. Wolf et al. (75) observed no significant alteration of 

PS externalization when platelets were pre-treated with zVAD-fmk. We 

determined the optimal time of incubation with the caspase inhibitor to be slightly 



83 
longer than the Wolf group, perhaps accounting for the different findings. Our 

results indicate that caspase activity is an important component of platelet 

activation, demonstrated by PS exposure, and blocking this family of proteases 

may attenuate platelet activation. 

We also found a significantly decreased amount of aggregation following 

pretreatment with zVAD-fmk. In the ASA treated PRP as well as the zVAD-fmk 

treated PRP; there was an upswing of the light transmission curves, representing a 

disaggregation of the platelets (88, 89). Although the exact intracellular 

mechanisms involved in platelet activation are not completely understood, our 

data indicates that caspase activity may be involved in the movement to the 

platelet surface of adhesion molecules, which would lead to an increase in 

aggregation. 

The results of our study suggest a novel role for caspases in a biologic system, 

specifically hemostasis. Our results indicate that caspases play a role in PS 

flipping and platelet aggregation and that blocking this family of proteases may 

attenuate platelet activation. These findings may have implications in 

understanding novel treatments for pathophysiologic states associated with platelet 

activation such as diabetes, myocardial infarction, and stroke. 
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CHAPTER 4: CASPASE INHIBITION DECREASES ADHESION 
MOLECULE EXPRESSION ON HUMAN PLATELETS 

ABSTRACT 

Apoptosis, or programmed cell death, utilizes three groups of proteins: cell death 

receptors, the Bcl-2 family of proteins, and the caspases. Recent observations by 

our laboratory and others indicate that platelets contain caspases. Howe\er the role 

of caspases in platelet activation remains unclear. There is limited research on the 

role of caspases on platelet adhesion proteins such as P-selectin or GPIIb/IIIa 

which are upregulated during platelet activation. Therefore, the aim of this study 

was to examine the contribution of caspases to platelet activation. Specifically, we 

tested if caspase inhibition attenuated P-selectin and GPIIb/IIIa expression. Using 

blood from normal volunteers, we found that treatment with zVAD-fmk, a pan-

caspase inhibitor, caused a significant attenuation of P-selectin expression in 

stimulated platelets. Also, we found a small attenuation of GPIIb/IIIa expression 

in caspase inhibited platelets when the platelets were stimulated with PAF, but not 

ADP. Together these data suggest that caspases play a novel role in platelet 

activation. 
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INTRODUCTION 

Apoptosis, a programmed process of cell death, is a common physiologic strategy 

that almost all types of cells use for development and morphogenesis, for 

controlling the number of cells, and for elimination of sick and/or senescent cells 

(20). Triggered by either extracellular or intracellular signals, apoptosis usually 

results in an intact cell without the leakage of intracellular substances. The dying 

cells upregulate surface expression of PS and reduce mitochondrial function. 

These changes are responsible for the clearance of the apoptotic cell by 

neighboring phagocytes. 

Three groups of proteins have been demonstrated to mediate apoptotic signaling, 

regulation, and execution: cell death receptors, the Bcl-2 family of proteins, and 

the caspases. Caspases are a family of 14 enzymatic proteins carrying cysteine 

protease activity that cleaves their substrates after aspartate residues (53, 72, 74). 

According to their role in the activation cascade, each of the caspases can be 

classified as either an initiator or an executioner. Initiator caspases are those , for 

example, that are activated by death receptors, and they subsequently regulate 

downstream caspase activity. The best example of this subfamily is caspase -8, 

which can be activated by the binding of TNF to its receptor and then the activated 
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form of the caspase is released into the cytoplasm, where it cleaves downstream 

caspases or forms tbid (truncated bid) which targets mitochondria which releases 

cytochrome C. Executioner caspases are those activated by initiator caspases and 

subsequently act on noncaspase substrates. Caspase -3 is a well known 

representative of this subfamily. Upon activation by caspase -8, pro-caspase -3 is 

transformed into an active heterodimer of 17 kDa and 10 kDa subunits. The 

cellular substrates of active caspase -3 range widely from nuclear proteins, such as 

enzymatic regulators for DNA repair such as PARP, to cytoplasmic proteins, such 

as gelsolin, a cytoskeletal regulatory protein (72). 

Platelets are anucleated cells derived from bone marrow megakaryocytes. They 

play an important role in hemostasis, blood clotting, and thrombosis. The life span 

for platelets in the human circulation is approximately 7-10 days (19). 

Recent observations by our laboratory and others indicate that platelets contain 

caspases (33, 53, 72, 75). Howe\er, the role of caspases in platelet function 

remains unclear. Wolf et al. (75) reported that, although human platelets contain 

caspase-9 and caspase-3, there was no evidence that these caspases were involved 

in platelet activation or the apoptotic phenotype those platelets demonstrate. In 

contrast, Li et al. (72) observed an increase in caspase -3 activity as well as the 
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amount of the biologically active pl7 subunit of active caspase -3 in stored 

platelets. Increased caspase activity was associated with apoptotic morphology in 

platelets stored for 5 days under standard blood banking conditions. 

Shcherbina and Remold-O'Donnel (53) postulated that the presence of caspases in 

human platelets may be involved in various platelet responses such as change in 

shape, generation of microparticles, or loss of membrane phospholipid asymmetry. 

Recently, Piguet et al. (64) demonstrated a reduction in PMP production in an 

animal model of malaria when the animals were pre-treated with a pan-caspase 

inhibitor. Our laboratory recently examined the role of caspase activation on 

platelet PS exposure and aggregation (93). We found a significant decrease in PS 

on the outer leaflet of the platelet plasma membrane following activation when the 

platelets were pre-treated with zVAD-fmk, a pan-caspase inhibitor. We also 

observed a decrease in platelet aggregation when the sample was treated in vitro 

with zVAD-fmk. These studies were performed in laboratory animals and it is not 

known if caspase inhibition would attenuate adhesion protein expression in non-

diabetic human platelets. Therefore, the aim of this study was to determine 

whether caspase inhibition attenuated adhesion molecule expression, specifically 

P-selectin and GPIIb/IIIa. 
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METHODS 

Subjects: 

Eight healthy male and female volunteers were enrolled in this study (ages 20-50). 

None of the individuals had a history suggesting any underlying hemostatic 

disorder or were taking any drugs that would affect platelet function. Venous 

blood was collected under the human use guidelines and approved by the 

committee on Ethics in Research in Human Experimentation at the University of 

Arizona Health Sciences Center. Blood was drawn into citrated (0.129 M) 

vacutainer tubes (Becton Dickinson). To minimize platelet activation during blood 

drawing, a light tourniquet and 20-gauge needle were used and the first 2 mis of 

blood were collected in a separate vacutainer tube and utilized for cell count (94). 

Blood was centrifuged at 150 x g for 10 minutes at 22° C to obtain PRP. The 

platelet count in PRP was measured with an automated cell counter (Serono Model 

9018 CP) and was found to be 99% platelets. PPP was then obtained from the 

remaining red cell concentrate by centrifagation at 3500 x g for 10 minutes, at 
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22°C. The platelet count in PPP was also measured and found to contain a 

platelet count of less than 10% of the PRP. 

A subsample of the PRP was incubated with the broad spectrum caspase inhibitor 

(20), z-Val-Ala-Dl-Asp-fluoromethylketone (zVAD-fmk, Bachem), at a final 

concentration of 20 |j,M for 45 minutes at room temperature. Forty-five minutes 

was chosen as the incubation time based on preliminary experiments (data not 

shown). A portion of the blood was then stimulated with PAF (Sigma) at a 

concentration of 10"^ M, or ADP (Chrono-Log) at a concentration of 10 }iM for 10 

minutes (84-86). Five [il of PRP were then placed in 1.5 ml Eppendorf tubes 

containing either 20 |xl PAC-1 (an antibody to the GPIIb/IIIa molecule) conjugated 

with FITC or 20 |xl P-selectin conjugated with PE (Molecular Probes) and allowed 

to incubate for 20 minutes. Isotype matched control antibodies were utilized to 

determine non-specific binding. The solution was fixed with 1 ml ice-cold 1% 

para-formaldehyde (Sigma) and kept on ice until acquisition of data using a fiow 

cytometer (FACSCaliber, Becton-Dickinson). Data was analyzed with Cell Quest 

Pro (Becton-Dickinson) and WinMDI software. Platelets and PMP were identified 

using forward (FSC) and side (SSC) angle light scatter in logarithmic acquisition 

mode (64). For immunofluorescence, analytic regions were set around both 
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platelets and PMP and histograms were generated. P-selectin or GPIIb/IIIa 

expression is presented as either MCF or % positive cells (11, 14, 15, 17). 

Data Analysis 

Data were collected and stored on spreadsheets (Microsoft Excel). Platelet P-

selectin and GPIIb/IIIa expression were compared between the control, activated 

and zVAD-treated groups with an repeated measures ANOVA (91). Summary 

data were expressed as mean ± SEM. P<0.05 was considered statistically 

significant. 

RESULTS 

Figure 4.1 includes representative histograms of P-selectin expression on isolated 

platelets. The results indicate that both the number of cells expressing P-selectin 

on the surface, as well as the quantity of P-selectin on each platelet's membrane, 

are increased when the platelets were stimulated with 10"^ M PAF. These values 

were attenuated in cells pretreated with 20 ijM zVAD-fmk. A shift to the right 

indicates an increase in P-selectin expression on the surface of the platelets. 
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Figure 4.1: Representative histograms of P-Selectin expression on platelet plasma 
membranes. Figure 4.1.a represents unstimulated platelet rich plasma (PRP) 
incubated with an isotype control IgG. Figure 4.1.b represents PRP from the same 
subject with the P-selectin antibody. Figure 4.1.C represents PRP pretreated with 
ZVAD-fmk. 4.1.d represents PRP treated with 10'^ M PAF. Figure 4.1.e is data 
from PRP pre-treated with zVAD-fmk and then stimulated with 10"^ M PAF. A 
shift of the histogram to the right represents increased P-selectin while a shift to 
the left indicates a reduction in P-selectin expression. 
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The results from the flow cytometric measurements of P-selectin are 

summarized in Figure 4.2. Data are expressed as Percent Positive (% Pos) (11, 14, 

15, 17). The pan-caspase inhibitor zVAD-fmk alone did not significantly activate 

the platelets when compared to a vehicle control (Control = 9.0 ±3.6 %; ZVAD = 

8.2 ± 3.5 %, data not shown). The addition of ADP significantly increased P-

selectin expression compared to control (ADP = 26.8 ± 4.6 %, p=0.05). In the 

samples pretreated with 20 |j,M zVAD-fmk and then stimulated with 10"' M ADP, 

there was a significant attenuation of the P-selectin expression (ADP + zVAD = 

23.3 ± 5.37 %,p= 0.03). 

The results from the flow cytometry measures of P-selectin are summarized in 

Figure 4.3. Data are expressed as MCF (11, 14, 15, 17). PAF significantly 

increased P-selectin expression compared to control (PAF = 22.07 ± 2.96, p=0.05). 

When the samples were pretreated with zVAD-fitnk and then activated with 10"' M 

PAF, P-selectin expression on the outer leaflet was significantly attenuated (PAF + 

zVAD= 18.87 ±2.05, p = 0.05). 
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Figure 4.2: Number of platelets expressing P-selectin is increased following 
stimulation with ADP and this increase is attenuated by zVAD-fmk. Figure 4.2 
summarizes P-selectin expression on the platelet membrane when exposed to ADP 
with or without pretreatment with zVAD-fmk. When stimulated with 10 |iM ADP, 
a greater percentage of platelets expressed P-selectin compared to control (*: 
p=0.05). zVAD-fmk pre-treatment significantly attenuated the amount of platelets 
expressing P-selectin on the outer leaflet of the plasma membrane following ADP 
activation ($: p=0.05). 
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Figure 4.3: Platelets expressing P-selectin is increased following stimulation with 
PAF and this increase is attenuated by zVAD-fmk. Figure 4.3 summarizes P-
selectin expression on the platelet membrane when exposed to 10"' M PAF with or 
without pretreatment with zVAD-fmk. When stimulated with 10'^ M PAF, 
platelets expressed more P-selectin on the plasma membrane compared to control 
(*: p=0.05). zVAD-fmk pre-treatment significantly attenuated the P-selectin on the 
outer leaflet of the plasma membrane following PAF activation ($: p=0.05). 
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Figure 4.4: Representative histograms of GPIIb/IIIa expression on platelet plasma 
membranes. Figure 4.4.a represents unstimulated platelet rich plasma (PR?) 
incubated with an isotype control IgG. Figure 4.4.b represents PRP from the same 
subject with the GPIIb/IIIa antibody PAC-1. Figure 4.4.c represents PRP 
pretreated with 20 jxM zVAD-fmk. 4.4.d represents PRP treated with 10"^ M PAF. 
Figure 4.4.e is data from PRP pre-treated with 20 |xM zVAD-fmk and then 
stimulated with 10"^ M PAF. A shift of the histogram to the right represents 
increased GPIIb/IIIa expression while a shift to the left indicates a reduction in 
GPIIb/IIIa expression. 
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Figure 4.4 is representative histograms of platelet GPIIb/IIIa expression 

measured using PAC-1. The results indicate that both the number of cells 

expressing GPIIb/IIIa on the surface, as well as the quantity of GPIIb/IIIa on each 

platelet's membrane was increased when platelets were stimulated withlO"^ M PAF 

and that both these values were slightly attenuated in cells pretreated with 20 pM 

zVAD-fmk. 

The results from the flow cytometry measures of GPIIb/IIIa are summarized in 

Figure 4.5. Data are expressed as MCF (11, 14, 15, 17). Alone, the pan-caspase 

inhibitor zVAD-fmk did not significantly activate the platelets, as demonstrated by 

no increase in GPIIb/IIIa expression, compared to vehicle control (Control = 25.2 

± 4.5; ZVAD = 24.4 ± 3.6, data not shown). The addition of 10'^ M ADP 

significantly increased GPIIb/IIIa expression compared to control (ADP = 54.83 ± 

9.19, p = 0.02). In the samples pretreated with zVAD-fmk and then stimulated 

with ADP, there was no attenuation of the GPIIb/IIIa expression (zVAD + ADP = 

54.0 ±8.0). 

The results from the flow cytometry measures of GPIIb/IIIa are summarized in 

Figure 4.6. Data are expressed as Mean Channel Fluorescence (MCF) (11, 14, 15, 

17). PAF significantly increased GPIIb/IIIa expression compared to control (PAF 
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= 31.86 ± 4.9, p = 0.05). In the samples pretreated with zVAD-fmk and then 

stimulated with 10"' M PAF, there was a slight attenuation of the GPIIb/IIIa 

expression (PAF = 29.7 ± 4.92), but this did not reach significance. 
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Figure 4.5: GPIIb/IIIa expression is increased following stimulation with ADP and 
this increase is not altered by zVAD-fmk. Figure 4.5 summarizes GPIIb/IIIa 
expression on the platelet membrane when exposed to 10 [xM ADP with or 
without pretreatment with 20 p,M zVAD-fmk. Platelets exposed to 10 fiM ADP 
expressed more GPIIb/IIIa on the plasma membrane compared to control (*: 
p=0.05). zVAD-fmk treatment did not reduce the amount of P-selectin on the outer 
leaflet of the plasma membrane in ADP stimulated platelets. 





104 

Figure 4.6: PAC-1 expression is increased following stimulation with PAF and 
this increase is slightly attenuated by zVAD-fmk. Figure 4.6 summarizes PAC-1 

n 

expression on the platelet membrane when exposed to 10' M PAF with or without 
pretreatment with 20 jxM ZVAD-fmk. Platelets exposed to 10"^ M PAF expressed 
more GPIIb/IIIa on the outer surface of the plasma membrane compare to control 
(*: p=0.05). ZVAD treatment reduced the amount of P-selectin on the outer leaflet 
of the plasma membrane in PAF stimulated platelets but did not reach 
significance. 
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Discussion 

Upon activation, platelets aggregate, maintaining the integrity of blood vessels and 

preventing blood loss. Platelets also exhibit a variety of functions including 

producing cytokines, such as platelet activating factor, as well as releasing several 

key factors that stimulate the coagulation cascade (19). 

As in apoptotic cells, caspases are found in platelets and may be involved in 

platelet activation. During apoptosis, regardless of the initiating signal, the cell 

shrinks, the plasma membrane blebs, PS redistributes to the cell surface, and the 

cell vesiculates into small particles, called apoptotic bodies. In addition, the 

chromatin condenses, the nucleus breaks up, and the DNA fragments into 

oligonucleosomal pieces. These events culminate in removal of the apoptotic cell 

by neighboring phagocytes without induction of an inflammatory response (75). 

Caspases are known to be the principal downstream proteases invol\ed in the 

apoptotic process. Some investigators believe that caspases may be important in 

platelet activation, leading to the formation of microparticles or the flipping of PS 

from the inner to the outer leaflet of the plasma membrane (53, 54). Shcherbina 

and Remold-O'Donnell (53) demonstrated that caspase-3 is present in quiescent 

platelets and is converted to its active form following platelet activation with 
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thrombin. A specific cell-permeant inhibitor of caspase-3 was found to 

decrease agonist-induced PS exposure and microparticle formation. The caspase 

inhibitor also prevented cleavage of the structural protein moesin in activated 

platelets. 

Our laboratory recently reported significant increases in caspase-3, -6, -8, and -9 

activities in platelets from type 2 diabetic rats, a model of chronic platelet 

activation (33). Piguet et al. (64) demonstrated that the caspase inhibitor zVAD-

fmk prevented the generation of PMP in an animal model of malaria. 

Thrombocytopenia is always present during severe malaria (as well as during most 

systemic inflammatory diseases), due in large part to a reduced platelet life span. 

These investigators observed that the thrombocytopenia was associated with a 

markedly increased number of PMP in plasma, as well as an increase in caspase 1, 

3, 6, 8, and 9 activity, suggesting that caspases are involved in platelet break-up 

into PMP. A recent study in our laboratory examined the role of caspases in the 

exposure of PS on the outer leaflet of the plasma membrane (93). We determined 

that blocking caspases with zVAD-fmk attenuated the flipping of PS from the 

inner to the outer leaflet of the plasma membrane, indicating that caspases are 

involved in an apoptotic-like process during platelet activation. 
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Few studies have focused on the role of caspases on platelet adhesion proteins 

such as P-selectin or GPIIb/IIIa. P-selectin is an adhesion molecule stored in the 

alpha-granules of unactivated platelets. When platelets are activated, the alpha-

granules migrate to the surface membrane where they fuse, exposing P-selectin on 

the outer surface of the plasma membrane. P-selectin binds to PSGL-1 on the 

surface of leukocytes. The GPIIb/IIIa molecule is expressed constitutively on the 

surface of the platelet. Activated GPIIb/IIIa allows platelet aggregation through a 

fibrinogen bridge. 

Platelet adhesion and aggregation are the functional consequences of activation. 

The addition of exogenous ADP mimics release of ADP from dense granules 

within the platelet during collagen exposure. Under normal conditions, platelet 

aggregation maintains homeostasis in the vasculature. However, under either 

surgical or disease conditions, such as cardiopulmonary bypass, artificial heart 

transplantation, heart failure, or diabetes, platelet aggregation can lead to 

thrombosis which can retard blood flow, causing ischemia. 

Brown et al. (95) examined the role of caspases on the constitutive death pathway 

of platelets. They found an increase in P-selectin expression on 6-hour serum 

starved platelets and concluded that this was independent of caspase activation. 
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Our study differs from that of Brown et al. in that we activated the platelets 

with either platelet activating factor (PAF) or ADP. It is possible that there are two 

different mechanisms involved in the physiology of platelets, one for platelet 

activation and one which allows senescent platelets to be removed from the 

circulation. P-selectin is involved in platelet-leukocyte interactions and if platelet 

activation is a terminal process, it is logical that the platelet would be in close 

proximity to a leukocyte which would clear the platelet from the circulation in an 

apoptotic-like manner. 

This is the first report examining whether caspases are involved in GPIIb/IIIa 

expression on human platelets. Although our data did not reach significance, there 

was a slight attenuation of activated GPIIb/IIIa on the platelet surface when 

pretreated with zVAD-fmk and then stimulated with 10"^ M PAF. 

In a previous study, we demonstrated that zVAD-fmk decreased ADP induced 

platelet aggregation by 15%. Although P-selectin is not known to be involved in 

platelet-platelet interactions, P-selectin may bind to highly glycosylated proteins 

located on adjacent platelets, such as CD 63, allowing for aggregation. Ritter et 

al. (96) observed a decrease in platelet aggregation when PRP was pretreated with 

fucoidan, an inhibitor of both P- and I^selectin and suggested that the blocking of 
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P-selectin may initiate a cascade within the platelet to inhibit the upregulation 

of GPIIb/IIIa receptors upon platelet activation. 

The results of our study suggest a novel role for caspases in a biologic system, 

specifically hemostasis. Our results indicate that caspases play a role in platelet 

adhesion molecule expression and that blocking this family of proteases may 

attenuate the ability of the platelet to adhere to leukocytes or aggregate with other 

platelets. These findings may have implications in developing novel treatments for 

pathophysiologic states associated with platelet activation such as diabetes, 

myocardial infarction, and stroke. 
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CHAPTER 5. CASPASE INHIBITION DECREASES DIABETIC 
PLATELET ACTIVATION IN VIVO 

ABSTRACT 

Apoptosis of nucleated cells is regulated by caspases, and is characterized by PS 

expression on the outer leaflet of the plasma membrane. Recent reports indicate 

that platelets also contain caspases. However, the role of caspases in platelet 

function is not well understood. When platelets are activated, they express PS on 

the outer plasma membrane and form PMP. In addition, platelets aggregate when 

activated. To determine if caspases play a role in type 2 diabetes, the aims of this 

study were to determine if treating a model of type 2 diabetes, Zucker Diabetic 

Fatty rats, (ZDF) with the caspase inhibitor zVAD-fmk in vivo; 1) would attenuate 

PS expression, 2) would attenuate PMP formation and 3) would attenuate platelet 

aggregation following activation. ZDF rats were treated with in vivo injections of 

40 ng zVAD-fmk. Flow cytometry was used to determine PS expression on the 

platelet surface as well as numbers of PMPs and a platelet aggregometer was used 

to assess platelet aggregation. We found a trend toward decreased PS exposure 

(Mean Channel Fluorescence {MCF}: PBS-control = 20 ± 11.5; zVAD-fmk 

treated = 15.9 ± 6.5) and when activated with 10"' M of the calcium ionophore 

A23187 (MCF: PBS + A23187 = 74.8 ± 63.5; zVAD-fmk + A23187 = 27.1 ± 11). 
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ZDF rats treated with zVAD-fmk decreased platelet nicroparticle numbers 

compared to PBS-control ZDF rats (PMP/1000 platelets: PBS = 1010.7 ± 931.8; 

zVAD-fmk = 347 ± 262.6). Further, treatment with zVAD-fmk significantly 

decreased ADP-induced platelet aggregation (%: PBS-control 76.7 ± 2.4, zVAD-

fmk = 70.0 ± 1.7; p=0.05). These results indicate that caspases play a central role 

in the process of platelet activation, suggesting a unique physiologic role of these 

proteases and perhaps the underlying mechanisms involved in the chronic platelet 

activation obser\ed in type 2 diabetes. 

INTRODUCTION 

In nucleated cells, the process of apoptosis regulates life span. Cell death is 

performed by a group of cysteine proteases, named caspases. Caspases are a 

family of 14 enzymatic proteins which have cysteine protease activity and that 

cleave their substrates after aspartate residues (53, 72, 74). Recent observations by 

our laboratory and others indicate that platelets contain caspases (33, 53, 72, 75). 

However, there is conflicting findings as to whether these caspases have any 

functional capabilities. Wolf et al. (75) reported that, although human platelets 

contain caspase-9 and caspase-3, there was no evidence that these caspases were 

involved in platelet activation or the apoptotic phenotype those platelets 

demonstrated. In contrast, other groups postulate that the presence of caspases in 
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human platelets may be involved in various platelet responses such as change 

in shape, generation of microparticles, or loss of membrane phospholipid 

asymmetry (33, 53, 63, 64, 72, 76, 78, 97). 

Activation of platelet caspases -1, -3, -6, -8, and -9 were demonstrated in vivo in 

mice with thrombocytopenia induced by malaria (64). Piguet et al. (64) observed 

that thrombocytopenia was associated with an increased number of PMP, and a 

decreased number of platelets. Treatment with a pan-caspase inhibitor markedly 

attenuated both the thrombocytopenia and platelet microparticle concentration. 

Piguet et al. (63) also demonstrated that tumor necrosis factor-a (TNF-a) activated 

platelet caspases, causing platelet fragmentation and thrombocytopenia and that 

injection of the broad spectrum caspase inhibitor, zVAD-fmk, decreased TNF-a-

induced generation of microparticles and thrombocytopenia, indicating a causal 

role of caspases in platelet fragmentation. One aim of the current study was to 

determine whether inhibition of caspases in platelets in vivo decreased PS 

exposure in a model of chronic platelet activation, type 2 diabetes. We also wanted 

to determine whether caspase inhibition decreased PMP formation in type 2 

diabetics. We used the Zucker Diabetic Fatty (ZDF) rodent model of type 2 

diabetes. This animal model mimics human type 2 diabetes in that the rat is obese, 

has hypertension, elevated lipids, and blood glucose. 
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A more functional measure of platelet activation is platelet aggregation. When 

stimulated with ADP, platelets undergo two distinct phases of aggregation, micro-

aggregation and macro-aggregation (79). In order to determine whether caspases 

play a significant role in platelet function, our second aim was to determine if 

ADP-induced platelet aggregation was attenuated in a model of type 2 diabetes 

following in vivo treatment with a caspase inhibitor. 

METHODS 

Animals. 

Eleven male type 2 diabetic rats (ZDF-fa/fa) were examined at 10 weeks of age 

(Charles River Models Incorporated). The diabetic homozygous animals exhibit 

hypertension and express non-insulin dependent diabetes by approximately 10 

weeks of age. In these experiments, the expression of diabetes was determined by 

blood glucose levels, triglycerides, total cholesterol and HDL measurements using 

a strip method (BioScanner 2000). All experiments were conducted according to 

the guidelines issued by the Institutional Animal Care and Use Committee and 

were in compliance with the NIH Guide for the Care and Use of Laboratory 

Animals. 
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ZVAD treatment. 

Rats were either treated for four days with intraperitoneal (i.p) injections of 40 |xg 

(in 400 \il phosphate buffered saline) of the pan-caspase inhibitor, z-Val-Ala-Dl-

Asp-fluoromethylketone (zVAD-fmk, Bachem) or 400 [il of phosphate buffered 

saline as control. zVAD-fmk is a broad spectrum inhibitor of caspases -1, -3, -6, 

-7,-8, and-9 (20). 

Flow Cytometry. 

Rats were deeply anesthetized using ether. Two mis of blood were rapidly 

obtained from each animal via cardiac puncture using citrated syringes (0.14 ml 

sodium citrate per ml whole Wood, Sigma) following a method established in our 

laboratory (71, 80). Blood was centrifuged at 150 x g for 10 minutes at 22° C to 

obtain PRP. The platelet count in PRP was measured with an automated cell 

counter (Serono Model 9018 CP) and found to be 99% platelets. PPP was 

obtained from the remaining red cell concentrate by centrifugation at 3500 x g for 

10 minutes, at 22°C. The platelet count in PPP was also measured and found to 

contain a platelet count of less than 10% of the PRP. 

The PRP was then prepared for flow cytometric analysis of PS exposure and 

platelet microparticle formation using annexin V binding as previously described 
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(81-83). Briefly, 25 |ll of PRP was incubated in annexin V binding buffer, 

containing 1.8 mM CaCl2 (BB) (Beckman-Coulter-Immunotech) for 10 minutes. 

A portion of the blood was then stimulated with A23187 (Sigma) at a 

concentration of 10"' M for 10 minutes (84-86). One hundred |a,l of PRP/BB was 

then placed in 1.5ml Eppendorf tubes with 6 |il FITC-conjugated annexin V 

(Beckman-Coulter-Immunotech) and 15 |al of PE-conjugated CD61 and allowed to 

incubate for 10 minutes. The solution was fixed with 1 ml ice-cold 1% para

formaldehyde (Sigma) and kept on ice until acquisition of data using a flow 

cytometer (FACSCaliber, Becton-Dickinson). Data was analyzed with Cell Quest 

Pro (Becton-Dickinson) and WinMDI software. Platelets and PMP were identified 

using forward (FSC) and side (SSC) angle light scatter in logarithmic acquisition 

mode (64). Events in both the platelet and the PMP regions were further analyzed 

for fluorescence associated with isotype and CD61 labeling (98). For 

immunofluorescence, analytic regions were set around both platelets and PMP and 

histograms were generated. PS exposure is presented as the mean channel 

fluorescence (MCF) as previously described by our laboratory and others (11, 14, 

15, 17). A non-specific binding region (Ml) was established on the histogram 

using the isotype matched control antibody labeled with the same fluorescent 

probe and was set at 99%. M2 describes binding of the cell specific antibody to the 

membrane of the platelet. 
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Platelet Aggregometry. 

Rats were deeply anesthetized using ether. Twelve nis of blood were rapidly 

obtained from each animal via cardiac puncture using heparized syringes (2 ml 70 

lU/ml, Elkins-Sinn Inc.). Blood was then centrifuged at 150 x g for 10 minutes at 

22° C to obtain PRP. The platelet count in PRP was found to be 99% fiatelets. 

The PRP from the heparinated syringes was further diluted with phosphate 

buffered saline (PBS) to a concentration of 400 x 10^ platelets/ml. PPP was then 

obtained from the remaining red cell concentrate by centrifugation at 3500 x g, 10 

minutes, at 22°C. The platelet count in PPP was measured (Serono Model 9018 

CP) and found to contain a platelet count of less than 10%) of PRP. The PPP was 

diluted with PBS to the same degree as the PRP, in order to control for the 

elevated lipids in the plasma of the ZDF model. 

Five hundred microliters of PRP were aliquoted into a cuvette and placed in the 

aggregometer (Platelet Ionized Calcium Aggregometer, Chrono-Log). Samples 

were stirred at 900 rpm, according to Bom's method (87). Samples were activated 

with the addition of 10 |j.M ADP (Sigma) and samples were allowed to run for 6 

minutes (88, 89). The percentage of light transmission was set at 10% with PRP 
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and at 90% with PPP. Platelet aggregation was evaluated as an increase in 

light transmission. As a positive control, a sample was incubated for 10 minutes 

with 1 mM aspirin (Sigma) as described by Marcinlak et al. (90). 

Data Analysis. 

Data were collected and stored on spreadsheets (Microsoft Excel). Platelet PS 

exposure (expressed as MCF) and platelet aggregation were compared between the 

control and treated groups with a Student's t-test (91). Summary data were 

expressed as mean ± SEM. P<0.05 was considered statistically significant. 

RESULTS 

The blood measurements comparing the PBS-control and the zVAD-fmk treated 

ZDF rats are summarized in Table 5.1. Although there were no significant changes 

in the lipid profile between the control and treated animals, there was a trend 

towards a favorable lipid profile in the treated group. 

The binding of annexin V to PS was used to assess the process of PS flipping from 

the inner to the outer leaflet of the platelet plasma membrane. Figure 5.1 includes 

representative histograms of PRP. Histogram (a) is PRP from a ZDF PBS-control 
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animal. The histogram represented by (b) is PRP from the same animal 

stimulated with 10"^ M A23187. The histogram shifts slightly to the right and the 

MCF increases. Figure 5.1.C is another sample of PRP from a ZDF animal treated 

with zVAD-fmk for 4 days prior to the blood draw. Figure S.l.d is blood from the 

same animal stimulated with 10"^ M A23187. This line does not shift to the right 

as much to the right, compared to (c). The results indicate that both the number of 

cells with exposed PS on the surface, as well as the quantity of PS on each 

platelet's membrane is increased when the PRP is stimulated with A23187 and that 

these values were attenuated in animals pretreated with zVAD-fmk. 
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Table 5.1. Blood Measurements of PBS-control and zVAD-fmk Treated Type 2 
(ZDF) Diabetic Rats. Blood measurements for body weight, blood glucose, 
triglycerides, total cholesterol, and HDL cholesterol are compared between the 
PBS-control animals and the zVAD-fmk treated animals. In both cases, blood 
glucose was above 300 mg/dl, indicating type 2 diabetes in this model. None of 
the measures were significant. However, triglycerides were lower in the zVAD-
fmk treated rats. 
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Table 5.1 

ZL-PBS 
N = 2 

Mean + 
SEM 

ZL-zVAD-fmk 
N = 4 

Mean + SEM 

ZDF-
PBS 

N = 7 
Mean + 

SEM 

ZDF-zVAD-fmk 
N = 12 

Mean + SEM 

P 

Weight (g) 299.5 ± 
0.5 

305.25 ±3.97 378.3 ± 
19.6 

368.71± 8.16 0.6 

Cholesterol (mg/dl) = 95 = 95 117.5 ± 
2.3 

111.4±3.5 0.3 

HDL Cholesterol 
(mg/dl) 

31 ±2.5 27.88 ±0.92 43.7 ± 
1.1 

52.0 ±4.0 0.2 

Triglycerides (mg/dl) = 49 = 49 392.8 ± 
71.4 

264.2 ± 30.0 0.0 
9 

Glucose (mg/dl) 81.0± 
13.0 

86.13 ±3.64 273 ± 
21.9 

282.8 ±32.4 0.7 



122 

Figure 5.1. Representative Histograms of Phosphatidylserine Exposure on Platelet 
Plasma Membranes. Figure 5.1.a represents unstimulated platelet rich plasma 
(PRP) from a PBS-control animal, incubated with an isotype control IgG. Figure 
5.1.b represents PRP from the same animal incubated with Annexin-V. Figure 
5.1.C represents PRP stimulated with 10-7 M A23187. A shift of the histogram to 
the right represents increased PS exposure. Figure 5.1.d represents PRP from a 
zVAD-fmk treated animal incubated with Aimexin-V and figure S.l.e is PRP from 
the same animal stimulated with 10"^ M A23187. Ml indicates platelets not 
expressing PS on the outer leaflet of the plasma membrane whereas the M2 region 
indicates platelets expressing PS on the outer leaflet of the plasma membrane. 
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The results from the flow cytometric measurements of PS are summarized in 

Figure 5.2. Data is expressed as Mean Chaimel Fluorescence (MCF) (11, 14, 15, 

17). The animals treated with 40 )j,g zVAD-fmk had decreased PS exposure 

compared to the PBS-control animals (PBS-control = 20 ± 11.5; zVAD-fmk 

treated = 15.9 ± 6.5). The addition of 10"^ M A23187 significantly increased PS 

exposure in both PBS-control and zVAD-fmk treated animals (PBS + A23187 = 

74.8 ± 63.5; zVAD-fmk + A23187 = 27.1 ± 11.4, p=0.05), however this increase 

was attenuated in the zVAD-treated animals. 

Figure 5.3 is a representative dot plot from flow cytometry in which the platelets 

and platelet microparticle regions are displayed. The region enclosed in the box 

includes both platelets and PMP gated using CD61, an antibody towards the Ilia 

region of the constitutive platelet surface marker GPIIb/IIIa. 

Figure 5.4 summarizes PMP /lOOO platelets. In the animals treated with zVAD-

fmk for 4 days, there was a decrease in the number of PMP /1000 platelets 

compared to the PBS control (PBS = 1010.7 ± 931.8; zVAD-fmk = 347 ± 262.6). 

Although not significant, there was a trend toward a decreased number of PMP 

/1000 platelets in the ZDF animals treated with zVAD-fmk. 
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Figure 5.2. Phosphatidylserine (PS) Exposure on the Outer Leaflet of the Plasma 
Membrane is Decreased Following In Vivo Treatment with zVAD-fmk. Figure 5.2 
summarizes PS exposure on the outer leaflet of the plasma membrane. In vivo 
treatment with zVAD-fmk decreased PS exposure basally as well as following 
stimulation with 10"^ M A23187. 
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Figure 5.3. Representative Dot Plot of Platelets and PMP. Figure 5.3 is a 
representative dot plot of platelets and PMP. 
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Figure 5.4. Platelet Microparticle Formation is Decreased in Diabetic Rats Treated 
with zVAD-fmk. The results of the platelet microparticle formation experiment, 
comparing PBS-control ZDF animals and zVAD-fmk treated ZDF animals are 
summarized in Figure 5.4. In the diabetic animals, those treated with 40 |ig 
zVAD-fmk had decreased numbers of PMP /1000 platelets as compared to the 
PBS-control ZDF animals. 
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Figure 5.5 illustrates representative curves from the platelet aggregometry 

experiments. A decrease in the curves represents on increase in light transmission, 

and an increase in platelet aggregation. When stimulated with exogenous ADP, the 

classic physiological activator, platelets undergo two distinct phases of 

aggregation, micro-aggregation and macro-aggregation (79). The small decrease 

in light transmission immediately prior to the robust aggregation curves represents 

this micro-aggregation. Curve a represents platelet aggregation from a ZDF PBS-

control animal after stimulating PRP with 10 |j.M ADP. Curve b is PRP from a 

ZDF animal treated with 40 )xg zVAD-fmk for 4 days prior to the blood draw and 

then challenged with 10 |j,M ADP. 

The results of the aggregation studies are summarized in Figure 5.6. ADP caused 

an aggregation of 77%, as compared to the PPP control. zVAD-fmk significantly 

decreased the amount of ADP induced aggregation to 70% (p=0.05). The results 

indicate that treatment with zVAD-fmk limits the ability of platelets to form 

aggregates in PRP activated with ADP. 
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DISCUSSION 

Platelets are involved in maintaining hemostasis in the body, maintaining the 

integrity of blood vessels and preventing blood loss. Platelets also exhibit a variety 

of functions including producing cytokines, such as platelet activating factor, as 

well as releasing several key factors that stimulate the coagulation cascade (19). 

Platelet adhesion and aggregation are the functional consequences of activation. 

The addition of exogenous ADP mimics release of ADP from dense granules 

within the platelet during collagen exposure. Under normal conditions, platelet 

aggregation maintains homeostasis in the vasculature. However, under either 

surgical or disease conditions, such as cardiopulmonary bypass, artificial heart 

inplantation, heart failure, or diabetes, platelet aggregation can lead to thrombosis 

which can retard blood flow, causing ischemia. 

When activated with hemostatic agents such as thrombin, collagen or ADP, or 

when stimulated with pharmacological agents like calcium ionophore, platelets 

shrink and extend filopodia, the plasma membrane blebs, PS redistributes to the 

platelet surface and the platelet breaks into small particles (75). These events 

promote hemostasis by inducing platelet aggregation, platelet adhesion to injured 

blood vessels, and activation of the coagulation cascade (75). Radziwon et al. (22) 

reported that PS exposure on the outer leaflet of the plasma membrane, serves as 
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an anchor on which the prothrombinase complex (Ca^, factor Va, and factor 

Xa) assembles, allowing prothrombin to be cleaved into the active form. 
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Figure 5.5. Representative Platelet Aggregation Curves. Figure 5.5.a is a 
representative aggregation curve from a PBS-treated control ZDF animal activated 
with 10 )lIM ADP. 5.5.b is a representative aggregation curve from a ZDF animal 
treated for 4 days with i.p. zVAD-fmk (40 |ig). 
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Figure 5.6. Platelet Aggregation Is Decreased in Diabetics Treated with an In Vivo 
Caspase Inhibitor. Figure 5.6 summarizes the decrease in platelet aggregation in 
ZDF rats when treated for 4 days with i.p. injections of 40 )Xg zVAD-fmk (*; 
0.05). 
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As in apoptotic cells, caspases are found in platelets and may be involved in 

platelet activation (63, 64, 72, 76, 77, 78). During apoptosis, regardless of the 

initiating signal, the cell shrinks, the plasma membrane blebs, PS redistributes to 

the cell surface, and the cell vesiculates into small particles, called apoptotic 

bodies. In addition, the chromatin condenses, the nucleus breaks up, and the DNA 

fragments into oligonucleosomal pieces. These events culminate in removal of the 

apoptotic cell by neighboring phagocytes without induction of an inflammatory 

response (75). Caspases are known to be the principal downstream proteases 

involved in the apoptotic process. Several laboratories demonstrated that, in 

platelets, caspases may be important in the formation of microparticles or the 

flipping of PS from the inner to the outer leaflet of the plasma membrane (53) 

(54). Shcherbina and Remold-O'Donnell (53) demonstrated that pro-caspase-3 is 

present in quiescent platelets and is converted to its active form following platelet 

activation with thrombin. A specific cell-permeant inhibitor of caspase-3 was 

found to decrease agonist-induced PS exposure and microparticle formation. The 

caspase inhibitor also prevented cleavage of the structural protein moesin in 

activated platelets. Our laboratory recently reported increased caspase activity as 

well as increased platelet microparticle formation in type 2 diabetic rats, which 

may contribute to the hypercoagulability common in diabetes. Further, we 

demonstrated significant increases in caspase-3, -6, -8, and -9 activities in type 2 
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diabetic platelets (33). Piguet et al. (64) demonstrated that in vivo treatment 

with a caspase inhibitor, zVAD-fmk, prevented the generation of PMP in an 

animal model of malaria. Thrombocytopenia is always present during severe 

malaria (as well as diuring most systemic inflammatory diseases), due in large part 

to a reduced platelet life span. They observed that the thrombocytopenia was 

associated with a markedly increased number of PMP in plasma, as well as an 

increase in caspase activity, suggesting that caspases are involved in platelet 

break-up into PMP. 

In this study, we found that, when animals were treated in vivo with zVAD-fmk, 

platelets expressed less PS on the outer leaflet of the plasma membrane when they 

were stimulated with calcium ionophore, A23187. This reduction in platelet 

activation markers supports earlier findings from Piguet et al. (92) and Shcherbina 

and Remold-O'Donnell (53). We recently demonstrated a significant decrease in 

PS exposure on the outer leaflet of the plasma membrane in isolated platelets 

following pre-treatment with zVAD-fmk (93). In contrast. Wolf et al. (75) 

observed no significant alteration of PS extemalization when platelets were pre-

treated with zVAD-fmk, however, the time of incubation was less and the 

concentrations of both zVAD-fmk and of A23187 were greater than the majority 

of papers (63, 64, 77, 93). Our results indicate that caspase activity is an important 
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component of platelet activation, demonstrated by PS exposure. Blocking this 

family of proteases may attenuate platelet activation. 

We also found that platelet aggregation was significantly decreased following 

treatment with zVAD-fmk. This decrease in aggregation is similar to the decrease 

in platelet aggregation we observed when we treated isolated platelets in vitro with 

zVAD-fmk for 45 minutes prior to activation of aggregation with 10 |liM ADP 

(93). Although the exact intracellular mechanisms involved in platelet activation 

are still not completely understood, our data indicate that caspase activity may be 

involved in the upregulation of adhesion molecules known to be involved in 

platelet-platelet interactions, which would lead to an increase in aggregation. 

Although there were no statistically significant differences between the PBS-

control and the zVAD-fmk treated animals in terms of blood measurements, there 

was a slight improvement of the blood lipid profile in the animals treated with the 

pan-caspase inhibitor. There was a slight decrease in blood triglyceride levels, as 

well as a slight increase in the levels of HDL cholesterol. These results indicate 

that zVAD-fmk may have actions independent of the anti-apoptotic actions. 
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The results of our study suggest a novel role for caspases in a biologic system, 

specifically hemostasis. Our results indicate that caspases play a role in PS 

flipping as well as platelet aggregation and that blocking this family of proteases 

may attenuate platelet activation. These findings have implications in developing 

novel treatments for pathophysiologic states associated with platelet activation 

such as diabetes, myocardial infarction, and stroke. 
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Diabetes is recognized as a primary risk factor for cardiovascular disease (4). The 

most significant cardiovascular disorder associated with diabetes is coronary heart 

disease. Eight of every ten diabetics die from an ischemic event (either stroke or 

myocardial infarction), a rate much higher than that of non-diabetics (5). If a 

diabetic does not die from the cardio- or cerebral-vascular event, the morbidity is 

much greater (5). The cost of diabetes amounts to over 132 billion dollars annually 

(4). A hypothesis proposed by the McDonagh laboratory is that alterations in 

diabetic blood exacerbate ischemia-reperfusion injviry in the diabetic heart (9). 

In both animal and human studies of type 1 diabetes, platelet activation is 

increased in the blood (29-31). However, little is known about the mechanisms of 

platelet activation and how this may impact pathophysiologic diseases such as 

type 2 diabetes. We tierefore wanted to determine if there were an increased 

number of PMP, a known measure of platelet activation, circulating in the blood 

of type 2 diabetics. Using flow cytometry, we measured PMPs per platelet under 

basal conditions and found a significantly increased number of PMPs/platelet in 

type 2 diabetic blood. This result is similar to what others have measured in type 1 

diabetic blood (29-31). We also measured PMPs/platelet following ischemia and 

reperfasion, which mimicked a myocardial infarction and reperfusion (appendix 
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A). There was a consistent increase in PMPs/platelet prior to ischemia and 

throughout reperfusion, with a greater number of PMPs/platelet being generated 

throughout the time course of reperfusion. This may be the result of blood flow 

through a damaged (ischemic) area in the heart, effectively "priming" the platelets, 

or due to an interaction between the platelets and activated (or "primed") white 

blood cells. We also observed a "priming" effect of our platelets throughout the 

reperfusion period. We stimulated subsamples of the blood with calcium 

ionophore (A23187) and measured PMPs/platelet and observed a greater number 

of microparticles being released from the surface of the platelet (Figure A.3). 

Activated platelets, measured via PMP formation, play a major role in blood 

thrombogenicity. PMPs increase the surface area available for the prothrombinase 

complex to assemble on (factors Va, Xa, and Ca"^) (37, 50). This complex allows 

prothrombin to be converted to thrombin, leading to coagulation (37, 73). 

Thrombin is able to activate platelets, and activated platelets form PMP, which 

leads to more thrombin generation. This positive feedback loop could explain why 

the blood of diabetics is chronically hypercoagulable (Figure 6.1). 

PMP formation is similar to one of the morphological changes that occurs during 

apoptosis, or programmed cell death. Apoptosis describes the 



144 
morphological and biochemical changes that occur when a nucleated cell has 

reached the end of its life span, or is removed by white blood cells. The changes of 

cell morphology in apoptosis are characterized by cell shrinkage, plasma 

membrane blebbing, extension of filopodia, shedding of membrane-enclosed 

vesicles (called apoptotic bodies), and exposure of PS on the outer leaflet of the 

plasma membrane (69). PS extemalization serves as a trigger for recognition and 

clearance of apoptotic cells by phagocytes (Figure 6.2.a) (52). 
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Figure 6.1. Proposed mechanism for the interaction between platelet activation, 
caspase activation and increased thrombin activity. 
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In platelets, activation by either pharmacological agents such as calcium 

ionophores (e.g. A23187) or physiological stimulators such as ADP, collagen, or 

thrombin, causes morphological changes similar to that seen during apoptosis. The 

platelet shrinks, there is extension of pseudopods, the release of membrane-

enclosed vesicles (PMPs), and the negatively charged phospholipid, PS, on the 

outer leaflet of the plasma membrane (Figure 6.2.b) (49-52). However, in platelet 

activation, PS extemalization serves as the anchor for the prothrombinase complex 

to adhere (37, 50). Due to these striking similarities, different terms have been 

used to describe platelet activation, including "process that resembles apoptosis", 

"apoptosis-like events", "apoptosis-like process", "constitutive death program" 

and "apoptosis" (76). Since the final outcome is different between apoptosis and 

platelet activation, we prefer the term "apoptosis-like". 
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Figure 6.2 Comparison between apoptosis and platelet activation. When nucleated 
cells undergo apoptosis, the cell volume decreases, the membrane blebs (called 
zeiosis), PS flips from the inner to the outer leaflet of the plasma membrane, and 
the cell breaks into small, membrane bound particles called apoptotic bodies. The 
flipping of PS and the formation of apoptotic bodies allow for recognition and 
engulfment of the apoptotic cell by phagocytes. When platelets are activated, the 
cell volume decreases, there is membrane blebbing, PS is exposed on the outer 
leaflet of the plasma membrane, and the platelet breaks into small membrane 
vesicles named PMP. PS on the outer leaflet of the plasma membrane serves as an 
anchor for the prothrombinase complex to adhere to, allowing the conversion of 
prothrombin to thrombin. 
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We wanted to determine if caspases were chronically activated in the platelets of 

uncontrolled type 2 diabetic rats. Caspases are a family of 14 enzymatic proteins 

which have cysteine protease activity and that cleave their substrates after 

aspartate residues (74). Caspases can be further classified by their place in the 

process of apoptosis with caspase initiators directly regulating downstream 

caspase activity. Prime examples of initiator caspases include caspase-8, -9, and -

10 (53). Caspase executioners are activated by the caspase initiators and then 

activate other substrates important in the process of programmed cell death and 

include caspase-3, -6 and -7 (72). We found a significant increase in caspase -3, -

6, -8 and -9 activity in the platelets from type 2 diabetic animals. However, the 

role of caspases in platelet activation is controversial. Li et al. demonstrated an 

increase in caspase 3 activity as well as the amount of the biologically active pl7 

subunit of active caspase 3. Increased activity was associated with apoptotic 

morphology in platelets stored for 5 days under standard blood banking conditions 

(72). In contrast, Wolf et al. (75) reported that, although human platelets contain 

caspase-9 and caspase-3, there was no evidence that these caspases were involved 

in platelet activation or that the platelets exhibited an apoptotic phenotype. 

Shcherbina and Remold-O'Donnel (53) postulate that caspase activation in 

platelets causes PS to flip from the inner to the outer leaflet of the plasma 
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membrane, leading to increased thrombin activity. Perrotta et al. (78) measured 

PS exposure in stored platelet concentrates, and, compared to fresh platelets, 

stored platelets had significantly increased PS exposure, as well as significantly 

increased P-selectin expression and caspase-3 activity. Bertino et al. (77) 

concluded that platelets contain caspases, which are activated during storage and 

that these apoptotic proteins may account for the rapid decline in platelet viability 

during storage. 

Platelet caspases -1, -3, -6, -8, and -9 are activated in vivo in a mouse model of 

thrombocytopenia induced by malaria (64). Piguet et al. (64) demonstrated that the 

pan-caspase inhibitor zVAD-fmk prevented both the generation of PMP as well as 

the thrombocytopenia. They also discovered that in vivo treatment with zVAD-

fmk decreased the mortality associated with malaria in this animal model. 

In our animal model of chronic platelet activation, type 2 diabetes, we found a 

significant increase in caspase -3, -6, -8, and -9 activity, as compared to control 

rats. Associated with this increase in caspase activity was a 30-fold increase in 

thrombin activity and platelet microparticle formation. Caspase activation may 

cause both PMP formation as well as PS exposure on the outer leaflet on the 

plasma membrane leading to an increased thrombin generation and the 

hypercoagulable state associated with diabetes (Figure 6.1). 
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Since the role of caspases in apoptosis is well defined, but the roles of caspases 

in platelet function is not completely understood, we inhibited platelet caspases 

using the broad-spectrum caspase inhibitor zVAD-fmk and examined the effect on 

"apoptosis-like events" during platelet activation. We determined that, when pre-

treated with zVAD-fmk, platelets expressed significantly less PS on the outer 

leaflet of the plasma membrane when they are stimulated with either a 

pharmacological stimulator (calcium ionophore, A23187), or a physiological 

activator (ADP). This reduction in these platelet activation markers supports 

earlier data from Piguet et al. (92) and Shcherbina and Remold-O'Donnell (53). A 

decreased amount of PS externalized will limit the thrombin generation potential, 

leading to decreased coagulation. 

Few studies have focused on the role of caspases on platelet adhesion proteins 

such as P-selectin and GPIIb/IIIa. P-selectin is an adhesion molecule stored in the 

alpha-granules or unactivated platelets. When platelets are activated, the alpha-

granules migrate to the surface membrane where they fuse, exposing P-selectin on 

the outer surface of the plasma membrane. GPIIb/IIIa is a molecule which is 

expressed constitutively on the surface of the platelet. When the platelet is 

activated, there is a conformational change and platelets can aggregate with each 

other via a fibrinogen bridge. We found that the addition of either ADP or platelet 

activating factor (PAF) significantly increased P-selectin expression and that pre-
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treating the platelets with zVAD-fmk significantly attenuated this expression 

on the outer leaflet of the platelet. 

Brown et al. (95) examined the role of caspases on the "apoptosis-like events" in 

stored platelets. They found increased P-selectin on serum-starved platelets but 

concluded that this expression was caspase independent. Our experimental design 

was different from Brown et al. in that we activated the platelets. It is possible that 

there are different mechanisms involved in the physiology of platelets, one for 

platelet activation and one which allows senescent platelets to be removed from 

the circulation. 

This is the first report examining whether caspases are involved in GPIIb/IIIa 

expression on human platelets. Although our data did not reach significance, there 

was a slight attenuation of activated GPIIb/IIIa on the platelet surface when pre-

treated with zVAD-fmk and then stimulated with PAF. 

In order to elucidate whether inhibiting caspases affected a model of chronic 

platelet activation, we examined in vivo treatment with zVAD-fmk in type 2 

diabetic rats. We were unable to examine platelets from ZDF rats using in vitro 

treatment with zVAD-fmk because the platelets were significantly activated at the 

basal state. To ensure our preparation was non-toxic to whole animals, the 

experimental procedures and measurements were first developed and conducted 
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on Sprague-Dawley rats (data not shown). The ZDF rats were treated with i.p. 

injections of 40 ^g zVAD-fmk in 400 |j.l phosphate buffered saline (PBS) for 4 

days prior to the experiment. Control ZDF rats received i.p. injections of 400 )il 

PBS for 4 days to ensure that the injections alone didn't affect platelet activation. 

Platelet aggregation is the functional consequence of activation. The addition of 

exogenous ADP mimics the release of ADP from dense granules within the 

platelet during collagen exposure. Under normal conditions, platelet aggregation 

maintains homeostasis in the vasculature. However, under either surgical or 

disease conditions, such as cardiopulmonary bypass, artificial heart inplantation, 

or diabetes, platelet aggregation can lead to thrombosis which can retard blood 

flow, causing ischemia. Thus, we wanted to determine whether inhibiting caspase 

activation affected the aggregbility of platelets. We found a significantly 

decreased amount of aggregation following in vitro pretreatment with 20 |liM 

zVAD-fmk. We used 1 mM aspirin (ASA) as a positive control to ensure that 

platelet function. In the ^A treated PRP as well as the zVAD-fmk treated PRP; 

there was an upswing of the light transmission curves, representing a 

disaggregtion of the platelets (88, 89). Although the exact intracellular 

mechanisms involved in platelet activation are still not completely understood, 

these data indicate that caspase activity may be involved in the upregulation of 

adhesion molecules, which would lead to an increase in aggregation. Although P-
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selectin is not known to be involved in platelet-platelet interactions, P-selectin 

may bind to highly glycosylated proteins located on adjacent platelets, such as 

CD63, allowing for aggregation. Ritter et al. (96) observed a decrease in platelet 

aggregation when PRP was pretreated with fiicoidan, an inhibitor of both P- and 

L-selectin and suggested that the blocking of P-selectin may initiate a cascade 

within the platelet to inhibit the upregulation of GPIIb/IIIa receptors upon platelet 

activation. 

Hypercoagulability in type 2 diabetes can lead to thrombus formation, which can 

embolize, causing ischemic areas in the heart (myocardial infarction), legs (deep 

vein thrombosis), or brain (stroke). We tested the hypothesis that inhibiting 

caspases in platelets in vivo would affect the ability of platelets to aggregate. 

Platelet aggregation was significantly attenuated in ZDF rats treated with zVAD-

ftnk compared to PBS-control ZDF rats. 

The results of this dissertation suggest a novel role for caspases in platelet 

activation. Our results indicate that caspases play a role in PMP formation, PS 

flipping, as well as platelet aggregation and that blocking this family of proteases 

both in vivo and in vitro may attenuate platelet activation. These findings may 

have implications in understanding novel treatments for pathophysiologic states 
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associated with platelet activation such as type 2 diabetes, myocardial 

infarction, and stroke. 
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APPENDIX A. EVALUATION OF PLATELET MICROP ARTICLE 
FORMATION PRIOR TO ISCHEMIA AND DURING REPERFUSION IN 
TYPE 2 DIAB ETIC RATS 

Introduction 

Cardiovascular disease (CVD) is the number one killer in the United States. CVD 

claims 40.6 percent of all deaths of the American population. In diabetics, the 

incidence of ischemic heart disease is increased, with respect to the risk of both 

myocardial infarction and reinfarction (1,2). Additionally, the severity of CVD is 

greater in diabetics than non-diabetics. Previous studies in our laboratory have 

also determined a greater reperfusion injury following ischemia in diabetes (3). 

It is generally acknowledged that thrombosis is initiated by platelet activation. 

PMP, which are released upon activation of platelets, serve as an anchor for the 

prothrombinase complex, increasing thrombin formation and consequently 

increasing blood coagulation. Diabetes has been reported to increase platelet 

activation and aggregation (4) and is often associated with a hypercoagulable state 

in the patient population (5,6). Although there is a considerable amount of data on 

platelet activation in diabetes, no studies have been done to examine platelet 

activation during ischemia and reperfusion. 
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Determine the amount of PMP formation during myocardial ischemia and 

reperfusion. 

Methods 

A procedure for performing a thoracic window and occlusion of the left 

descending coronary artery in the rat heart was utilized. This model was 

established in our laboratory as well as others (99). Type 2 diabetic rats (ZDF 

fa/fa, Charles Rivers International Inc.) and age-matched lean controls (ZL fa/?, 

Charles Rivers International Inc.) were anesthetized with intraperitoneal 

pentobarbital sodium (50 mg/kg) and then tracheotomized. A femoral artery and 

vein were isolated and catheterized to obtain blood sample. The carotid artery was 

isolated and kept moist. A Millar catheter was fed into the carotid artery until left 

ventricular pressure (diastolic pressure of approximately 0 mmHg) was achieved. 

Ligatures were tied around the artery and catheter for security. The animals were 

respirated (Harvard, model 683) to maintain physiologic blood gases. A skin 

incision was made on the left side of the rat between the 4'^ and 5"^ ribs, and a stab 

incision in the intercostals muscles was performed. A rib spreader was placed in 
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the rib incision to expose the left side of the heart and to expose the left 

descending coronary artery. The coronary artery was ligated and occluded for 30 

minutes. At the end of the occlusion period, the thoracic incision was reopened 

and the clamp from the occluder was removed. The animals were reperfused for 

90 minutes. Blood samples were obtained at five time points: Pre window 

thoracotomy; post window thoracotomy, and at 15, 45, and 90 minutes of 

reperftision in citrated syringes. A subsample of the blood was stimulated with 

calcium ionophore (A23187, Sigma) to determine whether the platelets were 

"primed". Whole blood was incubated with FITC-conjugated anti-CD61, an 

antibody to the Ilia component of GPIIb/IIIa, a constitutive platelet marker. Blood 

was analyzed using a flow cytometer (FACScan, Becton Dickinson) using forward 

and side scatter dot plots as well as CD61 to determine platelets and PMP. The 

data was analyzed using WinMDI 2.8 and put into spreadsheets. ANOVAs were 

used to determine statistical significance and a p=0.05 was considered statistically 

significant. 
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The results of the PMP formation prior to ischemia and during reperfusion for the 

type 2 diabetic rats and lean controls are summarized in Figure A. 1. We found a 

significant increase in the number of PMPs in the type 2 diabetic rats compared to 

the age-matched lean controls at all time points (p<0.001). 

The results of the PMP formation following stimulation with A23187 prior to 

ischemia and during reperfusion for the lean controls are summarized in Figure 

A.2. We found a significant increase in the number of PMPs when the blood was 

stimulated with A23187 at all time points (p<0.001). 

Conclusions 

During myocardial ischemia - reperfusion, platelet microparticle formation was 

increased in the type 2 diabetic rat compared to the control. When stimulated with 

A23187, the platelets were capable of activating, and during reperfusion, the 

number of PMP increased with increasing reperfusion time. This may be a 

"priming" of the platelets, describing an increased number of PMP with the same 

concentration of stimulator. 
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Increased PMP formation may contribute to thrombosis and a greater severity 

of cardiovascular disease in diabetes. 
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Figure A.l The results of platelet microparticle/1000 platelets in diabetic and non-
diabetic rat blood during ischemia and reperfusion is summarized in figure A. 1. 
There were significantly increased numbers of PMP /1000 platelets at all time 
points in the diabetic compared to the non-diabetic rats, p = 0.001. 
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Figure A.2. There was a increase in the concentration of PMP in non-diabetic rats 
during ischemia and reperfusion and there was a consistent increase in platelet 
microparticle concentration following stimulation. 
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