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Abstract 

Every material introduced into the body in order to function in contact with a living 

tissue is defined as a biomaterial. Biomaterials are used throughout the world in an 

increasing rate to replace and augment organ functions. The insertion of an implant into 

the human body will initiate blood coagulation at the surface of the material. 

After water and electrolytes have adhered to the surface a protein film starts to form. 

Platelets appear at the surface after a few seconds and the contact between platelets and 

the protein film is one of the initial steps in the non-self recognition of a foreign 

material. 

The adhesion and reactions of platelets were investigated using both whole blood and 

isolated platelets. The platelets were isolated by a new method, where a reversible 

inhibition of platelet function was achieved by magnesium ions. The binding of platelets 

to the surface, their spreading, exposure of P-selectin, and release of granular contents 

were investigated. 

The results show that the initial platelet adhesion to both hydrophilic and hydrophobic 

surfaces is mediated by the fibrinogen receptor GPIIb/IIIa. The binding of von 

Willebrand factor and exposure of P-selectin on the platelet surface are thrombin 

dependent events, but the spreading of platelets is not. Different protein coatings were 

seen to generate different responses from platelets. IgG was seen to fragmentize 

adherent platelets, leaving surface bound micro particles, while von Willebrand factor 

was seen to induce exposure of P-selectin on the platelet surface. The exposure of 

P-selectin on the platelet surface is of importance for the subsequent signalling between 

platelets and neutrophils, as neutrophils are known to bind to P-selectin. The release of 

granules, both a- and dense, was highest for platelets adhering to IgG and thrombin 

coated surfaces. Neither of these proteins was seen to have the same effects when added 

in soluble form to fibrinogen adherent platelets. 

In conclusion, the initial platelet adhesion to surfaces in contact with blood is mediated 

by fibrinogen but the presence of other proteins in the film, as for example IgG and von 

Willebrand factor, generates very different platelet responses. 
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Abbreviations 

ADP adenosin diphosphate 

AMP adenosin monophosphate 

ATP adenosin triphosphate 

C complement protein 

CCD charged couple device 

CD cluster designation 

CTAP III connective tissue-activating peptide III 

D-PBS Dulbecco's phosphate buffered saline 

FDA fluorescein diacetate 

FGF fibrinogen growth factor 

FITC fluorescein isothiocyanate 

GP glycoprotein 

HMWK high molecular weight kininogen 

HPTLC high performance thin layer chromatography 

LPA lysophosphatidic acid 

NMR nuclear magnetic resonance 

PDGF platelet derived growth factor 

PF4 platelet factor 4 

PMN polymorphonuclear 

PRP platelet rich plasma 

PSGL-1 P-selectin glycoprotein ligand-1 

RGD peptide of Arg-Gly-Asp 

vWF von Willebrand factor 

TBS Tris buffered saline 

TEM transmission electron microscopy 

TGF transforming growth factor 

TRITC Tetra methyl rhodamine B isothiocyanate 

VNR vitronectin receptor 



Introduction 

In 1882 professor Bizzozero from Turin (Unknown, 1882) discovered a new cellular 

constituent of the mammalian blood, "Blutplättchen". Bizzozero described them as very 

pale, disc-shaped bodies, about one third the diameter of red blood cells and less 

numerous. Since then platelets have been studied for a hundred years and given an 

important role in both coagulation and hemostasis. More recently, platelet interactions 

with bacteria (Clawson and White, 1971; Joseph, et al, 1983), the role of platelets in 

migraine headache (Bic, et al, 1998) and Alzheimer disease (Chen, et al, 1995), and the 

involvement of platelets in inflammatory responses (Klinger, 1997; Mannaioni, et al, 

1997; Page, 1989) have been studied. The interaction of platelets at biomaterial surfaces 

is an example of the latter. 

Blood platelets 

Blood is a fluid tissue consisting of both cells and plasma. A full-grown human has 

about 5 1 of blood in a closed circulatory system. The cellular part of blood is divided 

into erythrocytes, leukocytes, and platelets. Leukocytes are further divided into PMN-

cells (neutrophils, eosinophils, and basophils), monocytes, and lymphocytes (T and B). 

Platelets are the smallest cells in blood and the first to interact with blood interfaces. 

Each human possesses between 2 and 4 x 10s platelets/ml blood. Platelets are 

cytoplasmic fragments derived from megakaryocytes situated in the bone marrow. They 

lack nuclei and have a very reduced protein synthesis. The life span of platelets is about 

10 days after which they are removed from the circulation by destruction in the spleen. 

The discoid shape of platelets (2-4 fim in diameter) is maintained by a marginal bundle 

of microtubuli. The microtubuli are connected to an actin skeleton which coats the inner 

surface of the platelet membrane (Fox, 1993). Many membrane proteins are associated 

with this actin skeleton. A network of long actin filaments which bind myosin also 

exists throughout the cytoplasm of the platelet (Pollard, et al, 1977). Upon activation, 

rapid reorganisation of the cytoskeleton takes place, mediated by these two muscle 

proteins. 

Platelets have two main types of granules, the a-granules and the dense granules. Upon 

release of the granular content, the granules are fused with the cell membrane in the 
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surface connected canalicular system. A very high concentration of the constituents are 

generated locally. Other structures in the platelets are lysosomes (sometimes referred to 

as ^-granules), peroxisomes, and grains of glycogen. 

Blood coagulation 

When a blood vessel is injured, a coagulation process immediately starts to minimise 

the blood loss. The coagulation could start and proceed via two different pathways, 

intrinsic and extrinsic, converging towards a common pathway (Macfarlane, 1964). The 

intrinsic pathway is initiated by contact with non-endothelial surfaces, mainly by 

adhesion of coagulation factor XII and HMWK to the surface. The extrinsic pathway 

begins with tromboplastin, released from damaged tissues, which activates coagulation 

factor VII in blood. Both pathways involve a chain of enzymatic reactions leading to 

conversion of soluble dormant plasma proteins into catalytically active enzymes, with 

the final step being formation of a fibrin clot (Jackson and Nemerson, 1980). Many of 

the reactions are dependent on calcium ions as cofactor. Both inhibiting and amplifying 

feedback systems are present in the coagulation system. At the formation of a clot, 

platelets are trapped in the fibrin network and activated by generated thrombin. This 

platelet trapping creates a physical barrier that limits blood loss, and the active platelets 

provide a surface functioning as cofactor for many of the steps in the coagulation 

cascade (Buller and Ten Cate, 1995). Activated platelets also release many of the 

coagulation proteins, generating a positive feedback. 

Thrombin is regarded as the most central protein in the coagulation cascade (Dahlbäck, 

2000) and thus inhibited by many anticoagulants. It is the main protein for positive 

feedback and is also important in the stabilisation of the clot (Narayanan, 1999). 

Hemostasis 

At the site of a vascular injury, blood coagulation and the formation of a platelet plug 

begin, as described above. This is the primary stage of hemostasis. Apart from being 

trapped in a fibrin network, platelets adhere to the vascular subendothelium exposed 

after tissue injury (Stel, et al, 1985). The adhesion generates a shape change and 

alteration of surface phospholipids, the latter mainly by exposure of phosphatidyl serine 

(Bevers, et al, 1982). A procoagulant surface is exposed, permitting binding of 
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coagulation factor X to coagulation factor Va and a complex is formed that accelerates 

the thrombin generation 1000 fold locally (Sims, et al, 1989). 

The second stage of hemostasis is platelet aggregation. Aggregation is mainly achieved 

by fibrin and fibrinogen binding to GPIIb/IIIa, forming bridges between platelets 

(Ruggeri, 1994). Release of ADP, serotonin, and calcium from activated platelets 

further stimulates the platelets to aggregate (Andrews and Berndt, 1998). At this time, 

binding and activation of complement is also seen on the platelet surfaces (Devine, 

1992). When platelets release their a-granular contents, coagulation factors become 

bound to the platelet surface, ensuring the formation of fibrin locally to stabilise the 

hemostatic plug (Sims, et al, 1989). Thrombospondin, vWF, and fibrinogen are also 

exposed bound to the platelet surface, enabling the formation of bridges between the 

platelets (Ruggeri, 1994). This network formed also traps erythrocytes. Coagulation 

factor XIII is also released from the platelets, stabilising the clot by fibrin cross-binding. 

A final contraction of the actin and myosin in platelets retracts the clot (Pollard, et al, 

1977). Platelets and released granular contents contribute to the recruitment and 

activation of leukocytes to the site of injury. 

Platelets in inflammation 

During an inflammation in the human body, the incidents of thrombosis are increased 

because of enhancement of the hemostatic system and of platelet functions. However, 

the inflammation does not only affect the platelet reactivity, the platelets also take an 

active part in the process of inflammation and the repair of tissue that follows. Apart 

from accelerating coagulation and fibrinolysis, platelets release adhesive proteins, 

produce chemotactic substances, and release factors that alter the vascular permeability. 

Some of the chemotactic substances improve binding of leukocytes to the vascular 

endothelium (Klinger, 1997) and the increased vascular permeability facilitates the 

diapedesis of leukocytes (Mannaioni, et al, 1997), leading to neutrophil accumulation at 

the site of injury. 

Among smokers, platelet activation is pronounced with elevated levels of serotonin 

receptors (Markovitz, et al, 1999), and clinical studies have shown that platelet 

activation is a feature of allergic asthma (Coyle, et al, 1990; Knauer, et al, 1981; Page, 

1989). Both indicate a role of systemic interactions between platelets and inflammatory 

responses in the human body. 
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Platelet interactions with immunoglobulins 

Platelets have a number of systems and receptors for uptake, release, and metabolism of 

vasoactive substances (Kieffer and Phillips, 1990). Immunoglobulins for example, are 

endocytosed from the plasma by platelets and stored in the a-granules (Harrison and 

Cramer, 1993). Platelets have two types of Fc-receptors on their surface, for IgG 

(Rosenfeld, et al, 1985) and for IgE (Page, 1989), indicating a role for platelets both in 

the humoral immune response and in allergy reactions. Opsonised microorganisms and 

mixed aggregates with IgG have been shown to initiate platelet aggregation and 

stimulate granular release (Clawson and White, 1971; Klinger, 1997). 

In lower organisms, platelets have a much bigger immunological role by aggregation 

around foreign invaders and releasing cytotoxic substances to remove pathogens from 

the circulation (Page, 1989). Rat platelets have been shown to kill the parasite 

Schistsoma mansoni by an IgE-dependent mechanism (Joseph, et al, 1983). Activation 

of the IgE receptor on platelets results in a production of cytotoxic free radicals (Page, 

1989). 

Platelets and complement interactions 

Platelets also interact with the complement system. They can modulate the action of 

complement through membrane proteins like all endogenous cells, but also physically 

respond to complement activation, from Clq binding to membrane attack complex 

regulation (Devine, 1992). 

The Clq receptor on the platelet surface was initially identified by Peerschke and 

Ghebrehiwet (1987). Unstimulated platelets have approximately 4000 copies of this 

receptor on the surface. The platelet receptor for Clq has been shown to bind in a 

magnesium dependent manner. The receptor has also been shown to bind to collagen, 

due to structural similarities (Peerschke and Ghebrehiwet, 1990). Apart from 

intervening in the platelet response to collagen, aggregated Clq has been shown to 

stimulate platelet aggregation and release reactions (Cazenave, et al, 1976). This effect 

might be mediated by the co-operative interaction between the platelet IgG receptor and 

the Clq receptor (Peerschke and Ghebrehiwet, 1997). 

Platelets have also been shown to have a distinct receptor for C3dg, i.e. complement 

receptor 4, indicating that platelets are capable of binding the final proteolytic cleavage 
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fragment of C3 that is covalently attached to the target after complement activation (Vik 

and Fearon, 1987). 

Both decay-accelerating factor, controlling the formation and stability of C3 convertase, 

and C8 binding protein have been found in the platelet cell membrane. These two 

proteins protect the platelets from lysis by the complement system (Blaas, et al, 1988). 

Histamine 

Histamine is one of the proteins stored in platelet dense granules (Brown, et al, 1980; 

Klinger, 1997) It is probably the most ancient mediator of inflammation. It has effects 

on a variety of cells, i.e. platelets, leukocytes, endothelial cells, and vascular smooth 

muscle cells, generating a systemic inflammatory response. Histamine also exerts an 

anti-inflammatory effect due to generation of nitride oxide by endothelial cells 

(Mannaioni, et al, 1997). 

Platelet adhesion receptors and integrins 

Platelets have a number of different surface receptors (Kieffer and Phillips, 1990), some 

of which are presented in Table I. Many of these receptors are used for immuno

detection named by their CD name. 

Table I 

Platelet receptors Other names Ligands 

Fcyll-recptor CD32 IgG 

GPIV GPIII, CD36 collagen, thrombospondin 

integrin otaßi GPIa/IIa collagen, laminin 

integrin anbß3 GPIIb/IIIa, CD41/CD61 fibrinogen, RGD-sequence 

integrin oisßi GPIc/IIa fibronectin 

integrin ctvß3 VNR, CD51/CD61 vitronectin, RGD-sequence 

integrin oCößi GPIc'/IIa laminin 

P-selectin CD62P, GMP140, PADGEM PSGL-1 

PEC AM-1 GPIIa, CD31 endothelium 

thrombin receptor GPIb/V/IX, CD42 thrombin, vWF 
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There are two well known inherited bleeding disorders connected to platelet receptors. 

The first is Glanzmann's thrombasthenia, missing GPIIb/IIIa, and the second is Bernard 

Soulier syndrome, where GPIb/V/IX is non functional (reviewed by George et al, 1984). 

The fibrinogen receptor 

The most common receptor is the fibrinogen receptor with 50 000 copies per platelet 

(McEver, et al, 1983). It is an integrin consisting of an a- and a ß-chain (anbß,) and 

most commonly referred to as GPIIb/IIIa. GPIIb/IIIa is a calcium dependent complex 

(Fujimura and Phillips, 1983; Kunicki, et al, 1981) and less than micromolar 

concentrations of Ca2+ lead to dissociation of the complex with lost functionality 

(Jennings and Phillips, 1982; Fitzgerald and Phillips, 1985). 

GPIIb/IIIa has two different binding sites for fibrinogen, the RGD-peptide binding site 

located in the ß-integrin, amino acid 109-171 (D'Souza, et al, 1988), and a site located 

in the a-integrin which is able to bind the y-chain of fibrinogen (D'Souza, et al, 1990). 

There are also two functionally different states of GPIIb/IIIa (Savage and Ruggeri, 

1991), which can be detected by the monoclonal antibody PAC1 (Shattil, et al, 1985). 

The "resting" form of GPIIb/IIIa is able to bind to immobilised fibrinogen (Coller, 

1980) via the a-integrin (Savage and Ruggeri, 1991). On activated platelets GPIIb/IIIa 

binds the RGD-peptide in various plasma proteins, both soluble and surface bound. The 

activation of GPIIb/IIIa could be achieved by soluble mediators as thrombin (Minckes, 

et al, 1994) and ADP (Savage and Ruggeri, 1991), or by ligand binding to other protein 

receptors, e.g. vWF binding to GPIb/V/IX (Savage, et al, 1992; Wu, et al, 1996). The 

pathway of receptor activation remains to be defined, but a conformational switch 

mechanism for the cytoplasmatic tail of the a-integrin has been detected by using 

NMR-studies (Vinogradova, et al, 2000), and there is another study suggesting that this 

change is calcium dependent (Andrews, et al, 1997). 

Receptors topographically associated to GPHb/IIIa 

Topographically associated to GPIIb/IIIa is CD9 (Brisson, et al, 1997; Slupsky, et al, 

1997) and the Fcyll-receptor (Berndt, et al, 1993). The real purpose of CD9 is still 

unknown but antibodies binding to CD9 are known to activate platelets through 

complex binding to the Fcyll-receptor (Kuroda, et al, 1995). 

The Fcyll-receptor is a low affinity receptor of 40 kDa (Rosenfeld, et al, 1985) which is 

phosphorylated upon ligand binding (Chacko, et al, 1994). Platelets have also been 
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shown to release a complete and a C-terminal truncated form of the Fcyll-receptor at the 

time of a-granular release (Gachet, et al, 1995). 

Thrombin receptors 

Another important receptor on the platelet surface is the thrombin receptor, GPIb/V/IX. 

There are actually two thrombin receptors, GPIb/V/IX and a seven transmembrane 

domain receptor, working in synergy for optimal activation of platelets (Greco, et al, 

1996). GPIb/V/IX is a leucine rich glycoprotein and the only platelet receptor known to 

be directly associated with actin binding proteins in the membrane skeleton (Andrews 

and Fox, 1991). After thrombin binding, the GPV part of the receptor is hydrolysed and 

a water soluble fragment is released (Berndt and Phillips, 1981). Under high 

physiological stress, the main function of GPIb/V/IX is to be the initial receptor for 

platelet adhesion to immobilised vWF (Ikeda, et al, 1991; Savage, et al, 1992), exposed 

in the subendothelium after vascular rupture (Stel, et al, 1985). Binding of vWF to 

GPIb/V/IX triggers intracellular signalling pathways, calcium flux, and activation of 

GPIIb/IIIa (Clemetson, 1995; Ikeda, et al, 1991). 

Intracellular effects of ligand binding to platelet receptors 

Many of the platelet receptors are linked to G-proteins. G-proteins are guanine 

nucleotide-binding regulatory proteins and modulate the interactions between receptors 

at the cell surface and effector molecules in the cell. The effector molecules are 

generally enzymes which generate second messengers in the cell. The most important 

G-protein regulated enzymes in platelets are adenelyl cyclase, phospholipase C, and 

phospho-lipase AT (Marcus, 1999). The activation of these enzymes starts 

phosphorylation cascades in the cells. Phosphorylation and dephosphorylation systems 

are very important for the functionality of many platelet receptors. For example, upon 

ligand binding, the Fcyll-receptor is phosphorylated leading to a physical association 

with the protein kinases p72syk (Chacko, et al, 1994) and ppl25FAK (Haimovich, et al, 

1996b). This association also leads to phosphorylation of these proteins (Haimovich, et 

al, 1996b). Phosphorylation of ppl25FAK via protein kinase C has also been detected 

after fibrinogen binding to GPIIb/IIIa (Haimovich, et al, 1993). 

7 



Platelet granular release 

In response to various physiological stimuli, such as thrombin, ADP, collagen, 

epinephrine, and serotonin, platelets undergo a shape change, from discoid to spherical, 

and produce filipodial extensions. After centralisation of the granules by actin - myosin 

interactions (Fox, 1993), a release reaction takes place. Platelet aggregation is not 

necessary for release to occur in response to strong stimuli (Triplett, 2000). 

a-granules 

The a-granules function as repository for proteins that were synthesised in the 

megakaryocyte, e.g. PF4, ß-thromboglobulin, and vWF, and also for proteins endo-

cytosed by the platelet or megakaryocyte from plasma, e.g. fibrinogen, albumin, and 

immunoglobulins (Harrison and Cramer, 1993). Some other proteins stored in 

a-granules and released upon platelet activation are fibronectin, vitronectin, 

thrombospondin, CTAP III, PDGF, TGF-a and ß, basic FGF, complement proteins D 

and H (Devine, 1992), histidine-rich glycoprotein, plasminogen, and coagulation factors 

V and VIII (McNicol and Israels, 1999). 

P-selectin is present in the membrane of platelet a-granules and in the Weibel-Palade 

bodies of endothelial cells. This selectin is exposed on the platelet surface after 

activation through a-granular release (Hsu-Lin, et al, 1984; McEver and Martin, 1984; 

Stenberg, et al, 1985). The main function of P-selectin is to mediate adhesion of 

neutrophils and monocytes to activated platelets and endothelium by a Ca2+-dependent 

mechanism (Larsen, et al, 1989). Circulating degranulated platelets lose exposed 

P-selectin rapidly but are still otherwise functional (Michelson, et al, 1996). P-selectin 

has also been reported to be present in the membrane of dense granules (Israels, et al, 

1992). 

The membrane of a-granules also contain GPIIb/IIIa (Cramer, et al, 1990; Wencel-

Drake, et al, 1986), which is redistributed to the platelet surface at the time of 

activation, increasing the pool of fibrinogen receptors and thus promoting aggregation. 

Dense granules 

Platelets contain three to eight dense granules (McNicol and Israels, 1999). The release 

of dense granules generally requires more stimulation of the platelets than the release of 

a-granules. Thrombin, thromboxane analoges, ADP, and collagen cause dense granular 
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release (McNicol and Israels, 1999). The exocytosis of the granules requires ATP, both 

as cofactor for protein phosphorylation and by priming the granules prior to release 

(Morimoto and Ogihara, 1996). The dense granules contain serotonin (5-hydroxy-

tryptamine), ADP, ATP, calcium, and pyrophosphate, all inducers of platelet activation 

(Holmsen and Weiss, 1979). 

Serotonin is absorbed from the blood plasma by platelets and released unchanged 

during granular release (Holmsen and Weiss, 1979). It is a relatively stable protein in 

plasma and increased blood levels of serotonin and platelet activation are seen among 

patients with Alzheimer disease (Sevush, et al, 1998). Serotonin is also a 

vasoconstrictive substance and reduces flow at the site of an injury, thereby limiting 

blood loss (McNicol and Israels, 1999). 

The ratio of ATP to ADP in dense granules are 2 to 3 and are metabolically inert for the 

platelets (Holmsen and Weiss, 1979). After secretion, both ATP and ADP is converted 

to AMP by neutrophils. AMP, in contrast to ATP and ADP, has an inhibitory effect on 

neutrophils (Aziz, et al, 1997). ADP is important in the aggregation response of 

platelets to antagonists as well as in the activation of neutrophils (Bazzoni, et al, 1992). 

Calcium secreted by platelets contributes very little to the plasma concentration but the 

release may be of importance in tightly packed platelet aggregates. Calcium in the dense 

granules is known to form tight complexes with ADP, ATP, and pyrophosphate, 

allowing storage of higher concentrations of the ion (Holmsen and Weiss, 1979). 

In the same way as a-granular membranes contain GPIIb/IIIa, dense granules have been 

shown to contain receptors for adhesive proteins which are exposed on the platelet 

surface after exocytosis. This leads to an expansion of the surface pool of adhesive 

receptors on activated platelets (McNicol and Israels, 1999). 

Lysosomes, or X-granules 

Lysosomes are common cell organelles with a function in cell digestive systems and 

autolytic processes (Polasek, 1989). There are different forms of lysosomes and 

platelets contain primary lysosomes that can be secreted. This secretion is only observed 

after strong stimuli by high concentrations of thrombin or collagen (Metzelaar and 

Clevers, 1992). The lysosomal granules contain acid phosphatase, proteolytic enzymes, 

ß-glucuronidase, and cationic proteins (Clawson and White, 1971; McNicol and Israels, 

1999), all which have a potentially anti microbial effect. These enzymes are present in a 

latent form and their full activity is only achieved after disruption of the lysosomal 
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membrane (Polasek, 1989). In the same way as a- and dense granules, lysosomes 

contain lysosome associated membrane proteins that are exposed on the platelet surface 

after release of the granular contents (Metzelaar and Clevers, 1992). 

Other platelet responses to stimuli 

Apart from granular release, platelets show a number of other responses to stimuli. For 

example, formation of thromboxane and prostaglandins is a normal response to collagen 

stimuli (Marcus, 1999). 

Another platelet response is the generation of lipid mediators. Lysophosphatidic acid, 

the smallest and simplest phospholipid, is released by platelets and evokes a wide range 

of biological effects (Moolenaar, 1994). A number of different forms of LP A have been 

identified after thrombin stimulation of platelets (Gerrard and Robinson, 1989) and after 

blood clotting (Eichholtz, et al, 1993). LP A causes smooth muscle contraction, platelet 

aggregation, fibroblast proliferation, etc., and may participate in the natural wound 

healing process (Eichholtz, et al, 1993). LPA is also known to accumulate in 

atherosclerotic plaques (Siess, et al, 1999), suggesting an involvement of platelets in 

atherosclerosis. 

Many stimuli also generate an increased procoagulant activity of the platelets. This is a 

result of exposure of aminophospholipids, especially phosphatidylserine, on the platelet 

surface (Bevers, et al, 1982; Thiagarajan and Tait, 1991). Coagulation factors Va and 

Xa are assembled with phosphatidylserine into the prothrombinase complex on the 

platelet surface (Sims, et al, 1989), accelerating thrombin generation. 

Strong agonists also generate release of microparticles from platelets. Formation of 

terminal swellings of platelet pseudopod, finally generating exocytosis, is believed to be 

the origin of these particles (Crawford, 1971). The procoagulant activity is enriched in 

the microparticles and most of the procoagulant surface generated by platelet activation 

is thus lost. During thrombosis, microparticles associate with fibrin, forming a 

procoagulant and negatively charged network (Siljander, et al, 1996). The protease 

calpain, known to give rise to LPA, has also been detected in active form on 

microparticles (Pasquet, et al, 1996). 
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Cross-talk between platelets and leukocytes 

One of the more important roles for platelets during inflammation is to modulate 

leukocyte functions by cross-talk. Platelets have been found to markedly affect 

neutrophil behaviour as far apart as adhesion (Iwabuchi, et al, 1998) and phagocytosis 

(Zalavary, et al, 1996). Many peptide and lipid factors released from platelets are 

chemotactic for leukocytes. PF4, for example, is chemotactic to neutrophils (Aziz, et al, 

1997) and monocytes (Österman, et al, 1982), while LPA is only chemotactic to 

monocytes (Zhou, et al, 1995). 

An example of close co-operation between platelets and neutrophils is CTAP III, 

released from platelet a-granules upon activation. CTAP III is a cleavage product of 

platelet basic protein and to some degree cleaved in the platelets, forming ß-thrombo-

globulin before release (Niewiarowski, et al, 1980; Varma, et al, 1982). Both 

ß-thrombo-globulin and CTAP III are further cleaved (Castor, et al, 1989) by neutrophil 

released cathepsin G (Brandt, et al, 1991; Cohen, et al, 1992) to form neutrophil 

activating peptide-2, a very potent neutrophil activator (Walz, et al, 1991). Cathepsin G 

is also a platelet activator, generating an increase in the release of a-granules 

(Evangelista, et al, 1991). 

This latter interaction is an example of neutrophils affecting platelets. Another example 

of this is the release of nitride oxide by neutrophils (Salvemini, et al, 1989). Nitride 

oxide is a platelet inhibitor which prevents platelet activation. Today, NO-releasing 

polymers are used in vascular grafts to increase biocompatibility (Pulfer, et al, 1997). 

Many interactions between platelets and neutrophils are mediated by close contact 

through adhesion receptors and proteins. For example, fibrinogen bound to platelets are 

known to interact with CDllc/CD18 on neutrophils, inducing an oxidative burst (Ruf 

and Patscheke, 1995). 

P-selectin is the only selectin present on platelets (about 10 000 copies/platelet) and 

only after granular release, as described earlier. It interacts with PSGL-1 on neutrophils 

(Sako, et al, 1993) and monocytes (Furie and Furie, 1995) rendering close contact 

between platelets and these cells. P-selectin also mediates leukocyte rolling on activated 

platelets and endothelium after vascular injury (McEver and Cummings, 1997). Binding 

of P-selectin to PSGL-1 induces activation of CDllb/CD18 (Evangelista, et al, 1999). 

A soluble form of P-selectin exists, which might be of importance in the prevention of 
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systemic inadvertent activation of neutrophils. The m-RNA for this form of P-selectin 

has been found both in platelets and endothelial cells (Dunlop, et al, 1992). 

Biomaterials 

The definition of a biomaterial is very vague. Any material (natural or man made) that is 

introduced into the human body to perform a certain function can be regarded as a 

biomaterial. The most important properties of the biomaterial vary between different 

locations in the body. However, wherever into the body this material is introduced a 

bleeding will initially be rendered. On most places a short inflammatory response before 

acceptance would be desirable. On other places, for example in the use of vascular 

grafts to replace blood vessels, a reaction as small as possible on the luminal side is 

preferable. As a result of this, very different qualities of the materials are desired, and to 

fulfil this there are a variety of different types of biomaterials. 

When a biomaterial is introduced into coagulating blood there is a rapid adsorption, 

change, and replacement of proteins at the surface (Vroman and Adams, 1969). On 

hydrophobic biomaterials, fibrinogen is accumulated after blood exposure (Nygren, et 

al, 1988), while on hydrophilic surfaces the initial fibrinogen adsorption is replaced by 

factor XII and HMWK (Vroman, et al, 1980), leading to thrombin generation. 

Hydrophilic surfaces are also known to activate complement (Elwing, et al, 1986). This 

might be via IgG interactions, as IgG is known to activate complement on surfaces 

(Tengvall, et al, 1996). An indication for this is that neutrophil adhesion to hydrophilic 

surfaces has been shown to be mediated by the FcylH-receptor (Eriksson and Nygren, 

2001a). 

Platelets adhesion to biomaterial surfaces 

After five seconds of blood - biomaterial contact, platelets can be detected on the 

surface. Neutrophils begin to appear at the surface after about eight minutes (Nygren, et 

al, 1997), but at this point an intricate series of events has already started. 

Many plasma proteins immobilised on different surfaces function as adhesion molecules 

for platelets by binding to the surface receptors discussed earlier. Different protein 

coatings have been shown to generate very different responses. The initial adhesion to 

surfaces under static conditions has long been believed to be mediated by fibrinogen 

(Zucker and Vroman, 1969; Stanford, et al, 1983). A reason for this is that the initial 
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adsorption events are dominated by fibrinogen (Baier and Dutton, 1969; Vroman and 

Adams, 1969). Numerous attempts have thereafter been made to minimise fibrinogen 

adsorption to biomaterial surfaces. More recently, an increased interest in the activation 

of platelets has emerged, and simply measuring the amount of adhered platelets to a 

surface is not regarded as a good measurement of blood - biomaterial compatibility 

anymore. 

Platelet reactions to immobilised proteins 

Early studies of single protein coatings revealed an extensive release of platelet 

constituents and aggregation after platelet exposure to an IgG coated surface (Packham, 

et al, 1969). More recently, adhesion of platelets to surfaces coated with IgG have been 

shown to generate very special morphologies, leading to formation of surface bound 

microparticles and fragmentation of the 

platelets (Broberg and Nygren, 1998). 

The platelets show high formation of 

filipodial extensions and a loss of 

organisation in the intracellular structure 

(Figure 1). 

Collagen is one of the proteins known to 

mediate platelet adhesion after vascular 

rupture (Diaz-Ricart, et al, 1996), and 

platelet morphologies similar to those 

seen on surfaces coated by IgG have been 

detected on surfaces coated with collagen (Heemskerk, et al, 1997). Platelet interactions 

with collagen can however be prevented by Clq (Cazenave, et al, 1976), a more 

interesting protein from a biomaterial aspect, as Clq is a plasma protein. Platelet 

interactions with surface immobilised Clq has been shown to result in activation of 

GPIIb/IIIa, expression of P-selectin, and an increased procoagulant activity (Peerschke, 

et al, 1993). 

Another protein known to mediate platelet binding to the subendothelium is vWF (Stel, 

et al, 1985). vWF is a multimeric protein ranging in size between 500 and 20 000 kDa, 

but only the larger multimers are hemostatically active (Furian, 1996). Most materials in 

contact with human plasma will adsorb some vWF (Horbett and Counts, 1984). A 

variety of responses have been shown by platelets after binding to vWF. vWF has been 

Figure 1. TEM picture of a platelet adhered to an 
IgG coated hydrophobic glass surface. Magni
fication x 17 000. 
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shown to increase the intracellular calcium levels in platelets (Ikeda, et al, 1993), induce 

platelet aggregation (Minamoto, et al, 1996), promote formation of thrombi (Lambrecht, 

et al, 1986), induce actin polymerisation (Yuan, et al, 1999), and generate a high 

procoagulant activity of the platelet surface (Grunkemeier, et al, 2000a). 

Fibronectin and vitronectin adsorbed to surfaces have been shown to promote platelet 

adhesion (Houdijk, et al, 1986; Tsai and Horbett, 1999) but have very little effect on the 

procoagulant activity of the platelets (Grunkemeier, et al, 2000b), a similar effect as 

obtained by surface bound fibrinogen. 

The role of platelets at biomaterial surfaces 

Not much is known about the role of platelets at biomaterial surfaces. In the use of 

extracorporeal circuits and vascular grafts, the formation of thrombi is of high concern. 

Heparin and hirudin among other platelet and coagulation inhibitors, are often used to 

minimise this formation, which could result in other bleeding complications and platelet 

dysfunction (Edmunds, 1985). 

Platelet derived microparticles expose a very procoagulant surface (Pasquet, et al, 1996; 

Tans, et al, 1991; Thiagarajan and Tait, 1991) and associate with fibrin during 

thrombosis (Siljander, et al, 1996). Microparticles have also been shown to bind, 

activate, and aggregate neutrophils (Jy, et al, 1995), and materials promoting formation 

of microparticles (Gemmell, et al, 1995) can generate systemic effects. 

When using bone anchored and subcutaneous biomaterials the setting is different. This 

situation is more like the healing of a normal wound, with the extra element of a 

biomaterial surface. As for normal wound healing, the healing process starts with 

coagulation and clot formation, but in this case around the implant. Inflammatory 

mediators are released and leukocytes are recruited to the site. Since this is a chain of 

reactions leading to either healing or rejection of the implant, every step of the way is of 

importance and to some degree governed by the previous. 

As described above, platelets show a variety of responses to different proteins adsorbed 

to surfaces, transferring these signals to other cells. New platelets are recruited by 

release of platelet activating mediators such as serotonin (Li, et al, 1997), and by 

exposure of adhesion molecules such as fibrinogen and vWF (Tan, et al, 1999). 

Leukocyte rections are affected by release of soluble mediators (Holmsen and Weiss, 

1979) and exposure of P-selectin (Yeo, et al, 1994). 
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The initial adhesion of platelets at hydrophobic titanium surfaces has been shown to 

exceed the adhesion seen on hydrophilic titanium surfaces (Nygren, 1996). The next 

step in the non-self recognition of these two biomaterials, the adhesion of neutrophils, 

has been shown to be mediated by two different receptors. At the hydrophobic titanium 

surface neutrophil adhesion can be inhibited by antibodies against PSGL-1, indicating 

that this initial adhesion is to platelets exposing P-selectin, while, on the hydrophilic 

surface the adhesion appears to be mediated by IgG (Eriksson and Nygren, 2001b). 
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Aims of the present thesis 

• to elucidate the kinetics of platelet adhesion and activation at hydrophilic 

and hydrophobic model surfaces and to investigate the thrombin 

dependence of the studied events 

• to develop a new method for separation of platelets using a reversible 

inhibitor of platelet activation 

• to investigate the activation of platelets and identify key proteins 

responsible for different parts of the platelet response at biomaterial surfaces 

• to identify the primary adhesion molecule on platelets responsible for initial 

platelet adhesion to biomaterials when in contact with whole blood 

• to investigate the effects of soluble signals from plasma proteins on 

fibrinogen adherent platelets 
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Experimental methodology 

A potted version of materials and methods used in Paper I-V is given below. For a more 

detailed description the reader is referred to the individual Papers. A characterisation of 

the rabbit serum used in Paper IV and V is also given. 

Surface preparation and analysis 

Preparation of hydrophilic and hydrophobic glass slides and tubes 

Hydrophilic and hydrophobic (methylated silica) slides and tubes were prepared by 

cleaning ordinary microscopy slides (80% Si02) or the inner surface of small glass test 

tubes (SiO? content 72-74%, 6 mm 0) for 30 minutes in 70% ethanol containing 0.35 M 

HCl. After washing and drying the slides and tubes were hydrophilic. To make the 

slides and tubes hydrophobic, methylisation of the surfaces were performed by 

incubation in 0.1% 1,1,1,3,3,3-hexamethylsilazane in dichloromethane for 5 minutes 

followed by drying. The contact angles for the microscopy slides prepared above were 

< 10° and > 85° respectively, as indicated by measurement of saline drops (Dahlgren 

and Sunqvist, 1981). 

Surface adsorption of plasma proteins 

In Papers II-V protein solutions were physically adsorbed to hydrophobic glass 

surfaces. Fibrinogen, human albumin, vWF, and human IgG, were dissolved in D-PBS 

to a concentration of 100 ng/ml. Human thrombin was dissolved in D-PBS to a 

concentration of 240 |ag/ml. 

Lyophilised platelet-poor normal plasma and plasma with factor VIII deficiency were 

rehydrated and allowed to stand for at least 10 minutes before use. According to the 

manufacturer's specification, citrate was used as anticoagulant at the time of 

preparation. In Paper III, CaCb was at times added to the plasma solutions to 

compensate for the citrate, before surface adsorption. This resulted in coagulation of the 

normal plasma during the adsorption procedure. 

Drops (50 (il) of each plasma and protein solution were incubated on hydrophilic and 

hydrophobic slides in a humid chamber at room temperature for 15 or 30 minutes 
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respectively. For each tube a volume of 220 (il of the plasmas or protein solutions were 

used. The surfaces were then rinsed with D-PBS and used within an hour of preparation. 

Ellipsometry 

The optical density of physically adsorbed protein layers were analysed with an 

isoscope ellipsometer (Stenberg and Nygren, 1983). Quartz (SiCh) on silica was washed 

and prepared as described above generating hydrophilic and hydrophobic surfaces. 

Proteins and plasmas were incubated on the surfaces in a humid chamber as described 

above. After rinsing with D-PBS and distilled water followed by drying with an air 

current, the optical density of the adsorbed protein films (Å) were determined using a 

quartz reference system. Very small intra protein variations were seen. In Paper V the 

protein concentration was calculated from the molecular refractivity of albumin 

(Stenberg and Nygren, 1983). No assumptions about functionality of the proteins were 

made as the intention was to resemble a biomaterial surface introduced into the body. 

The enzyme activity of the thrombin after coating was checked using S-2258 

(Chromogenix, Mölndal, Sweden) (Nydahl, et al, 1992), indicating that the adsorbed 

thrombin retained its enzymatic activity during the experiments. 

Platelet isolation and characterisation 

Preparation of platelets 

In Paper II a new method for preparation of platelets was developed from Braide and 

Bjursten's method for leukocyte preparation (Braide and Bjursten, 1986). This method 

was used in subsequent Papers. Venous blood from healthy human donors, not on 

medication, was collected into citrate-phosphate-dextrose anticoagulant. To prevent 

platelet activation, 4 mM magnesium ions (Gawaz, et al, 1994) was used throughout the 

isolation procedure. The interchange between magnesium and calcium ions binding in 

certain integrins, especially GPIIb/IIIa (Gulino, et al, 1992; Ginsberg, et al, 1993), gives 

the possibility of a reversible inhibition of platelet activation during separation. 

The platelets were separated by centrifugation over a Percoll gradient of three layers 

with different density and osmolarity. After washing, the platelets were resuspended and 

pooled in D-PBS containing albumin (1 mg/ml, pH 7.4). The platelet concentration was 

determined by counting in a Bürker chamber. 
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Flow cytometry, viability testing, and transmission electron microscopy 

In order to characterise the platelets after the isolation, flow cytometry, viability 

staining, and TEM were performed in Paper II. The number of cells, classified by 

differences in size, were counted using flow cytometry according to standard procedures 

at a local hospital. The number of both leukocytes and erythrocytes were below 

countable concentrations for all preparations. During the routine counting procedure in a 

Bürker chamber, occasional leukocytes were detected. The number of leukocytes was 

however so small that any effects of leukocytes could be neglected and is disregarded in 

all Papers. 

For viability and enzyme functionality testing of the platelets, different preparations of 

platelets were stained with FDA (Jones and Senft, 1985). The non-polar ester FDA, 

passes through cell membranes and is hydrolysed by intracellular esterases to produce 

fluorescein, a polar substance that passes slowly over the cell membrane (Rotman and 

Papermaster, 1966). The platelets showed a green fluorescence, thus having an intact 

intracellular esterase pool. 

The morphology of the platelets was investigated using TEM. The isolated platelets 

were fixed and embedded in Epon plastic according to routine procedures. The 

specimens were sectioned and examined in a Philips TEM. The isolated platelets were 

morphologically intact with some cytoplasmic processes and intracellular canaliculi. 

The platelets contained both a- and dense granules as well as mitochondria of normal 

size. 

Blood and platelet exposure to surfaces 

Exposure of hydrophilic and hydrophobic glass to blood 

In Paper I venous blood from healthy donors was drawn directly into a syringe (5 ml) 

containing 0.2 ml D-PBS, heparin (final conc. 10 IU/ml), or hirudin (final conc. 

50 IU/ml). 

The blood was placed in drops of approximately 100 |il on slides in a humid chamber at 

37 °C. The exposure time varied from 5 seconds through 8 minutes. The blood was then 

washed off by rinsing the surface with D-PBS. The samples were fixed in 1% 

formaldehyde for 15 minutes at room temperature and rinsed before incubation with 

antibodies. 
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Adhesion and activation of isolated platelets 

The coated slides were incubated with platelets (2,5 x 107 platelets/ml) for 1 to 

30 minutes in a humid chamber at 37°C. In Paper II the effect of soluble vWF was 

investigated by adding pure vWF at a concentration of 10 ug/ml to the platelet 

suspension during incubation. The samples were washed with D-PBS and fixed in -

20°C ethanol for 10 minutes (Paper II) or 1% paraformaldehyde in D-PBS for 15 

minutes at room temperature. After fixation the samples were rehydrated and/or washed 

with D-PBS before antibody staining. No differences in antibody staining were seen 

between the fixation methods used. 

In Paper V some slides were after incubation gently rinsed and exposed to different 

plasma proteins for 5 minutes at 37°C in a humid chamber. The protein solutions used 

were; D-PBS (control), IgG, thrombin, and vWF. The samples were washed with 

D-PBS before fixation and staining. 

Inhibition of platelet binding with antibodies 

In Paper IV inhibition studies of early platelet binding to surfaces were performed. 

Antibodies against different surface antigens on platelets, presented in Table II, were 

diluted to a final concentration of 10 fig/ml. Control experiments were performed using 

D-PBS. The blood mixed with antibodies was incubated on preheated (37°C) 

hydrophilic and hydrophobic slides for 2 minutes. The samples were then washed with 

D-PBS before fixation and staining. 

Table II 

Surface receptors Other names Antibodies used 

CD9 MM2/57 and 4E1 

Fcyll-receptor CD32 AT10 

integrin «nb CD41, GPIIb M148 and SZ22 

integrin as CD42b, GPIb AN51 

integrin av CD51, VNRa AMF7 

integrin ß3 CD61, GPIIIa CI 7 and SZ21 

Inhibition experiments were also performed for the CD41a antibody clone M148 at final 

concentrations of 100 and 50 ng/ml. 
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Control experiments for antibody inhibition 

To test the receptor inhibiting effect of the antibodies used in Paper IV, control 

experiments were performed using isolated platelets. The platelet solution was diluted 

to a final concentration of 5 x 107 platelets/ml after addition of antibody (final conc. 

10 |ig/ml). Comparative experiments were always performed at the same time using 

D-PBS. Drops (40 |il) were transferred to surfaces coated with corresponding adhesion 

protein (when known) and one or more control proteins. The solution was incubated for 

5 minutes in a humid chamber at 37°C. 

A series of dilutions were also done for the CD41a antibody clone M148, with the 

lowest concentration being 40 ng/ml. This was done to achieve specific inhibition of 

platelet binding to fibrinogen binding but not to IgG. The samples were washed with 

D-PBS before fixation and staining. 

Staining and analysis 

Immunofluorescence 

The number of adhering platelets, coverage, morphology, spreading, and exposure of 

CD62P and vWF were determined using immunocytochemistry. For platelet staining in 

Paper I-III pan platelet antibodies preadsorbed with human platelet poor plasma were 

used. In Paper IV and V rabbit serum, produced and characterised as described below, 

against human platelets were used. Exposure of CD62P and binding of vWF on the 

surface were determined using monoclonal antibodies. The samples were incubated for 

30 minutes with the primary antibody or anti-serum on a cooling plate, 0°C, (HISTO-

LAB, Sweden) followed by rinsing with D-PBS before a second incubation with FITC 

or TRITC-conjugated secondary antibodies. The double labelling in Paper I and V were 

performed by subsequent incubations of the antibodies. After rinsing the samples were 

assembled with l,4-diaza-bicyclo[2,2,2]octane mixed with glycerol to keep the 

fluorescence from fading. Viewing and photography were done within 6 hours. 

Analysis of immunoflourescence 

All samples were photographed in a Zeiss 3RS fluorescence microscope, using Kodak 

400 film (Paper I-III) or CCD camera (Paper IV and V). Two or three photos were taken 

on each protein or plasma spot. 
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After development the films were scanned and the coverage, the spreading and the 

number of platelets adhered to the surface were analysed in Adobe Photoshop or NIH 

Image. The area for analyse was kept at 70 000 |im2. 

In Paper I and II a spreading index (SPI) for the platelets was calculated as the surface 

coverage divided by the number of platelets (multiplied by 100). For compact platelets 

the SPI was about 1.5 and for fully spread platelets the SPI was about 12.2. In the other 

Papers the actual area per stained platelet was calculated instead, corresponding to the 

SPI multiplied by 7.2. 

The normalised surface coverage of vWF in Paper I a nd of CD62P in Paper V was 

calculated as coverage of vWF or CD62P divided by the total coverage of platelets, 

while the per cent of CD62P exposure in Paper III was calculated as the number of 

CD62P positive platelets divided by the total number of platelets at the surface. 

Analysis of secreted products 

Platelets at a concentration of 107-108 platelets/ml were incubated in plasma or protein 

coated tubes for 10 minutes at 37°C. The tubes were tcentrifuged and the supernatants 

were collected for analysis of secreted products. For consecutive signalling in Paper V, 

fibrinogen coated tubes were instead rinsed once with D-PBS (37°C) after the platelet 

incubation, before a secondary incubation (5 min, 37°C) with protein solutions. The 

solutions used were: D-PBS (control), IgG, thrombin, and vWF. These tubes were also 

centrifuged and the supernatants were collected. 

The concentration of PF4 (1 x 107 platelets/ml or 2.5 x 107 for consecutive signalling) 

was determined from samples (frozen less than a month) by a commercially available 

kit (Asserchrom, Diagnostica Stago) according to manufacturer's procedure. PF4 was 

used to detect release of a-granules. The low concentration of platelets used (1 x 

107 platelets/ml) was to avoid overload of the enzyme kit. 

For detection of dense granular release, the concentration of ADP and ATP (2,5 x 

107 platelets/ml) were determined. ADP was converted to ATP by a method described 

by Feraudi et al (1981). The supernatants were mixed with an enzyme solution 

containing creatine phosphokinase and phosphocreatine. The samples were incubated 

for 30 minutes at 37°C before the reaction was stopped by incubation at 80°C for 

5 minutes. The enzyme activity, as conversion factor for ADP to ATP, was determined 

for every experiment (ADP conc. 10"6-10~8 M) and used to calculate the actual 

concentration of ADP released. 
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The concentration of ATP was determined by a commercially available kit (ATP 

Bioluminescence Assay Kit CLS II, Boehringer Mannheim GmbH, Germany) according 

to manufacturer's procedure. 

Phospholipids (108 platelets/ml) in the supernatant in Paper III were determined using 

HPTLC after acidification of the supernatant. The phospholipids were extracted with 

1-butanol and washed with water before evaporation (Eichholtz, et al, 1993). 1-butanol 

was chosen as extraction medium to achieve as high recovery as possible of polar lipids 

(Bjerve, et al, 1974; Kolarovic and Fournier, 1986). The residues were dissolved in 

CHCl3:MeOH:Hac (19:1:1). Samples (5 jil) were applied on precoated silica gel 

60 plates. LPA was used as a phospholipid standard. The HPTLC plates were developed 

by CHCl3:MeOH:7M NH3 (aq) (12:12:1). After drying, all phospholipids were detected 

by using post-chromatographic derivatisation by manganese (Il)-sulphuric acid reagent 

followed by heating (120°C for 30 min). Phospholipid fractions > 200 ng appeared as 

brown zones. This is a coarse method for lipid detection and only high levels of 

phospholipids could be detected. 

Blotting procedure 

Isolation of platelet membrane proteins 

Venous blood from healthy human donors not on medication was anticoagulated with 

EDTA. The platelet membrane proteins were isolated according to the procedure 

described by Fitzgerald et al (1985). In short, PRP was collected after centrifugation 

(15 min, 300 g). The PRP was transferred to new tubes and centrifuged at 300 g for 

5 minutes to remove all red blood cells. This procedure was repeated until no red blood 

cells were evident in the pellets. The PRP was centrifuged (15 min at 1800 g) to pellet 

the platelets. The platelets were washed three times in TBS (20 mM Tris - HCl and 

150 mM NaCl, pH 7.4) containing EDTA (1 mM) before they were lysed by 

resuspension in TBS containing 1% Triton X-100, 1 mM CaCl2, and 0.1 fiM leupeptin 

hydrochloride. The lysate was ultra centrifuged at 20 000 g for 15 minutes at 4°C to 

remove cytoskeletal elements and stored at -20°C until use. 

Immunoblotting 

The platelet lysate was diluted 1:5 before electrophoresis on 4-12% Bis-Tris Gel 

(NuPAGE) run with MOPS running buffer (200 V, 45 min) under non-reduced 
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conditions. The gels were blotted (30 V, 1.5 h) onto nitrocellulose membranes 

(Invitrogen). As molecular weight standard MultiMark™ was used. The membranes 

were blocked in TBS containing Tween 20 (0.1%), non fat milk (5%), and sodium azide 

(0.02%) for 2 hours. After rinsing, the membranes were incubated over night with 

M148, C17, SZ21, or/and SZ22 antibodies, followed by rinsing and incubation with 

secondary peroxidase conjugated anti-mouse antibodies. After thorough rinsing, an 

agarose gel (40°C) containing 0.01% H202 and 1 mg/ml paraphenylene diamine was 

poured over the membrane. After 5 minutes the gel was removed and the binding of 

antibodies could be seen as dark bands. 

Statistical evaluations 

Statistical evaluations were made using Student's t-test (paired when possible) in Papers 

I-III and V. In Paper IV, Z-test, as well as paired Student's t-test, was performed on the 

inhibition data. The value for significance was set to p < 0.05. 

Production and characterisation of rabbit serum 

Production of rabbit serum against human platelets 

For platelet staining in Paper IV, rabbit serum against human platelet was used. The 

serum was produced by injecting rabbits 5 times with human platelets (107) mixed with 

Freunds incomplete adjuvant, followed by terminal bleeding. The immunisation was 

approved by the ethical committee of the University of Göteborg. After coagulation the 

blood was centrifuged (1500g, 15 min) and the serum collected. The anti-serum was 

incubated overnight with platelet free human plasma (4°C) before centrifugation (2500 

g, 10 min) to get rid of binding to human plasma proteins. 

Gel electrophoresis and immunoblotting 

The platelet lysate, prepared as described above, was electrophoresed using 4-12% Bis-

Tris Gel run with MOPS running buffer under both reduced and non-reduced conditions 

according to manufacturer's procedure. Some gels were stained with Coomassie blue 

overnight (0.03%, 50% methanol, 10% acetic acid, 40% H20) and destained until the 

bands were clearly separated before scanning with a colour scanner (UMAX Astra 

2400S, Umax Data Systems Inc., Taiwan). The stained gels of platelet lysates is shown 

in Figure 2. 
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Other gels were blotted onto nitrocellulose membranes. The membranes were incubated 

with rabbit anti-human platelet serum followed by peroxidase conjugated anti-rabbit 

antibodies. The binding of antibodies could be seen as dark bands (Figure 3). As shown 

in the figure, the rabbit anti-human platelet serum recognised a variety of platelet 

membrane proteins of different sizes. 

Reduced Non-reduced Reduced Non-reduced 

Mark 12 platelet Mark 12 platelet rabbit Multi rabbit Multi 

lvsate lvsate serum Mark serum Mark 

Figure 2. Gel electrophoresis of platelet 
lysates under reduced and non-reduced 
conditions, run on a 4-12% Bis-Tris Gel 
with MOPS running buffer. 

Figure 3. Western blots of the platelet 
lysates shown in Figure 2, using rabbit anti-
human platelet serum. 
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Summary of results 

Paper I 

This Paper investigates the initial interaction of platelets with two model surfaces, 

hydrophilic and hydrophobic glass. The kinetics of platelet adhesion differed between 

the two surfaces, showing a peek in adhesion after half a minute on the hydrophilic 

surface whereas on the hydrophobic surface a constant increase during the incubation 

time was seen. On the hydrophilic surface, binding of vWF and exposure of CD62P, 

both normalised to platelet coverage, were high after 8 minutes (Table III). To 

investigate the thrombin dependency of this activation, venous blood was 

anticoagulated with heparin or hirudin, resulting in a low normalised binding of vWF 

and exposure of CD62P on both surfaces. 

Table III 

vWF CD62P 

Hydrophilic glass 

untreated blood 0.17 ±0.03 0.18 ±0.04 

heparinised blood 0.04 ± 0.01 0.03 ± 0.00 

hirudinised blood 0.07 ± 0.02 0.00 ± 0.00 

Hydrophobic glass 

untreated blood 0.03 ± 0.02 0.03 ± 0.00 

heparinised blood 0.03 ± 0.01 0.01 ± 0.00 

hirudinised blood 0.00 ± 0.00 0.01 ± 0.00 

However the number of platelets adhering to the surfaces increased with both anti

coagulants compared to untreated blood. The spreading of surface adherent platelets 

was inhibited by heparin, but not hirudin, showing that this was not a thrombin 

dependent part of platelet activation. 

Paper II 

To be able to more specifically study platelet reactions at surfaces, a new fast and easy 

method for isolation of platelets was developed. The use of magnesium to prevent 
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activation of platelets during separation was clearly reversible though a complete 

inhibition was not seen. After resuspension in D-PBS containing calcium, the platelets 

could be stored at room temperature for hours without formation of aggregates. 

To investigate the functionality of the platelets, isolated platelets were allowed to adhere 

to protein coated surfaces. On the IgG coated surface, platelets formed a variety of 

different morphologies. After about 10 minutes, fragmentation of platelets was seen, 

leaving surface bound microparticles. Platelets forming long filipodial extensions with 

microparticles along were also seen 

(Figure 4). At the same time an increase 

of adhesion kinetics was also observed. 

The exposure of CD62P on the platelet 

surface was also investigated. On the 

albumin coated surface the lowest level 

of CD62P exposure was seen. Only about 

11% of the adhered platelets exposed 

CD62P. Any platelet activated during the 

isolation process would probably have an 

increased binding capacity and accu

mulate at the surface. On the surface 

coated with normal human plasma, 67% 

of the platelets exposed CD62P while on 

the surface coated with factor VIII deficient plasma only 28% of the platelets exposed 

CD62P, indicating a possibility of partial activation of the platelets as an effect of single 

proteins in the coating. 

Paper III 

This Paper is an extension of the findings of the effect of coagulation factor VIII in 

Paper II. The effect of vWF was investigated using both the pure protein and factor VIII 

deficient plasma. Factor VIII deficient plasma lacks all parts of coagulation factor VIII, 

including vWF. 

The differences in adhesion and spreading were not very large. However, the 

morphology of the platelets on the surfaces differed, showing a higher degree of 

filipodial formations on the surfaces where vWF was present. The main finding in this 

Figure 4. A single platelet adhered to an IgG 
coated surface forming filopodial extensions 
with surface bound microparticles along them. 
The diameter of the central body is 3 um. 
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Paper is the dependency of vWF for the exposure of CD62P on the platelet surface 

(Figure 5). Even with calcium present at the time of physical adsorption, the percentage 

of platelets exposing CD62P did not reach 40% on the surface coated with factor VIII 

deficient plasma. 

120 

albumin vWF plasma plasma F VIII def F VIII def 
Ca2+ CaJ 

Figure 5. Percentage of platelets on different coatings exposing CD62P. F VIII def = 
Factor VIII deficient plasma. Ca2+ = Calcium ions present at the time of physical 
adsorption. Mean and standard error of mean is given (n = 9). 

The release products analysed from the supernatant of incubated platelets (ATP, PF4, 

and phospholipids) were rather low and did not differ between the surfaces, showing 

that platelets are capable of mediating variable responses, not detonating as hand-

grenades, which they have previously been compared to. 

Paper IV 

In Paper IV the initial binding of platelets to hydrophilic and hydrophobic glass was 

investigated using whole blood. Different antibodies were used to investigate platelet 

adhesion. Most antibodies were found to inhibit the binding capacity of their 

corresponding integrin. 

The only antibody generating a very high decrease in binding to the surfaces is known 

to immunoprecipitate the glycoprotein Ilb/IIIa (Figure 6). Antibodies directed to the 

different integrin chains of GPIIb/IIIa showed no or very little inhibiting effect. A slight 
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inhibition was seen for one of the CD9 antibodies (MM2/57) on the hydrophobic 

surface, while the other CD9 antibody (4E1) increased platelet binding to the 

hydrophilic surface. Some of the other antibodies also generated an increase in platelet 

binding, especially on the hydrophilic surface, indicating platelet activation. 

300 

250 

200 

150 

100 

50 

0 

Figure 6.  Platelet adhesion from whole blood after incubation for 2 minutes on 
hydrophilic or hydrophobic glass with different antibodies present. Values are given as 
percentage adhesion compared to control. Antibodies MM2 and 4E1 are directed against 
CD9, AT10 against Fcyll-receptor (CD32), M148 and SZ22 against GPIIb (CD41, 
integrin ot2b), AN51 against GPIb0 (CD42b, integrin 015), AMF7 against integrin av 

(CD51), and C17 and SZ21 against GPIIIa (CD61, integrin ß3). Mean and standard error 
of mean is given (n = 6). 

One of the antibodies against GPIIb/IIIa used (SZ21), with no effect on platelet 

adhesion, is known to inhibit fibrinogen mediated aggregation. This clearly indicates 

two different fibrinogen binding parts of GPIIb/IIIa, where only one is important for the 

initial platelet adhesion to surfaces. 

M Hydrophobic 
® Hydrophilic 

MM2/57 4E1 AT10 M148 SZ22 AN51 AMF7 C17 SZ21 
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Paper V 

In this Paper the platelet responses after single and consecutive exposure to plasma 

proteins were compared. 

Platelets adhered to the fibrinogen coated surface were seen to show the significantly 

lowest release of a-granules (Table IV), both detected by normalised exposure of 

CD62P and by released PF4. However, platelets adhered to fibrinogen spread on the 

surface, but when thrombin was added to the fibrinogen-adherent platelets they 

decreased their spreading significantly. All protein coating except fibrinogen were seen 

to expose CD62P on the surface and release PF4. The significantly highest release of 

PF4 was seen on the IgG coated surface. 

Table IV 

Spreading CD62P PF4 release 

um'/platelet % normalised IU/ml 

Single exposure 

fibrinogen coating 27.0 ± 1.6 13.3 ± 1.9 50.4 ± 4.6 

IgG coating 27.5 ± 1.1 21.2 ± 1.3 105.0 ±5.5 

thrombin coating 28.5 ± 1.2 20.0 ±2.1 88.1 ±4.7 

vWF coating 24.3 ± 0.9 25.4 ± 2.2 70.3 ± 4.9 

Consecutive exposure 

D-PBS (control) 30.2 ± 1.6 11.3 ± 1.7 0.8 ± 0.2 

IgG 27.9+ 1.3 13.5 ±2.5 1.1 ±0.3 

thrombin 25.1 ± 1.2 22.9 ± 3.5 16.2 ±3.2 

vWF 29.0 ± 1.0 12.9 ± 1.1 1.2 ±0.4 

When fibrinogen-adherent platelets were exposed to soluble plasma proteins only 

thrombin was shown to have any significant effect. The exposure of CD62P and the 

release of PF4 were very small for the incubation of fibrinogen-adherent platelets with 

D-PBS (control). 

As for the release of a-granules, the highest concentration of both ATP and ADP were 

seen after incubation of fibrinogen-adherent platelets with thrombin (Figure 7). 
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Thrombin coating was also seen to generate the highest concentration of both ATP and 

ADP. 
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Figure 7. Concentrations of ATP and ADP after single and consecutive exposure to 
plasma proteins. Mean and standard error of mean is given (n > 10). 

As shown in this Paper all these plasma proteins are potent mediators, either as surface 

bound, or as soluble. The effect of these proteins are dependent on previous events of 

the platelets, as for example adhesion to fibrinogen. 
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Discussion 

Platelets, perhaps because of their size and definition as being cell fragments, are often 

omitted in the discussion regarding healing around implants. The role of platelets in 

inflammatory responses are however substantial. The probability of a cell or a cell 

fragment with such a huge functionality being present at a site without influencing the 

outcome is minimal. 

For better understanding of the role of platelets in the healing at biomaterial surfaces, 

both whole blood and a reduced system were used in this thesis. In reduced systems, the 

effect of proteins on platelet adhesion and reactions can be studied by two different 

strategies, either by coating of single protein solutions, or by coating with deficient 

plasmas. Both ways have their advantages and disadvantages. When using single 

proteins the protein film formed is easily defined, but a higher concentration of the 

protein on the surface compared to the in vivo situation is usually the outcome. Using 

deficient plasmas can result in changes in adsorption patterns, but a situation more close 

to in vivo is generally achieved as many early interactions are still present. In Paper III 

both methods were used to elucidate the role of surface bound vWF and the results were 

seen to coincide. 

Another approach for better understanding of the complicated interactions at biomaterial 

surfaces is the use of inhibitors and anticoagulants. In Paper I, both heparin and hirudin 

were used. Both the exposure of CD62P and the binding of vWF were found to be 

thrombin dependent events since they were inhibited by hirudin. These events mainly 

took place on the hydrophilic surface where more thrombin is generated through surface 

activation of the coagulation system (Vroman, et al, 1980). Heparin, a multi-potent 

inhibitor (Engstad, et al, 1997; Home and Chao, 1989; Sobel, et al, 1996), was seen to 

inhibit platelet spreading as well as the exposure of CD62P and binding of vWF. 

The use of antibodies to inhibit platelet interactions is specific but controversial since 

many antibodies are known to elicit an activation of platelets (Anderson, et al, 1991; 

Kuroda, et al, 1995; Modderman, et al, 1988). The antibodies used in Paper IV where 

tested in the reduced system to verify their inhibitory effect on corresponding receptors 

and to detect any signs of activation. In Paper I, exposure of CD62P on the platelet 

surface was found to take approximately 8 minutes of blood - material contact on the 

same surfaces as used in Paper IV. This indicates a longer platelet activation time than 
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the incubation times used in Paper IV. However, on the hydrophilic surface, an increase 

in platelet adhesion was seen for some antibodies, suggesting that this could be either an 

effect of concentration / conformation of fibrinogen on the surface (Chinn, et al, 1991; 

Nygren, et al, 1992; Nygren, et al, 1994), or a thrombin dependent effect (Vroman, et al, 

1980). 

The adsorption of fibrinogen to biomaterial surfaces has long been known to increase 

platelet adhesion (Packham, et al, 1969; Zucker and Vroman, 1969; Mason, et al, 1971), 

and the most abundant receptor on the platelet surface is the fibrinogen receptor, 

GPIIb/IIIa (McEver, et al, 1983). This receptor has two different fibrinogen binding 

sites, dependent on the two different activation states of this integrin (Coller, 1980; 

Savage and Ruggeri, 1991). In Paper IV, the initial platelet adhesion to both hydrophilic 

and hydrophobic surfaces was shown to be mediated by the non-activated form of 

GPIIb/IIIa. As thrombin is known to activate GPIIb/IIIa (Minckes, et al, 1994), one 

might suggest that platelet binding to hydrophilic surfaces is partly mediated by the 

activated state of GPIIb/IIIa. However, antibodies known to inhibit fibrinogen mediated 

aggregation, e.g. the activated state of GPIIb/IIIa, did not have any inhibitory effect on 

platelet adhesion during the first two minutes of blood - material contact. Longer times 

were not investigated. However, it was shown in Paper I, and has been shown by others 

(Eriksson and Nygren, 2001a), that platelet coverage do not increase above 5% when no 

shear stress is present. 

There are a number of different methods for separation of platelets. Most inhibitors of 

platelet activation prevent thrombin formation. Others, like prostacyclin and cAMP, 

have intracellular effects and act at levels secondary to priming (Colman, 1994, Pineo 

and Hull, 1999). Some of these inhibitors have been shown not to be able to prevent the 

initial adhesion of platelet to immobilised fibrinogen (Haimovich, et al, 1993), which is 

known to generate intracellular phosphorylations (Haimovich, et al, 1996a). In this 

thesis, the prevention of platelet activation was endeavoured in an earlier phase, 

extracellularly, prior to the generation of intracellular second messengers (Haimovich, 

et al, 1993, Haimovich, et al, 1996b). The platelet integrin GPIIb/IIIa has been shown to 

be inhibited by high levels of magnesium ions (Gawaz, et al, 1994), resulting in 

inhibited platelet spreading and decreased platelet activation. The inhibition is achieved 

by substi-tution of calcium ions in the integrins, especially in GPIIb/IIIa, with 

magnesium ions, thus preventing integrin functionality (Ginsberg, et al; 1993, Gulino, et 
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al, 1992). The substitution is reversible due to interchanges between magnesium and 

calcium ions (Gulino, et al, 1992). Clinical tests using elevated levels of magnesium 

ions to suppress platelet activation have shown a reduced platelet activation and 

prolonged bleeding times (Gawaz, et al, 1996; Ravn, et al, 1996). 

Another possibility to inhibit GPIIb/IIIa is by Fab fragments of inhibitory monoclonal 

antibodies. Abciximab (Reopro) is a new platelet inhibitor, approved by the Food and 

Drug Administration. This inhibitor also cross-reacts with the vitronectin receptor 

(Topol, et al, 1999), suggesting inhibition of the activated state of GPIIb/IIIa. 

Even though some platelet activation was seen in the TEM picture after the separation 

procedure in Paper II, only 11% of the platelets were seen to expose CD62P on their 

surface after adhesion to an albumin coated surface. After 10 minutes of exposure to a 

surface coated with factor VIII deficient plasma, only 28% of the platelets exposed 

CD62P. These two figures should be compared with the 56% of platelets exposing 

CD62P in suspension after an isolation procedure used by Frojmovic et al (1997). 

Activated platelets would probably have accumulated on the surface during the 

incubation time in Paper II s ince their adhesion receptors are active. Also, as CD62P 

function as a ligand for adhesion of neutrophils (Larsen, et al, 1989), any redistribution 

of the selectin (Escolar and White, 2000) would be to the surface exposed to antibodies, 

further implicating a low degree of activation for the separated platelets used in this 

thesis. 

The use of isolated cells in experiments have many advantages but also drawbacks. By 

omitting other cells the reactions of interest could clearly be studied in small steps 

without interactions and reactions from other cells responding to the same stimuli. 

Changes are easier to monitor as no other interfering processes take place. This gives 

the opportunity to understand a small part of the complex biological system. The 

drawbacks are, apart from activation during the separation procedure, that the 

hemostatic system is set off balance (Escolar and White, 2000). One important 

consideration during the use of isolated systems is that the interactions studied must be 

performed in the time order and sequence they occur in the clinical situation. Such 

studies add specific knowledge to the field, even though a direct interpretation in the 

clinical situation is not possible. 

From the separated system used in this thesis, it was possible to show that platelets 

respond differently to different proteins. In Paper III, vWF coated surfaces were seen to 
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generate a high exposure of CD62P on the platelet surface. This high exposure of 

CD62P is not surprising, as platelet adhesion to injured vessel walls leads to P-selectin 

exposure on the platelets (Andrews, et al, 1997). This exposure of P-selectin generates 

adhesion and accumulation of neutrophils at the site of vascular rupture (Diacovo, et al, 

1996a; Diacovo, et al, 1996b). The same adhesion of neutrophils to platelets, mediated 

by PSGL-1,, can be seen on hydrophobic titanium surfaces (Eriksson and Nygren, 

2001b). 

In Paper II, immobilised IgG was seen to generate a morphological response in 

platelets. Formation of long cytoplasmatic pseudopods, generation of microparticles, 

and disruption of the platelets were seen. These morphological changes generating 

microparticles are similar to platelet changes during certain forms of thrombocytopenia 

(Warkentin, 1996) and this reaction has been suggested to be generated by immune 

complexes (Goad, et al, 1994; Leir, et al, 1995). The generation of microparticles is of 

biological importance. Microparticles accumulate procoagulant activity (Siljander, et al, 

1996) and can be transported throughout the body by the blood stream (Gemmell, et al, 

1995), causing systemic effects. Similar platelet morphologies with generation of long 

pseudopods, have been seen after adhesion of isolated platelets to uncoated polymeric 

materials (Waples, et al, 1996). 

The healing process at a biomaterial surface is comparable to the healing process of a 

normal wound, but modified by protein and cell reactions at the implanted material. 

Upon vascular rupture the first reaction for platelets are binding to extra-cellular matrix, 

or plasma proteins bound to the extra-cellular matrix. When a biomaterial is present at 

the site of an injury, platelet could also adhere to proteins adsorbed to the biomaterial. It 

was shown in Paper IV that the initial binding of platelets to biomaterial surfaces were 

mediated by GPIIb/IIIa, the fibrinogen receptor. This knowledge was used in Paper V to 

investigate platelet reactions to plasma proteins. 

In the healing process, the secondary signals after platelet adhesion are of importance 

for the generation of platelet responses. In Paper V, a new model suitable for studies of 

such interactions was developed. After prior adhesion to fibrinogen, the adherent 

platelets were exposed to plasma proteins. Thrombin was found to be the most potent 

protein and a release of both a- and dense granules were found. This could affect the 

outcome of the healing process by attraction of more platelets as well as inflammatory 

cells to the area. IgG and vWF, which were shown in Papers II and III to have 
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pronounced effects on platelets when surface bound, had very little effect on the 

platelets as soluble mediators after fibrinogen adhesion. 

Adhesion of platelets to fibrinogen is known to generate intracellular phosphorylation 

reactions (Haimovich, et al, 1996a) without generation of release reactions (Heemskerk, 

et al, 1997; Packham, et al, 1969) or procoagulant activity (Grunkemeier, et al, 2000). 

The phosphorylation of proteins after adhesion to fibrinogen might interfere with 

intracellular reactions generated by occupancy of other receptors. The focal adhesion 

kinase ppl25FAK is known to be phosphorylated via protein kinase C activation both 

after fibrinogen binding to GPIIb/IIIa and IgG binding to the Fcyll-receptor 

(Haimovich, et al, 1996b). 

Most plasma proteins affecting platelet responses have more than one platelet receptor 

capable of binding the same ligand. The receptors often function differently. They may 

have different affinity constants (Greco, et al, 1996), work under different shear stress 

(Ikeda, et al, 1991), or differ in their requirement of pre-activation (Savage, et al, 1992). 

These dual activation pathways through different receptors give a possible explanation 

for the differences in responses seen between platelets adhering to a surface immo

bilised protein and adherent platelets exposed to the same protein in soluble form. 

However, the similarity to the process of normal wound healing remains, and the 

understanding of this process could be investigated further using specific blocking 

agents. 

The understanding of every step in the healing process is of importance for the 

understanding of the whole process. For example, the adhesion of platelets to titanium is 

rather high (Kanagaraja, et al, 1996). The titanium surface has also been defined as 

highly thrombogenic (Hong, et al, 1999). This thrombogenicity of titanium might be the 

reason behind the great success in the use of this material for bone anchoring implants. 

If this is the case, platelet reactions at the implant surface is one of the most important 

events during the non-self recognition of surfaces. 

This thesis provides information about the initial reactions of platelets in contact with 

biomaterial surfaces. This knowledge may be useful in the design of future biomaterials 

by indicating the role of platelets in blood - biomaterial interactions. The thesis also 

provides methods suitable for platelet separation and for investigation of the initial 

platelet reactions to biomaterial surfaces. 
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Conclusions 

• The platelet kinetic differed between hydrophilic and hydrophobic surfaces 

both regarding adhesion and activation. A thrombin dependency was found 

for the exposure of CD62P as well as the binding of vWF. 

• A new method for platelet isolation based on the leukocyte preparation 

method described by Braide and Bjursten (1984) was developed. A 

reversible inhibition of platelet integrins by excessive amount of magnesium 

ions during the isolation procedure was used and the platelets were 

functional after separation. 

• IgG was assigned to be a key protein for the fragmentation of platelets and 

together with thrombin, a key protein for the release of both a- and dense 

granules. The exposure of CD62P on the platelet surface was however 

assigned to von Willebrands factor. 

• The main adhesion of platelets from whole blood to both hydrophilic and 

hydrophobic surfaces was mediated via GPIIb/IIIa and was inhibited by 

antibodies from clone Ml48, but not by antibodies known to inhibit 

fibrinogen binding to GPIIb/IIIa after ADP and collagen induced 

aggregation. 

• The initial adhesion of platelets to fibrinogen render changes in the platelets 

that influences later responses to plasma proteins, affecting primarily the 

release of a-granules. 
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