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ABSTRACT

Platelets play a key role in the haemostatic process through the prevention of

blood loss at the site of vascular darnage. Injury to the vessel wall exposes collagen

fibers to circulating platelets, which act as a substrate for platelet adhesion and activation.

The overall objective of this thesis \¡/as to determine the mechanísm of human platelet

activation elicited by a moderate dose of collagen ( 1 0 ¡rglnrl). Collagen-induces a dose

dependent increase in the concentration of cytosolic Ca2* ([Cut*],) (KDso 10.1 +l- 2.2

Vdml,n:6), and aggregation that is dependent on Ca2*. Approximately 70 percent of the

collagen-induced increase in [Ca2*]¡is due to the influx of Ca2* from the extracellular

milieu via reverse mode Na*/ca2* exchange. There are two classes of Na*/ca2*

exchangers: K* independent Na*/ca2* exchangers (NCX), and K* dependent Na*/ca2*

exchangers (NCKX). Molecular characterization with RT-PCR, DNA sequencing, and

western blot analysis showed that three isofonns of NCX are expressed in the human

platelet: NCX1.3, NCX3.2, and NCX3.4; Real-tirne quantitative PCR revealed that

NCX3.2 is far more abundant than NCXI.3, NCX3.4, and NCKX1 at the mRNA level.

Antibodies specific for extracellular epitopes were used to demonstrate that the NCXs

function in the reverse mode to increase platelet ICu'*], in response to collagen, while

NCKXI operates in the forward mode to export Ca2*. The collagen-induced increase in

lCu'*1, is reduced by: the NCX inhibitors (CBDMB, KB-R7943,or SEA0400) in a dose

dependent manner; removing extracellular Na*; or blocking TRPC6, a non-specific cation

channel implicated as a source of Na* influx triggering NCX reversal. Collagen increases

cytosolic Na* (to 60.0 +l- 10.7 mM) mostly via the actions of thromboxane opening non-

specific cation channels, but also to a lesser extent by the Na*/H* exchanger.



The main findings are: ( 1 ) collagen-induced platelet aggregation requires Ca2*; (2)

the rnajority of the collagen-induced increase in [Ca2*]; is due to Ca2* influx via reverse

mode Na*/Ca2* exchange; (3) hurnan platelets express K* dependent and independent

Na*/Ca2* exchangers; (4) collagen-induces the reversal of the K* independent Na*/Ca2*

exchangers resulting in ca2* influx whilst the K* dependent Na*/ca2* exchangers

continue to function in the forward mode.

lll
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INTRODUCTION

PREAMBLE

Platelets are anucleated cells that circulate in the blood stream and play a vital role

in the haemostatic process through the prevention of blood loss at the site of vascular

damage. Injury to the vessel wall exposes collagen fibers to circulating platelets, which

adhere to them creating a physical barrier at the site of vascular damage thereby limiting

blood loss,r-3 and stimulating platelet activation thereby recruiting additional platelets to

the site of damage as well as consolidating the thrombus.3 In the pathological state,

malfunctions in platelet activation results in conditions of uncontrolled bleeding or

thrombosis. A thorough understanding of the mechanisms responsible for the activation

of platelets is required for the development of effective therapeutic interventions to treat

these conditions.

Calcium is an irnporlant second messenger in the platelet activation cascade, and

the mechanisms responsible for the increase in calcium are potential anti-thrombotic

targets. Agonist induced increase in cytosolic calcium can be due to the release of

intracellular calcium and/or its influx from the extracellular milieu. Collagen has been

shown to induce a dose dependent increase in cytosolic calcium,a's though the mechanism

was poorly understood. Our laboratory had previously shown that the Na*/Ca2* exchange

inhibitor, CBDMB, reduced the collagen-induced increase in cytosolic calcium. This

suggests that collagen-induced reversal of the Na*/Ca2* exchanger contributed to the

increase in cytosolic calcium, and was one of the potential mechanisms explored in this



\ /ork. Reverse mode Na*/Ca2* exchange has been observed in many pathological

conditions. In the case of diabetes mellitus, reverse mode Na*/Ca2* exchange contributes

to an elevated closolic calcium and reduced threshold for platelet activation.6 These

platelets are hypersensitive and prone to fom micro-thrombii. One of the major causes

proposed for the development of micro-vascular complications in diabetes is due to tissue

ischemia resulting from platelet micro-aggregate formation.T Studying the mechanism of

collagen-induced Na*/Ca2* exchanger reversal provides insight into the possible

mechanisms involved in Na*/Ca2* exchange reversal in diabetes mellitus, as well as

possible targets for therapeutic interventions. The theory is that preventing the fonnation

of micro-thrombi would prevent or delay the onset of the micro-vascular complications

associated with diabetes.

The work presented in this thesis is irnportant because it establishes: the absolute

requirement of calcium for the collagen-induced aggregation of platelets, the mechanism

for the collagen-induced increase in cytosolic calcium and platelet activation, the types of

Na*/Ca2* exchangers expressed in human platelets and their role in the collagen-induced

change in cytosolic calcium, and proposes the mechanism responsible for collagen-

induced reversal of the Na*/Ca2* exchanger.

The overall objective of this project was to determine the mechanism for the

collagen-induced increase in cytosolic calcium and platelet activation. The introduction

that follows provides an overview of the: haemostatic system in brief, platelet physiology

and function in hemostasis, collagen and its interactions with platelets, platelet calcium

homeostasis, and fìnally the Na*/Ca2* exchanger.



1 - THE HAEMOSTATIC SYSTEM

The haemostatic systern is designed to preserve intravascular integrity by

maintaining the balance between bleeding and thrombosis. It is composed of the

endothelial cells, the vessel walls, and platelets. The interactions between them act to

preserve tissue perfusion, limit blood loss at the site of damage, and stimulate local repair

processes.

I.1 _ PROCESSES TO MAINTAIN BLOOD FLUIDITY

Endothelial cells line the luminal surface of vessels. Under normal physiological

conditions the endothelial cells act to maintain the fluid state of blood. At the most basic

level they act as a barrier preventing the platelets from coming into contact with the

thrombogenic components of the vessel wall, however the cells also possess anti-

thrornbogenic properties. Their physical characteristics, and the factors they release, act to

prevent the activation of platelets at their surface.

The surface of the endothelium is negatively charged, and repels liked charged

substances such as platelets. It is also covered by a glycocalyx that contains the

anticoagulants heparin sulfate, heparin, and dermatan sulfate.s-10 Heparin sulfate

stimulates the serine protease inhibitor antithrombin III.lr Antithrombin III is one of the

most important anticoagulant found in the plasma, accounting for approximately 80

percent of the anticoagulant effects.i2-la Dermatan sulfate activates heparin cofactor II,

which inactivates thrombin.l5-17 Thrombomodulin, a receptor that binds and inactivates

thrombin, is found on the surface of endothelial cells.ls''e Th" binding of thrombin to



thrombomodulin also activates protein C, which inhibits coagulation factors V and

VIII.I9'20

To prevent the aggregation of platelets, endothelial cells produce and release

substances including: ADPase, prostacyclin, and nitric oxide; ADPase inactivates the

platelet activator ADP. Prostacylin and NO are potent vasodilators and inhibitors of

platelet aggregation .8' 
2t' 22

1.2 - COAGULATION

The endothelial cells also produce components of the sub-endothelium that are

important for normal vascular integrity. These components include: the basement

membrane, collagen, fibronectin,laminin, vitronectin and von Willebrand factor. The

components of the sub-endothelium are exposed to the blood stream following vascular

damage. Circulating platelets adhere to them and form a haemostatic plug.

Vasoconstriction and the platelet plug act to limit blood loss at the site of darnage. They

can provide a sufficient hemostatic seal in the venules and capillaries, however in larger

vessels where the hydrostatic pressure is greater the clot must be reinforced via fibrin to

prevent blood Ioss. Platelet receptors interact with the coagulation factors to form fibrin

and generate a stable haemostatic seal.23

The coagulation factors are proteins designated by Roman numerals. They are

produced in the liver, except for factor VIII which is produced by the endothelial cells

and megakaryocytes.2o These factors can be divided into three groups: the fibrinogen

farlily, the prothrornbin complex, and the contact goup.



The fibrinogen family is composed of factors V, VIII, and XIII. Factors V and

VIII are substrates for thrombin and, once activated, they serve as cofactors to accelerate

and amplify the coagulation cascade.l2 Factor XIII cross-links fibrin rronomers thereby

stabilizing them.

The prothrombin complex is composed of factors II, VII, IX, and X as well as

protein C and S.12' 
23' 2s These proteins are dependent on vitamin K for the post-

translational caboxylation of glutamic acid into gamma carboxyglutamic acid, which is

essential for the binding of prothrombin.2s-21

The contact group of proteins includes high molecular weight kininogen

(HMWK), prekallikrein, factors XI and XII.r2 These proteins activate other proteol¡ic

plasma enz)¡fites, and participate in the initiation of the inflammatory response. l'

In the coagulation cascade, each coagulation factor is converted to an active form

by the preceding factor and denoted with the letter 'a'. The end result of the cascade is

the fonnation of a stable fìbrin clot. The cascade can be divided into two systems. The

intrinsic system involves components from the blood, and the extrinsic system which

involves components from the blood and the vasculature. The two systems converge in a

common final pathway resulting in the fonnation of fibrin.

I.2A _ THE INTRINSIC SYSTEM

The intrinsic system is initiated by the binding of factor XII inducing a

confonnational change that makes it 500 times more susceptible to cleavage by kallikrein,

which converts it to its active form.28 Factor XIIa activates prekallikrein resulting in the

formation of additional factor XIIa.2e HMWK binds to prekallikrein and factor XI, and



promotes their interaction with bound factor XIIa. This complex converts prekallikrein to

kallikrein, and factor XI into its active fbnn.30-32 Kallikrein dissociates from the complex

and mediates the typical signs of inflammation. Factor XIa converts factor IX to IXa.

Factor IXa in conjunction with factor VIII and phospholipid converts X to Xa.33'34

I.2B _ THE EXTRINSIC SYSTEM

Tissue factor is located in the subendothelium and cornes into contact with the

blood stream at the site of vascular damage. The extrinsic system is initiated when tissue

factor comes into contact with factor VII converting it to factor VIIa. The tissue factor

and factor VIIa complex converts factor IX to IXa and factor X to Xa.3s

1.2C - COMMON COAGULATION PATHWAY

Factor Xa forms a complex with factor Va and phosphatidylserine to convert

prothrombin to thrombin.36a0 Thrombin cleaves fibrinogen to form fibrin, and it convelts

factor XIII to XIIIa which cross-links the fibrin clot.al Thrombin also causes further

activation of factors V, VIII, XI, and XIII and also platelets.4244 Once activated, platelets

can secrete activated factor V from the cr-granules.as

1.3 - FIBRINOLYSIS

Fibrinolysis is the last step in the haemostatic process, and occurs when the fibrin

clot is no longer required. The dissolution of the fibrin clot is required for angiogenesis

and vessel rccanalizalion to occur. The endothelial cells produce tissue-type plasminogen

activator (tPA) and urokinase plasminogen activator (uPA), which convert plasminogen



to plasmin.a6-48 Plas,oin cleaves fibrinogen and fibrin to produce degradation products.

These products are anticoagulants, and inhibit thrombin and fibrin polymerization.

2 - PLATELETS

Platelets are anuclear cells formed through the process of budding from

megakaryoc¡/tes, which are derived from hematopoietic pluripotent stem cells.ae Each

megakaryocyte is capable of producing approximately 2000 platelets, t0 in a process that

is controlled by the actions of the humoral factor thrombopoietin.sr The maturation of the

pluripotent stem cells into megacaryocytes and ultimate formation of platelets take

approximately 10 days.52 Once released, circulating platelets have a life span between 8

and 1 I days. They are removed from the blood stream due to their involvement in clot

formation at the site of vascular damage, or by sequestration in the spleen and liver.

2.I _ PLATELET STUCTURE

Platelets circulate as smalls discoids approximately 3 pm in diameter and 1 pm

thick. The outermost surface of the platelet plasma membrane is covered by the

glycocalyx, which is predominately the carbohydrate containing region. The plasma

membrane is composed of phospholipids, with the sphingomyelin and

phosphotidylcholine predominately located on the extracellular side, and

phosphatidylserine and phosphatidylinositol primarily located on the cytoplasmic side

where they serve as a potential substrate for phospholipases during platelet activation.s3-ss

Proteins with carbohydrate side chains known as glycoproteins (GP) are embedded

throughout the phospholipid bilayer. On the extracellular surface, glycoproteins acts as a



receptor for activators and inhibitors of platelet function. Intracellularly, they are

associated with the contractile system.

The platelet's shape is regulated by its cytoskeleton composed primarily of actin

filaments, actin binding proteins and a microtubular coil. Actin filaments crosslinked by

actin binding proteins and connected to GPIb/lX, stabilize the phospholipid bilayer.56-5e

The microtubular coil is composed of tubulin, and is located beneath the platelet

membrane where it serves to maintain the discoid shape of the unstimulated platelet.60-62

When platelets are activated, myosin associates with the actin filaments, and platelets

change their shape from discoid to spherical and finally filopodia and lamellipodia extend

from the surface.63

The surface of the platelet is invaginated with channels of the open canalicular

system (OCS). They are a storage site for membrane receptors and proteins.

Approximately 30Yo of the thrombin receptors are located in the membrane of the OCS of

resting platelets awaiting movement to the surface following activation. The OCS are

disgorged during platelet activation, thereby moving additional receptors to the surface. 6a

Receptors are also moved to the OCS in the process of down regulation following

activation. The dense tubular system (DTS) is located within close proximity of the OCS.

The DTS is derived from the smooth endoplasmic reticulum of megakaryoctyes, and is

similar in function to the smooth endoplasmic reticulum located in other cells. The DTS

is the major site of calcium storage with in the platelet. At rest, the Ca2*-ATPases pump

cytosolic calcium into the DTS where it is bound to calreticulin, a calcium binding

protein. Calcium is released when 1,4,5 trisphosphate binds to its receptor located in the



membrane of the DTS. The DTS is also the major site where enzyrnes involved in

prostaglandin synthesis are located.6s

Within the cytoplasrn of the platelet are mitochondria, glycogen particles,

lysosomes, peroxisomes, cr granules, and dense granules. Peroxisomes contain catalase.

Platelet lysosomes are smaller than those found in other cells but also contain acid

phosphatases, aryl sulfatase, B-glucuronidase, cathepsin, and B-galactosidase.66 The

peroxisomes and the lysosomes digest the material ingested by pinocytosis and

phagocflosis. The a granules store various platelet proteins: platelet factor 4, B-

thrornboglobulin, platelet derived growth factor, fìbrinogen, fibronectin, thrombospondin,

plasminogen activator inhibitor I, and von Willebrand factor (vWF).67 Dense granules

store adenosine diphosphate, serotonin, and calcium.ut Du.ing platelet activation, storage

granules fuse with the OCS and release their contents to recruit nearby platelets. The

strength of the agonist determines which of the granules are released. Dense granules are

released in response to the mildest agonists, cr granules require a higher concentration of

agonist and lysosornal granules are only secreted in response to powerful agonist such as

thrombin or high dose collagen.6e-71

3 _ THE ROLE OF PLATELETS IN THE HAEMOSTATIC SYSTEM

Platelets play a key role in the haer¡ostatic process through the prevention of

blood loss at the site of vascular damage. However, all vascular lesions are not the same,

and neither are the platelet responses to them. Platelets can have reversible or irreversible

responses, depending on the stimuli. Reversible responses are triggered by small defects

in the vasculature, such as a gap in the endothelial lining, and involve shape change,



adhesion, and primary aggregalion. The irreversible response includes secretion, which

enhances aggregation (secondary aggregation) and stabilizes the thrombus. The

irreversible responses are caused by strong stimuli, and result in the formation of a

haemostatic plug.

3.I _ SHAPE CHANGE

At rest, platelets circulate as discs with a smooth invaginated surface. Once

activated they undergo a series of morphological changes: rounding, spreading with

filopodia, and spreading with lamellipodia; Platelet activation increases cytosolic

calcium. Calcium binds to gelsolin causing a conformational change that allows gelsolin

to bind to actin filaments connected to the membrane skeleton.T2 Gelsolin severs the actin

filament and remains bound to the barbed end of the filament. The membrane skeleton

can now expand, the plasrna rnembrane flows outward, and the platelet rounds. Filopodia

are long thin extension with an actin core that extends from the centre of the platelet to

the filopodia tip, whereas lamellipodia are flat cytoplasmic veils. The actin assembly that

drives the fonnation of filopodia differs from that which drives the fonnation of

lamellipodia. It requires lengthening of actin filaments with coordinated uncapping,

whereas larnellipodia are fonned by filament fragmentation and extension at the plasma

membrane-actin filament interface.T3 Lamellipodia adhere to the wounded surface and

stop vascular leakage, while filopodia bind to fibrin and other platelets forming a three

dimensional clot.
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3.2 - ADHESION

The vessels of the vascular system are lined with endothelial cells. Darnage to the

endothelium can expose the sub-endothelium to the blood stream. Platelets adhere to

components of the sub-endothelium creatìng a physical barrier to prevent blood loss. The

sub-endothelium is composed of a diverse array of adhesive ligands: von Willebrand

factor, collagen, fibronectin, thrombospondin, and laminin.

Von Willebrand factor (vWF) is a complex glycoprotein located in the sub-

endothelium, plasma, and also is secreted by activated platelets. It supports adhesion to

the sub-endothelium even at high shear rates via its interaction with the platelet receptor

GPIb/V/IX.7a vWF also binds to the procoagulant factor VIII in the plasma, protecting it

frorn rapid clearance.

Collagen is the most thrombogenic component of the sub-endothelium. Types I,

III, IV, V, VI, VIII, XII, XIII, and XIV are found in the vessel wall. Platelets are able to

bind to soluble and insoluble collagen so long as it is in its native triple helix

conformation. Platelets interact with collagen via a2B1 and GPVI.is-78

Fibronectin is found in the cr-granules and plasma as well as in the sub-

endothelium. It supports platelet adhesion to the sub-endothelium under static,Te-81 and

flow82 conditions through its interactions with the platelet receptor o5B 1 . Fibronectin

also promotes the adhesion of platelets to non-fibrillar collagen type I and III.83'8a

Thrombospondin is found in the cr-granules, and is also synthesized and secreted

by the endothelial cells into the sub-endothelium. Platelets bind to thrornbospondin

through their GPIV receptor.

l1



Laminin consist of three distinct chains and interacts with collagen type IV and

heparin sulfate proteoglycans to fonn the basement membrane.st Platelets adhere to

laminin via ctóp1.

3.3 - AGGREGATION

Aggregation refers to the platelet-platelet cohesion leading to thrombus formation.

Platelets are tethered to the site of vascular damage through the process of adhesion, and

aggregate when additional platelets bind to them. Platelet aggregation requires fibrinogen

and calcium. Fibrinogen is a complex glycoprotein that is synthesized primarily in the

hepatic parenchymal cells and circulates in the plasma. The o-granules also store

fibrinogen, acquired by GP IIb/IIIa receptor mediated endocytosis.*u Fib.inogen does not

activate aggregation of unstimulated platelets, because the binding sites specific for

fibrinogen are not accessible. External calcium is necessary for the formation of the

heterodimer complex of GP IIb and GPIIIa,87 which will bind to fibrinogen.

Glycoproteins IIb and IIIa are moved to the surface following activation with agonists

such as ADP, epinephrine, collagen or thrombin. Platelets are linked together through

their bonds to fibrinogen, but this binding is reversible as such this primary aggregation is

referred to as reversible.

Weak agonist or low concentrations of strong ones cause reversible aggregation,

whereas stronger stimuli cause secondary aggregation that is associated with

prostaglandin synthesis and granule secretion. These messengers amplify the original

stimulus, recruit additional platelets, and strengthen the platelet-platelet cohesion at the

site of vascular damage.
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3.4 - SECRETION

The secretion of granule contents and prostaglandins attract more platelets to the

site of vascular damage enhancing platelet plug formation, and initiate cellular repair

mechanisms.

Preformed mediators are stored within the platelet's three types of storage

granules: lysosomes, cr and dense granules. The contents of the granules are released in

a process of exocytosis that differs from that of other cells in that the granules fuse with

the OCS instead of the plasma membrane.t'' 88 Th" granules are packed into the centre of

the platelet during agonist-induced shape change. Their movement to, and fusion with

the plasma membrane is prevented by the actin filaments.se The a-granules contain

proteins that enhance the adhesion, promote platelet-platelet cohesion, and stimulate

vascular repair.6t The contents of the dense granules primarily act to recruit platelets to

the site of vascular damage.68 Lysosomes contain glycosidases and protease, which are

released following platelet activation with strong agonists.6e

Activated platelets are capable of synthesizingand releasing platelet activators,

which arrplify the stimulus and recruit additional platelets to the site of vascular damage.

Prostaglandin G2, prostaglandinH2, Thromboxane A2, and platelet activating factor are

synthesized in response to an increase in cytosolic calcium following platelet activation.

4 - COLLAGEN

Collagen is the most abundant protein in the extracellular matrix. Its name is

more of a classification for proteins with a characteristic structure consisting of a triple

13



helix of polypeptide chains. Originally they were only thought to act as a scaffold

contributing to the stability and structural integrity of tissues. However, a ûtore through

understanding about the rnolecular structure of collagen has demonstrated that it is more

than a backbone for tissue.

4.I _ THE STRUCTURE OF COLLAGEN

All members of the collagen farnily possess a triple helix of polypeptide chains

however there is considerable variation in their size, function, and distribution. The

polypeptide chains, called a-chains, are charactenzed by having glycine every third

amino acid (Gly-X-Y)". The triple helix is right handed, and may be composed of three

identical a-chains or two or more different cr-chains. Each a-chain forms an extended

left handed helix with a pitch of 18 amino acids per turn.eo The three cr-chains coil

around a central axis. They are staggered by one amino acid, and assembled with glycine

in the centre and the more bulky amino acids on the outside.

4.2 _ COLLAGENS FOUND IN THE VESSEL WALL

Nine different types of collagen have been found in the vessel wall including:

types I, III, IV, V, VI, VIII, XII, XIII, and XIV. The individual types of collagen can be

grouped according to their structure and organization as: fibril-forming, fibril-associated,

network-forming, anchoring fibrils, and basement membrane.

Fibril-fonning collagens types I, III, and V are the most abundant collagens ìn the

vessel wall.el These collagens often combine to fonn large bundles or frbers. Fibers of

types I and III collagen are the most abundant in the vessel wall.

14



The basement membrane is prirnarily composed of type IV collagen. This type a

collagen has a flexible helix that allows it to fonn a meshwork.

Collagen type VI has a short triple helix, and can combine to form microfrbrils

that act as anchors linking collagen fibers.e2

Collagen type VIII, originally called EC collagen because vessel-derived

endothelial cells were shown to produce it, forms a hexagonal network.

The collagen type XII and XIV are fibril-associated collagens. The triple helix of

these collagens is intemrpted by domains that do not form a helix. These areas may

function as a hinge allowing the molecule to be flexible,e3 however they also act as a

potential site for proteolytic cleavage. Native triple helices are resistant to proteases,e4

and can only be degraded by specific collagenases. These collagens associate as a single

molecule anchoring other collagen fibers in a defined three dimensional pattem

throughout the matrix.es

4.3 _ PLATELET-COLLAGEN INTERACTION

Of all the collagens reported in the vessel wall, platelet collagen interactions have

only been reported for collagen types: I, III, lV, V, VI, and VIII. Platelets were shown to

adhere to all of these types of collagen, but most strongly to types I, III, and IV and only

under static conditions to type V.e6 Collagen types I, II, III, IV, V, and VI induce platelet

aggregation and secretion.eT-104

4.4 - COLLAGEN RECEPTORS
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Over the years, many different receptors for collagen have been proposed

including: p65, GPIV, GPV, GPVI and Integrin u2þ1.

4.4A - p65

p65 was initially proposed to be a collagen receptor in the mid I980s, and was

later cloned in 1997.t0s It has three transmembrane segments but no distinguishing motifs

to suggest any likely mechanism of intracellular signaling. p65 binds to type I collagen

but not type III, and as such is unlikely to be a universal receptor for collagen.l0s

4.48 _ GLYCOPROTEIN IV

GPIV binds to collagen and was proposed to be a collagen receptor because it

associates with the Src kinases and antibodies to GPIV inhibited the collagen t"sponr".'06'

107 It is no longer believed to play a rnajor role in collagen activation because it has been

found that 3 Io 5o/o of the Japanese population lack GPIV and yet do not suffer from

bleeding disorders. Furthermore, rnice and human platelets that lack GPIV have normal

collagen responses.I04' I08' I09

4.4C _ GLYCOPROTEIN V

GPV binds collagen, and forms a non-covalently cornplex with GPIb-lX in the

platelet membrane.l l0' I I I Platelets from GPV knock-out mice have reduced collagen

adhesion and activation.ì I I These platelets have an increased sensitivity to GPVI

antibodies, which has led to the suggestion that GPV facilitates GPVI interaction with

collagen.
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4.4D - GLYCOPROTEIN VI

A role for GPVI in collagen signaling was first proposed by the identification of a

patient with immune thrombocytopenia purpura and platelets that were unresponsive to

collagen. Serum from this patient contained antibodies to a 62 kDa platelet protein that

was found to be present in healthy individuals but absent in this patient.ll The antigen

was initially named p62, and proposed to be a receptor for collagen. F(ab)2 fragnents in

the serum from this patient were found to activate the platelets of healthy individuals

causing: thromboxane Bz synthesis, increased cytosolic calcium, and phosphorylation of a

40 kDa protein; whereas administering the F(ab) fragment prevented collagen-induced

activation in healthy individuals .71 ln 1989, Moroi et al. identified another individual

with platelets that were uffesponsive to collagen. It was found that this patient's platelets

did not express GPVI and were unresponsive to the antibody isolated from patient

identified by Okuma et al. 1987, indìcating that p62 and GPVI were the same protein.T8

Glycoprotein VI is a 62 kDa,58 kDa after reduction, platelet membrane

glycoprotein mapped to 19ql 3.32-q13.33.r'2'll3 Lnmunoprecipitation indicates that

GPVI is associate with the FcR y-chain."a GPVI has two immunoglobulin-like

extracellular domains that are fonned by disulfide bonds and a mucin-like stalk that is

Ser/Thr- rich. A positively charged arginine within the transmembrane region of GPVI is

essential for its association with the FcR y-chain via a salt bridge to an aspartic acid

residue.lls'lló Hutnan GPVI has a 51 amino acid cytoplasmic tail. The first six

juxtamembrane amino acids are also essential for GPVI's association with the FcR y-

chain.ltT Neu. the transmembrane domain is a basic amino acid rich region that serves as
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a calmodulin-binding domain.ìr8 In the middle of the cytoplasmic tail is a proline-rich

motif that binds to the Src homology 3 (SH3) domain of the Src family tyrosine kinases

Fyn and Lyn."n

4.48 - INTEGRIN a2B1

Integrin a2þ7, is also known as GP Iallla and very late activation antigen-2

(VLA-2). The apparent molecular weight, under reduced conditions, of the a2 (GPIa)

and the B1 (GPIIa) subunits are 165 kDa and 130 kDa respectively. Integrin c2B1

mediates the adhesion of platelets to collagen in a Mg2* dependent manner.7s,76

4.5 _ MECHANISM OF COLLAGEN RECEPTOR PLATELET ACTIVATION

4.5A _ GLYCOPROTEIN VI

GPVI is activated by collagen, collagen related peptides,l20'l2l and the snake

venom protein Convulxin.t22 Thereceptors cluster and migrate to areas of the platelet

membrane known as lipid rafts where they come into contact with the Src kinases.l23-126

The Src kinases Fyn and Lyn, tyrosine phosphorylate the ITAM domain on the FcR y-

chain.t2a'121't28 The SH2 domains of the tyrosine kinase Syk binds to the phosphorylated

ITAMs, and are activated. Once activated, Syk recruits the adaptor proteins LAT and

SLP-76, which aid in the recruitment and activation of other proteins: phosphoinositide-3

kinase (PI 3-kinase), Grb2, Vav, WASP, protein kinase C, and ultimately phospholipase

Cy2; PI3-kinase generates the second messengers phosphatidylinositol 3,4,5-

trisphosphate (PIP3). It has been proposed that PIPg leads to the activation of
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phospholipase Cy2 through its recruitment to the rnembrane, and or through the activation

of the Tec tyrosine kinase Btk.r2e-r3r Phospholip ase Cy2 (PLC) hydrolysis of

phosphatidylinositol 3,4-bisphosphate (PIP2) leads to the formation of inositol 7,4,5-

trisphosphate (lP3) and 7,2-diacyglycerol (DAG).r32''" IP, induces the release of

calcium from the dense tubular system (DTS),134'l3s while DAG activates protein kinase

C.ì3ó The activation of these pathways in the platelet ultimately results in an increase in

cytosolic calcium, generation of thromboxane 42, shape change, secretion, and platelet

aggregation.

4.sB - INTEGRIN a2B1

The role of integrin cr2B1 in collagen-induced platelet activation has been

controversial. It was the first collagen receptor to be identified when it was reported that

the platelets from two individuals with low levels of integrin o2Bl had either no or a

reduced response to collagen.l3T' 138 Its role in the collagen-induced activation was

brought into question by the observation that one of the individuals' collagen response

could be restored by thrombospondin-l, and the other was found to be deficient in other

adhesion molecules.l3s Furthermore, mice platelets lacking integrin a2B1 had a collagen-

induced aggregation that, although delayed, was largely unaffected by the absence of the

receptor. I 3e' 140 This data suggested that the role of inte grin a2þ1 was in the adhesion of

platelets to collagen and not their activation. It was suggested that integrin a2B1 adhered

the platelets to collagen and their activation was mediated through the activation of GPVI.

However this theory suggested that integrin a2þ1 adherence precedes GPVI activation,

which was challenged by the finding that integrin cr2Bl binding follows platelet
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activation.lo' More recently it has been shown that integrin a2Bl activation of adhered

platelets activates the src kinases and ultimately phospholipase cy2.'o' Gpvl and

integrin a2B1 have similar levels of expression on the platelet surface.la3 In attempts to

highlight the role of integrin u2þl in the collagen activation of platelets, mice were

generated with an integrin o-2þl1GPYI ratio of 50:1. The collagen response of these

platelets were relatively preserved compared to wild type, suggesting that integrin o2B I

does play a role in platelet activation though normally obscured by that of GPVI.raa

These findings have led to the revision theory for collagen activation of platelets whereby

GPVI provides the initial signal that activates integrin a2þ1, which stabilizes adhesion to

collagen and amplifies collagen activation via a common intracellular pathway.laa

5 _ PLATELET CALCIUM HOMEOSTASIS

Calcium is an important second messenger in the platelet activation cascade. An

increase in cytosolic Ca2'mediates processes such as: shape change,l4s secretion of

storage granules,l46 aggregation,laT phosphorylation of MLC,la8 activation of pLA2,lae

activation of PKC,ìs0 activation of phosphorylase b kinase,l5l activation of calpain,ls2 and

the disassembly of microtubules. I 53

The average total platelet Ca2* concentration (lCa'*]) is in the mM range, however

at rest platelets maintain a cytosolic Ca2* concentration ([Ca2"];) of approxirnately 100

nM.l5a The remainder of the platelet Ca2* is sequestered in the mitochondria, storage

granules, and the dense tubular system. The resting [Cu'*], is maintained by a balance

between ca2* efÍlux via the plasma membrane ca2* - ATpases and the Na*/ca2*

exchanger, and uptake into the intracellular stores by the sarco/endoplasrnic reticulum
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Ca2*-ATPases (SERC A) 2b, and 3.'tt-'tt Plut"let [Ca2*]¡ is not uniform because of these

homeostatic processes. If maintained long enough, it is possible that the resulting

transient gradients may influence intracellular processer.tte

The activation of platelets by an agonist (eg. thrombin, collagen, ADP, TXA2,

PAF) evokes a rise in [Ca2*]¡ due to the release of stored Ca2* from the DTS and the

influx of extracellular Ca2* across the plasma membrane.

5.1 _ CALCIUM RELEASE FROM THE DTS

The presence of an intracellular pool of Ca2* that plays a role in platelet activation

was initially suggested by the observation that the platelet responses attributed to

elevations in [Ca2*]¡ occur in the absence of external Ca2+.rs4 Perhaps more persuasive

were the observations that in the absence of external Ca2* the Ca2* ionophores activate

platelets, and an agonist-increase in [Cut*], for quin-2 loaded platelets.l5a

The dense tubular system is the major storage site for intracellular Ca2* in

platelets. It is estimated to contain 10-20 mM Ca2*, howevermost of it is reversibly

bound to a calsequestrin-like molecule resulting in a free lCu'*l,in the pM range.lsa'ló0

Phospholipase C activation, following the binding of an agonist to its receptor, leads to

the hydrolysis of phosphatidylinositol4,5-bisphosphate (PIP2) resulting in the formation

of inositol 1,4,5-trisphosphate (lP3) and 1,Z-diacyglycerol (DAG). The DTS has rwo IP3

receptors IP¡RI and IP3RII.Iól' 162 
IP3 binds to its receptors and triggers the release of

Ca2* from the DTS and an increase in platelet [Cu'*],.

21



5.2 _ CALCIUM INFLUX

Ca2* influx from the extracellular milieu is an irnportant component to the agonist-

induced increase in [Ca2*]¡: agonist-induced Ca2* influx has been demonstrated using

4sca2+'t63' l6a an early agonist-evoked [Ca2*]¡ signal has been found to be dependent on the

presence of external Ca2* using stop-flow fluorescenc e't6s-167 and thrombin evokes a rise

in [Ca2*]¡to -3 pM with 1 mM Ca2* in the external media, as compared to 200-300 nM

when there is -50 nM external Ca2*.rs4

Agonist-induced Ca2* influx occurs following the binding of the agonist to its

receptor, and as such is termed receptor-mediated Ca2* entry ßMCE). There are several

RMCE mechanisms: receptor-operated channels (ROC), store-operated channels (SOC),

and voltage-operated channels (VOC); activation of one or more of the RMCE

mechanisms is involved in agonist-induced platelet Ca2* influx, but not VOC as discussed

below.

5.2A _ VOLTAGE-OPERATED CHANNELS

Voltage gated Ca2* channels are not one of the RMCE pathways in platelets.

Agonist-induced activation of platelets evokes a depolarization of 5-10 mV above the

platelets resting membrane potential of -70 mV.l68 This amount of depolanzation is not

sufficient to activate VOC. Increasing the external concentration of K* to elicit

depolarization does not increase ¡Ca2*]i,'6e but rather reduces the agonist induced increase

in [Ca2*];by reducing the driving force for Ca2n entry.l66 Platelets do not have binding

sites for the voltage-gated Ca2* channel antagonists verapamil and nitrendipine, and these

drugs do not inhibit Ca2* entry at concentrations that are effective in excitable cells.l70'l7l
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5.28 _ RECEPTOR-OPERATED CHANNELS

The opening of receptor-operated channels (ROC) is a direct consequence of the

binding of an agonist to its receptor that induces a conformational change in a channel

opening it to allow influx. The activation of ROCs by ADP was demonstrated using the

patch-clamp technique with human platelets. A single inward channel current occurs in

response to ADP in the pipette filling solution, but not the bath solution, thereby

confirming the activation of a ROC and not a second mediator effect.tlz The channel is

non-selective as indicated by the estimated reversal potential near 0 mV, and substitution

of ions indicate that it is permeable to cations but not anions. The ROC activated by ADP

has been identified as the purinoceptor P2¡¡,173 and allows the influx of Caz* and Na* into

the platelet .'166' 
t74

The transient receptor potential (TRP) proteins are non-specific cation channels.

TRP canonical (TRPC) proteins have six transmembrane repeats. TRPC3 and TRPCó are

ROC found in the platelet plasrna membrane.t1s'116 These channels are activated by

DAG, which is generated through the activation of phospholipase C subsequent to the

binding of an agonist to its receptor.

5.2C _ STORE-OPERATED CHANNELS

The opening of store-operated channels (SOC) is dependent on the state of fìlling

of the intracellular Ca2* store, which directly causes a confonnational change in the

channel allowing influx. This 'capacitative Ca2* entry' hypothesis was originally

proposed in 1986 by Putney,ttt and later renamed store-operated Ca2* entry (SOCE).
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SOCE provides Ca2* for the re-filling of stores, as well as a sustain ed Ca2* signal for

other cytosolic processes. Several mechanisms have been proposed for the activation of

SOC including: calciurn influx factor (CIF) produced in response to store depletion,

displaces inhibitory calmodulin from Ca2n independent phospholipase A2 (iPLA2)

resulting in the production of lysophospholipids that activate SOC;178 a direct protein-

protein interaction between the IP:R and the SOC;l7e changes in cGMP;r80

phosphorylation by tyrosine kinase;rsr channel insertion by membrane trafficking and

vesicle fusion;r82 SOC activation by cytochrome P450 or one of its products.ls3

The Ca2* release-activated Ca2* ICRAC) channels are a type of SOC that has an

extremely high selectivity for Ca2* and a low conductance. Patch-clamp studìes have

suggested that the high Ca2* selectivity of CRAC channels is due to acidic pore residues

that bind Ca2* and block the permeation of monovalent cations.lsa Orail/CRACM1, a 33

kDa plasma membrane protein with 4 transmembrane segments, has recently been

identified as a component of CRAC channels.lss-187 Orail has a high Ca2* selectivity, and

over expression of it results in large CRAC currents.ì88 Orail can form multimers,lse-tet

and CRAC channels have been proposed to be a multimer of Orail alone or in

combination with its closely related homologues Orai2 or Orai3. Stromal interaction

molecule 1 (STIMI) is a77 kDa protein that has been found in the plasma membrane and

the intracellular membrane of the endoplasrnic reticulum and DTS. tez' te3 It has a single

transmembrane domain and an EF-hand domain, which acts as a Cazn sensor at the N-

tenninus located within the lumen of the endoplasmic reticulum.'n' In response to store

depletion, STIMI redistributes within the endoplasmic reticulum to areaneal the plasrna

membrane,tea and Orail redistributes within the plasma membrane to areas near
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STIM1.le5' le6 There is an increase in the STIMI and Orail co-immunoprecipitation

following store depletion suggesting that STIM I activates Orai I through a direct protein-

protein interaction. I 8e

TRPCl is a SOC, found in the plasrna membrane of platelets.'76 Inhibiting

TRPCI with an antibody directed towards the pore-forming region of the protein,

prevents Caz* entry activated by store depletion.'et Stor" depletion leads to the

translocation of STIMl to the plasma membrane, which aids in the coupling of IP3RII and

TRPCl and the activation of SOCE in human platelets.res

THE SODIUM-CALCIUM EXCHANGERS

The sodium-calcium exchangers are bi-directional transporters of either Na* in

exchange for Ca2* (Na*/Ca2* exchanger) or Na* in exchange for Ca2* and K* CNa*/Ca2*-

K* exchanger).

6 _ THE NA*/CA2*-K* EXCHANGERS

The Na*/Ca'n-K* exchanger (NCKX) is a bi-directional transporter of Na* in

exchange for Ca2* and K* across the cell membrane with a transporl stoichiometry of 4

Na* to I Caz* and 1 K*.lee-201 lts mode of action is detennined by the Na*, Ca2* and K*

gradient and the membrane potential of the cell. The exchanger has an N terminal

extracellular loop and an extracellular C terminus. Two sets of 5 transmembrane domains

are separated by a large intracellular loop. Similar to the Nan/Ca2* exchanger, there are

two o repeats. One is between TMS 2 and 3, the other between TMS 8 and 9.202
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Six members of the NCKX farnily have been cloned. NCKX1,20', NCKX2,203

NCKX3,20o NCKX4,tO5 NCKX5 , and NCKX6.20ó NCKXl is from l5q22,NCKX2 from

9q22, NCKX3 from 20p11, NCKX4 from 14q32, NCKX5 from 15q21.1, and NCKX6

from 12q24.13. NCKXl is found in retinal rod photoreceptors, and its mRNA has been

found in platelets.2oT

The NCKXl plays an important role in the Ca2* homeostasis of rod

photoreceptors. It and the cGMP-gated channels are located in the plasma membrane of

the rod outer segments.208'20e Caz+ efflux is through the NCKX ,1ee,200 and Ca2* influx is

through the light sensitive cGMP-gated channel.2lO In darkness, Ca2* enters through the

light sensitive cGMP-gated channel and is removed by the NCKX. Exposure to light

closes the cGMP-gated channels, inhibiting Ca2* influx, while cytosolic Ca2* is lowered

via the NCKX. Reduced cytosolic Ca2* stimulates cGMP-gated channels to open in a

negative feedback mechanism that is believed to contribute to the process of light

adaptation.2ll

6.T - FUNCTIONAL REGULATION OF THE NCKX

The a repeats of the NCKX are believed to be the site of binding and exchange of

ions. The NCKX requires Na* and can not be substituted with another cation. K* can be

replaced with Rb* or NHa*, and Ca2* can be replaced with Sr2*. Replacing Ca2* with

Mg'*, Mn2* or Ba2n will bind to the Ca2* binding site and inhibit the NCKX.212
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6.2 _ PHARMACOLOGICAL MODIFICATION OF THE NCKX

The NCKXl is inhibited by L-cis ditiazern, tetracaine, and the amiloride

derivative 3',4'-dichlorobenzamyl.2t3'?t4 However the concentrations of the inhibitors

required to block the NCKX1 are larger than those that inhibit c-GMP gated channels.

7 _ THE NA*/CA2+ EXCHANGERS

The Na*/Ca2* exchanger is a bi-directional transporter of Na* in exchang e for Ca2*

across the cell membrane. The direction or mode of action is determined by the Na* and

Ca2* gradient and the membrane potential of the cell. In resting cells, the Na*/Ca2*

exchanger functions in the forward mode exporting Ca2* from the cytosol thereby aiding

to rnaintain the 104-fold difference in Ca2* concentration across the cell membrane.

Reverse mode Na*/Ca2* exchange 1Ca2* influx) is rnediated by a suffìcient increase in

intracellular Na* or membrane depolarization. The ratio of Na* to Ca2* exchange is

generally accepted to be 3:1 ,2ts'2t6 however it has been shown that depending on the

intracellular concentration of Na* and Ca2* the ratio can vary from 1 :1 to 4: 7 .2t7 '218

Three members of the NCX family have been cloned. NCXl,t'n NCX2,220 and

NCX3,22| are products from three different genes: NCX1 from 2p23p22, NCX2 from

19q13.3, and NCX3 from 14q24.1; NCXI is expressed in many tissues throughout the

body, but in the largest proporlion within the heart. NCX2 and NCX3 are predominantly

found in the brain and skeletal muscle.22O'221 With respect to the amino acid sequence:

NCX1 is 65Yo identical to NCX2, 73o/o identical to NCX3, and NCX2 is75%o identical to

NCX3.22l All three NCXs have similar functional properties,222 andthe same membrane

topology.
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The NCX has nine transmembrane segments (TMS), and a large intracellular loop

named the f loop between TMS5 and TMS6. The f loop plays an important role in the

modulation of NCX function, but is not involved in the translocation of ions.

Cytoplasmic modulators such as: ATP, phosphatidylinositol 4,5 bisphosphate (PIP2),

protein kinase A (PKA), protein kinase C (PKC), Ca2* and Na* bind to discrete domains

along the f loop and regulate NCX activity. Near the C terminus of the intracellular loop

is a region encoded by up to six exons A to F. Different variations of these exons result

in the altemative splice variants of NCX. Tissue specific splice variants have been found

for NCXl and NCX3, but as of yet none for NCX2. There are two a repeats between

TMS 2 and 3 and TMS 7 and 8, which have been implicated as the site for ion binding

and transport.223 Tlhe amino terminus is extracellular, and the carboxyl tenninus is

intracellular.

7.T - FUNCTIONAL REGULATION OF THE NCX

The activity of the NCX is regulated by calciurn, sodium, hydrogen, ATP, PIP2,

PKA and PKC.

7.IA - CALCIUM

The transport of Ca2* by the NCX is regulated by the binding of intracellular Ca2*

to a site distinct from the one required for the transport of Ca2*. The Ca2* regulatory site

is located in the centre of the f loop. The NCX is activated by 0.1 - 0.3 pM ¡Cu'*1,,"0,"t

and is blocked by the removal of intracell ular Ca2* .226
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7.IB - SODIUM

Intracellular Na* regulates the transport of Na* by the NCX. An increase in

intracellular Na* leads to its binding to the Na* transport site. This initially activates the

NCX to rapidly transport Na* out of the NCX in exchange for Ca2*, followed by

inactivation of the exchanger.22s

7.IC- HYDROGEN

Increases in intracellular H* inhibit the NCX,227 but depend on the presence of

intracellular Na*.228 Reducing pH; can decrease NCX activ ity by 90%.

7.1 - ATP, PIP2, PKA and PKC

ATP increases the production of PIPz fì'om phosphatidylinositol.22e PIP2 interacts

with the XIP region of the f loop preventing its inactivation as well as stimulating the

NCX.

ATP can activate PKC and PKA directly, or by activating G-protein coupled

receptors. Phosphorylation of the NCX increases its activity by increasing the affinity for

intracellular Ca2* and extracellular Na*, and decreasing NCX inhibition by intracellular

Na

7.2 - PHARMACOLOGICAL MODIFICATION OF THE NCX

Ca2* is an important second messenger in signaling processes at the cytoplasmic

and nuclear levels. The NCX plays a key role in the regulation of the concentration of

intracellular Caz*, thereby making it an attractive pharmacological Target. Given the bi-
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directional nature of the NCX, the ultimate effect an inhibitor has wìll depend on the

NCX mode of action at the time. In the circulatory system, under normal physiological

conditions the NCX functions in the forward mode removing intracellular Caz*.

Inhibiting the NCX will increase intracellular Caz* ,leading to cardiotonicity and

hypertension. During pathophysiological conditions such as ischemia/reperfusion injury,

the NCX functions in the reverse mode increasing intracellular Caz*.ln this instance,

inhibiting NCX function is expected to guard against Ca2* overloading.

Some of the NCX inhibitors that will be discussed here include: divalent cations,

trivalent cations, endo genous ex change inhibitory peptides, ami I ori de derivati ves

(CBDMB), and benzyloxyphenol analogs (KB-R7943, SEA 0400, and SN-6).

7.24_ DIVALENT AND TRIVALENT CATIONS

Divalent cations are able to inhibit NCX function,23O either through a direct action

on the exchanger (Cdt*, Co2* , Zn2* , and Ni2") or by replacing the Ca2* ions as a substrate

for the NCX (Ni2*, Mn2*, and Cd2n). However these inhibitors are non-specific to the

NCX and block other ion channels as well.

Trivalent cations (Lu'*, Nd3*, T-'*, and Y3*) inhibit the NCX,23l however they

are also capable of inhibiting other Ca2* transporling systems such as voltage gated Ca2*

channels and the Ca2* ATPa se.232'233

7.28 _ ENDOGENOUS EXCHANGE INHIBITORY PEPTIDES

Synthetic peptides with the sarne amino acid sequence as a 20 amino acid portion

of the f loop, XIP, inhibit the NCX.234'23s The three NCXs have homologous XIP regions
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located near the N terminus of the f loop. The corresponding peptides (XIPl, XIP2, and

XIP3), have some residue variation despite their well conserved sequences. It has been

proposed that the binding of XIP to its binding site induces a conformational change in

the C terminal portion of the f loop that results in an inhibition of the exchanger.23s

7.2C _ AMILORIDE DERIVATIVES

Amiloride and amiloride analogs were initially shown to inhibit epithelial Na*

channels of the kidney.236 Subsequently, they have been shown to inhibit Na*/H*

exchangers, voltage gated Ct* channels, and the NCX. The amiloride derivatives inhibit

NCX functioning in the forward,237 or reverse mode.238 This inhibition is reversible, and

competitive with respect to Na*. It has been proposed that the amiloride derivatives act as

Na* analogs binding to the Na* binding site reversibly inactivating the NCX. Of the

arniloride derivatives CBDMB (5-(-4-chlorobenzyl)-2',4'-dimethylbenzamil) is the most

specific inhibitor of NCX (KDso is 7.3 ¡rM).'3e CBDMB does not inhibit Na*/H*

exchangers (KDso > 500 ¡"rM), or the epithelial Na* channels (KDso > 400 pM).'oo

7.2D _ BENZYLOXYPHENOL ANALOGS

7.zDt - KB-R7943

KB -R7 943 (2 -12-14- (4-ni trobenzyl oxy)phenyl I ethyl I i sothi ourea, a

methanesulfonate derivative, is a reverse mode selective NCX inhibitor with an IC5¡ in

the low pM range. It is 3 times more inhibitory to NCX3 than to NCXl or NCX2.230 At

concentrations up to 10 pM, KB-R7943 does not inhibit the Na'/H* exchanger, Na*/K*-
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ATPase, and the Ca2*-ATPar".'*' KB-R7g43 binds extracellularly to the cx.2 repeat,

between TMST and TMS8, of the NCX. It is believed that KB-R7943 inhibits the

transport of ions by blocking the pore. KB-R7943 has also been shown to have inhibitory

actions on voltage gated Ca2* channels, receptor operated channels, nicotinic

acetylcholine receptors,24z andNMDA channels.2a3 At 3 pM KB-R7943 also been shown

to have inhibitory actions on muscarinic acetylcholine receptors,2a leukotriene 84,

platelet activating factor receptors, and norepinephrine transport.2ao At 10 ¡rM it has been

shown to inhibit store-operat ed Caz* channels.2at At 30 pM it has been shown to inhibit

adrenergic receptors (o1 and B2), bradykinin B¡ receptors, phospholipase 42,

phospholipase C, 5-lipoxygenase, and constitutive nitric-oxide synthase.2aa

7.2D2 - SEA0400

SEA0400 (2-14-l(2,5-difluorophenyl)-methoxyl-phenoxyl-5-erhoxyaniline), is a

reverse mode selective NCX inhibitor that is 80-100 times more powerful than KB-

R7943. SEA0400 is more inhibitory to NCX1 than NCX2, and has no effect on NCX3.

In transfected Chinese hamster lung fibroblast CCL39 cells, SEA0400 was shown to

have a KD56 of 56 nM for NCXI and a KD56 of 980 nM for NCX2.246 SEA0400 does not

inhibit: Na*/H* exchanger, Na*/K*-ATPase, ca2*-ATpase, L-type ca2* channels, N-type

Ca2* channels.2aa At concentrations up to 3 pM SEA 0400 did not inhibit store-operated

Ca2* channels, but did inhibir them at 10 pM.2aa Ar 30 pM, SEA0400 inhibited

I eukotri ene B¿ and norepinephrin e transport. 2aa
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7.2D3 - SN-6

SN-6 (2-[4-(4-nitrobenzyloxy)benzyl]thiazolidine-4-carboxylic acid ethyl ester) is

a reverse mode selective NCX inhibitor that is believed to bind near the XIP region .'o' In

transfected Chinese hamster lung fìbroblast CCL39 cells, SN-6 was shown to have a

KD56 of 2.9 ¡rM forNCX1, 1.1 ¡rM forNCX2, and 8.6 pM forNCX3. SN-6 at

concentrations up to 30 ¡rM does not inhibit: Na*/H* exchanger, Na*/K*-ATPase, Ca2*-

ATPase, adenosine receptors, adrenergic receptors, glutamate receptors, bradykinin

receptors, L-type Ca2* channels, N-type Ca2* channels, Na* channels, and K* channels;2a7

SN-ó did however inhibit the muscarinic acetylcholine receptors with an IC56 of l8

lru.'o'

7.3 - THE NCX IN PATHOPHYSIOLOGICAL CONDITIONS

The Na*/Ca2* exchanger plays an important role in calcium homeostasis during

nonnal physiological conditions. In some pathophysiological conditions, the function of

the Na*/Ca2* exchanger has been shown to be altered.

In the generation of a cardiac arrhythmia, there is a reduction in forward mode

and/or an increase in reverse mode Na*/Ca2* exchange ultimately resulting in calcium

overload of the sarcoplasmic reticulum (SR¡.2+a-zso SR calcium overload leads to

spontaneous waves of calciurn induced calcium release,2sl which activates the Na*/Ca2*

ex chan ger producing arrh¡hmo geni c earl y aft erd epol arizati ons and del ayed

aft erd ep o I a nzati on s.2 
s2

Reverse-mode Na*/Ca2* exchange has been implicated in: the calcium overloading

of cardiac myocytes during ischemia-associated reperfusion injury;253'2sa salt sensitive

JJ



vascular hypertension;2ss idiopathic pulmonary arterial hypertension;256 and white matter

damage during optic nerve anoxia,zsl' 2s8 spinal cord injury,'se and stretch-injured

u*ons.tuo

In the case of diabetes mellitus, our laboratory has previously shown that the

Na*/Ca2+ exchanger functions in the reverse mode increasing platelet cytosolic calcium

thus making the platelet more sensitive to activation and prone to form unwanted micro-

thrombii.6
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STATEMENTS OF THE PROBLEMS AND HYPOTHESES

8.1 - STATEMENTS OF THE PROBLEMS

There are two possible components to agonist-induced increase in platelet

cytosolic calcium: calcium entry across the plasma membrane and calcium release

from intracellular stores. Collagen has been shown to induce an increase in

cytosolic calcium,4 however the source has yet to be quantified.

Calcium has been implicated as an important mediator in the activation of

platelets, but initial reports indicated that collagen activation of platelets could

occur in the absence of a measurable change in cytosolic calcium.t33'26t,262

Advances in the techniques to measure changes in cytosolic calcium have shown

that calcium is required for collagen-induced dense granule secretion and

arachidonic acid liberation,263 but its absolute requirement for platelet aggregation

still needs to be established. If the collagen-induced aggregation of platelets

requires an increase in cytosolic calcium, then the mechanisms responsible for the

increase in calcium are potential anti-thrombotic targets.

At Iower concentrations, many of collagen's effects are enhanced by its

production of thrombo *un".e'' 132' 264'tut Th" collagen-induced increase in

cytosolic calcium can be depressed by inhibiting the production of thromboxane

via the pre-treatment of platelets with cyclo-oxygenase inhibitors, such as
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aspirin.a'266'261 The role thromboxane plays in the collagen-induced change in

cytosolic calcium needs to be clarified.

Previous work performed in our laboratory showed that the collagen-induced

increase in cytosolic calcium is reduced by the Na*/ca2* exchanger inhibitor

CBDMB, suggesting a possible role for reverse mode Na*/Ca2* exchange in the

collagen-induced increase in cytosolic calcium.6 Thrombin, another powerful

agonist of platelets does not reverse the Na*/Ca2 exchange during its activation of

platelets.6 Further study is required to establish the role of reverse Na*/Ca2*

exchange as a mechanism involved in the collagen activation of platelets.

Reverse mode Na*/Ca2* exchange has been observed in rnany pathological

conditions. In the case of diabetes mellitus, reverse mode Na*/Ca2* exchange

contributes to an elevated cytosolic calcium and reduced threshold for activation.6

In this disease, platelets are hypersensitive and prone to form micro-thrombii.

One of the rnajor causes proposed for the development of micro-vascular

cornplications in diabetes is due to tissue ischemia resulting from platelet micro-

aggregate fonnation.T Studying the mechanism of collagen-induced Na*/Ca2*

exchanger reversal would provide insight into the possible mechanisms involved

in Na*/Ca2* exchanger reversal in diabetes mellitus, as well as possible targets for

therapeutic interventions. The theory is that preventing the formation of micro-

thrombì would prevent or delay the onset of the micro-vascular complications

associated with diabetes.
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. Platelet membranes have long been known to contain Na*/Ca2* exchangers.l56' 268

There are two classes of Na*/Ca2* exchangers: the K*-independent Na*/Ca2*

exchanger (NCX), and the K*-dependent Na*/Ca2* exchanger (NCKX). Previous

studies by Kimura et al, demonstrated that the human platelet contains NCKXI

mRNA and requires K* for its transport .207'26e However, previous studies

performed in our laboratory suggested that under certain conditions K*-independent

Na*/Ca2* exchange may also play arole in platelet activation. In order to effectively

target platelet Na*/Ca2* exchangers we need to fully charactenze them.



8.2 - HYPOTHESES

. Collagen-induced aggregation of human platelets requires an increase in cytosolic

calcium.

o Collagen activation of platelets involves the reversal of the Na*/Ca2* exchanger,

which leads an influx of calcium from the extracellular milieu.

. Thromboxane enhances the collagen activation of platelets by causing an influx of

sodium triggering the reversal of the Na*/Ca2* exchanger.

o The sodium influx that triggers the reversal of the Na*/Ca2* exchanger following

the administration of collagen, is due to the activation of TRPC6 non-specific

cation channels. Therefore, inhibiting TRPC6 will reduce the collagen-induced

increase in cytosolic calcium.

o The human platelet expresses K*-independent Na*/ca2* exchangers, which

function in the reverse mode to increase platelet cytosolic calcium following the

adrnini stration of coll agen.
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8.3 - OBJECTIVES

o Quantify the source of the collagen-induced increase in cytosolic calcium in human

platelets.

o Determine if collagen-induced platelet aggregation requires an increase in cytosolic

calcium.

o Determine the mechanism responsible for the collagen-induced increase in human

platelet cytosolic calcium.

o Ascedain what role thromboxane plays in the collagen-induced increase in cytosolic

calcium.

o Establish that collagen induces the reversal of the Na*/Ca2* exchanger resulting in the

influx of calcium from the extracellular milieu.

o Determine if collagen-induced reversal of the Na*/Ca2* exchanger is due to an influx

of sodium that is able to change the exchangers' mode of action.

o Determine if the collagen-induced activation of non-specifìc cation TRPC6 channels,

play a role in the collagen-induced sodium influx and subsequent reversal of the

Na*/Ca2* exchanger.

r To charactenze the type of Na*/Ca2* exchangers expressed in the human platelet, and

determine what role they play in the collagen-induced change in cytosolic calcium.
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Reverse mode Na*/Ca2* exchange in the collagen activation of

human platelets

Diane E. Roberts and Ratna Bose

Annals New York Academy of Sciences. 2002.976:345-349. All rights reserved. Used

with permission.
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9.I - INTRODUCTION

Calcium is an essential second messenger in the activation of platelets. Elevations

in cytosolic calcium influence almost all of the platelet responses to stirnulation

including: shape change, secretion, and thrombus formation.270 Activation of platelets by

collagen has been shown to cause an increase in cytosolic calcium. There are two

components to the increase in platelet cytosolic calcium in response to activation: calcium

entry across the plasma membrane and calcium release from intracellular stores.267'270

The purpose of this study was to quantify the source of the collagen-induced

increase in cytosolic calcium in human platelets, and to determine what role sodium plays

in that increase.

9.2 - METHODS

Blood was drawn from human volunteers into EDTA containing vacutainer tubes.

Platelets were isolated by centrifugation, re-suspended in autologous platelet poor plasma,

and incubated for I hour at 37o C with Calcium-Green-AM (20pM) and Fura-Red-AM

(a0pM) dyes to measure changes in cytosolic calcium ([Ca'.]'). Plasma and extracellular

dye was removed by sepharose CL-28 gel filtration column with 1.9% sodium citrate and

calcium-free HEPES buffer (140mM NaCl, 4.9mM KCl, 1.2mM MgCl2, 1.4mM

KH2POa, I lmM glucose, 20mM HEPES, pH 7.fl. The platelet number was counted and

adjusted such that each experiment was run with 2x707 platelets in 500uL. AÌl assays

were preformed at 37o C. The Na*/Ca2* exchanger (NCX) blockers employed in this

study were 5-(4-chlorobenzyl)-2' ,4'-dimethylbenzamil (CBDMB, obtained from E.J.

Cragoe) or 2-12{4-4-nitrobenzyloxy)phenyl}ethyllisothiourea (KB-R7943, purchased
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from Tocris Cookson Ltd.). Platelets were activated with collagen (10prg/ml), purchased

from Nycomed Arzneimittel. The effects of sodium on the collagen-induced change in

[Cu'*], were determined by re-suspending platelet samples in calcium-free HEPES buffer

in which sodium (Na*) was substituted with either N-rnethyl glucamine, 140mM

potassium, or 28OmM sucrose. Fluorescence and aggregation were simultaneously

measured in a Jasco 110 ion analyzer. The excitation wavelength for calcium

measurement was 500nm and the emission wavelengths were 540nm and 660nm.

Cytosolic calcium was calculated according to previously published formulae.ll6'271

9.3 - RESULTS & DISCUSSION

The effects of extracellular calcium on the collagen-induced change in cytosolic

calcium

The purpose of this experiment was to quantify the contribution of intracellular

calcium release in response to stimulation with collagen. To achieve this platelet samples

were stimulated with collagen in the presence of lmM Ca2* and in the absence of

extracellular Ca2* . Calcium-free medium was produced by chelation of extracellular Ca2*

with the addition of EGTA (5rnM) to the sample I minute prior to stimulation with

collagen. Figure 1(a) demonstrates the typical response of a platelet sample in 1mM Ca2*

and in calcium-free medium. There is a significant reduction in the collagen-induced

change in [ca2*]¡ in the EGTA treated sample. As shown in Figure 1(b), 3 minutes

following activation with collagen, under conditions of zero calcium, there is a 31+2%o
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Figure 1: (a) Superinrposed tracings for a typical sample of platelets suspended in lmM
Ca'* (control) and a sample of platelets in which Ca2* has been chelated by EGTA (5mM)
I minute prior to the stimulation with collagen. (b) The average collagen induced change
in cytosolic calcium measured 3 minutes following stimulation with collagen for platelet
samples in lmM Ca2* or where Ca2* has been chelated with EGTA (5rnM), ***p.0.0005,
n:5.
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increase in [Ca2*];. Therefore, 31+2o7oof the collagen-induced increase in [Ca2*]¡ is due

to the release from intracellular stores, and 69+2Yo of the collagen-induced increase in

[Cu'*], is due to the influx of Ca2* from the extracellular milieu. The total collagen-

induced increase in [Ca2*]¡, in lmM ca2* containing medium, was taken as lo0%.

The effects of Na*/Ca2* blockers on the collagen-induced change in cytosolic calcium

Three minutes prior to the stimulation of platelet samples with collagen, the NCX

was blocked with increasing doses of CBDMB or KB-R7943 to detennine the role of the

NCX in the collagen induced increase in [Ca2*];. Figure 2 demonstrates a typical tracing

of a sample of platelets treated with increasing doses of (a) CBDMB and (b) KB-R7943.

In each case the collagen-induced increase in [Ca2*]¡ was reduced with increasing doses

of CBDMB or KB-R7943. Work performed by S. Takano et al., has demonstrated the

ability of KB-R7943 to inhibit platelet aggregation induced by adrenaline and s-HT.212

The effects of extracellular sodium on the collagen-induced change in cytosolic

calcium

Our experiments suggest that NCX played an imporlant role in the increase in

[Cut*], in response to platelet activation with collagen. In order to function in this

capacity, the reverse mode activity of importingCa'* into the platelet cytosol in exchange

for Na* is necessary. The NCX mode of action is determined by the Na* gradient, Ca2*

gradient, and the membrane potential. Previous research has shown that collagen has no

effect on the platelet membrane potential,273 therefore the membrane potential is not

responsible for the platelet NCX reversal in response to
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stimulation with collagen. The role of Na* can be elucidated by rnaintaining the

concentration of Ca2* 11mM) and perfonning the experiment in the absence of

extracellular Na*. Figure 3(a) shows the averaged change in [Ca2*];measured 3 minutes

following activation with collagen for platelets suspended in either l40mM Na* (control)

or zero sodium substituted with N-methyl glucamine, 140mM potassium, or 280mM

sucrose. All three zero sodium treatment groups show a significant reduction in their

collagen-induced change in [ca2*]; when compared to control (l40mM Na*¡. Not all

agonists for platelet activation utilize the reverse mode NCX. As shown elsewhere,

thrombin activation is modulated by a forward mode activity of the NCX.6

9.4 - CONCLUSION

A significant portion of the increase in cytosolic calcium, in response to platelet

activation with collagen, is due to the influx of calcium through the NCX into the platelet

cytosol. NCX function is detennined by the sodium gradient, and platelets suspended in

sodium free medium show a reduction in their collagen-induced change in cytosolic

calcium.
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Mechanism of Collagen Activation in Human Platelets

Diane E. Roberts, Archibald McNicol and Ratna Bose

The Journal of Biological Chemistr)¡. 2004.279: 19421-19430. All rights reserved. Used

with permission.
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IO.I - SUMMARY

The mechanism of collagen-induced human platelet activation was examined

using Ca2*, Na*, and pH sensitive fluorescent dyes calcium green-fura red, SBFI, and

BCECF respectively. Administration of a moderate dose of collagen (lOpg/ml), to human

platelets, results in an increase in the concentration of cytosolic calcium ([Ca"]i) and

platelet aggregation. The majority of this increase in [Ca'.]iresults from the influx of

calciurn from the extracellular milieu via the sodium-calcium exchanger (NCX)

functioning in the reverse tnode, and was reduced in a dose dependent manner by the

NCX inhibitors CBDMB (KDso 4.7 +l- 1.1 pM) and KB-R7943 (KDso 35.1 +/- 4.8 pM).

The collagen-induced platelet aggregation is dependent on an increase in [Ca"]i and can

be inhibited by chelation of intra and extracellular calcium through the administration of

BAPTA-AM and EGTA respectively or via the administration of BAPTA-AM to

platelets suspended in zero Na -HEPES buffer. Collagen induces an increase in the

concentration of cytosolic Na. ([Na ];) (23.2 +l- 7.6 mM) via the actions of TXA and to a

lesser extent by the sodiurn-hydrogen exchanger (NHE). The following study

demonstrates that the collagen-induced increase in [ca"]; is dependent on the

concentration of Na' in the extracellular milieu, therefore indicating that the collagen-

induced increase in [Na.]icauses the reversal of the NCX ultimately resulting in an

l-
increase in ICa ]i and platelet aggregation.

IO.2 - INTRODUCTION

Collagen is the most thrornbogenic component of the subendothelium.2Ta

Following vascular damage collagen is exposed to circulating platelets, and both acts as a
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substrate for the adhesion of plateletsl-3 and also induces platelet activation.3 The

prevailing evidence proposes that two receptors are involved in the platelet response to

collagen; integrin a2B1 acts to adhere platelets to collagen allowing platelets to interact

with the lower affìnity receptor GP VI, which is mainly responsible for platelet

activation.2'21s

Many of the platelet responses to collagen progress simultaneously when platelets

adhere to collagen. At high concentrations, collagen activation of platelets has been

shown to proceed through the activation of phospholipase C-y2 (PLC) and subsequent

cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate

(lP3) and 1,2-diacyglycerol (DAG).132''" IP, induces the release of calcium from the

dense tubular system (DTS),r34'135 while DAG activates protein kinase c.136 The

collagen-induced IP3-mediated increase in the concentration of cytosolic Ca2* 1¡Ca2*1¡¡ is

accompanied by an influx of calcium from the extracellular milieu.a'276 DAG and

calcium mediate the characteristic platelet activation responses such as shape change,

granule secretion and aggregation.

At lower concentration, many of collagen's effects are enhanced by its production

of th¡omboxane A2 GXA).e7't32'264'26s The collagen-induced increase in [ca2*]¡ can be

depressed by inhibiting the production of TXA via the pre-treatment of platelets with

cyclo-oxygenase inhibitors, such as aspirin.a' 266,267

Calcium is an important second messenger in the platelet activation cascade. At

rest, a [Cut*], of approxirnately 100nM is maintained by a balance between the leak of

Ca2* into the platelet and the concument efflux of free Ca2* across the platelet's plasma

membrane and accumulation into intracellular stores.lsa''71 Cytosolic Ca2* is moved out
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across the plasrna membrane through the actions of the plasma membrane Ca2*-ATPase

and the Na*/Ca2* exchanger (NCX). Plasma membrane Ca2*-ATPases are membrane-

inserted enzymes that use the energy of ATP hydrolysis to move Ca2* against its gradient

and across the membrane. The NCX is capable of rnoving Ca2* into or out of the platelet

closol in exchange for Na*.156' 
268 In the resting state the NCX removes Ca2* from the

platelet cytosol. Intemally Ca2* is transported into the DTS by the sarco/endoplasrnic

reticulum Ca2*-ATPases (SERC A) 2b, and 3.rs7' 
ls8

In response to a moderate dose of collagen (1O¡rg/ml), approximately 70o/o of the

increase in [Ca2*]; is due to the influx of Ca2* from the extracellular milieu with the

remainder as a function of Ca2* release from the DTS.276 Since voltage-gated calcium

channels are not present in platelets,l66' 168-170 either a receptor operated calcium channel

or a reverse mode NCX could contribute to the influx of Ca2*. 
ts6' 112'268 The initial influx

of Na* would be essential for the reversal of NCX.

Influx of Na* has been shown with the activation of platelets by thrombin, ADP,

and polylysine.2Ts-280 Matsuoka and Hilgemann reported that at a fCaz*l¡ of 1 00nM and a

membrane potential of -60mV (platelet membrane potential at rest and in response to

collagen,2l3 a small change in cytosolic sodium concentration ([Na*]¡) can result in the

reversal of the NCX.2ttl Na*/H* exchangers (NHE), could also contribute to the increase

in [Na*]; and subsequent NCX reversal.

The objective of this study was to determine the mechanism responsible for the

collagen induced increase in human platelet cytosolic Ca2*. Our findings demonstrate

that the majority of the collagen-induced increase in ICa2*]; results from the influx of Ca2*

from the extracellular milieu via the NCX functioning in the reverse mode. Reverse
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mode NCX appears to be a result of the influx of Na* into the platelet cytosol via the

actions of TXA and to a lesser extent by the NHE.

IO.3 _ MATERIALS AND METHODS

Pløtelet Isolation

Forty millilitres of venous blood was drawn from healthy volunteers, who denied

taking aspirin for at least i4 days prior to participation, into tubes containing the anti-

coagulant EDTA. The platelet rich plasma was isolated from blood samples by

centrifugation at 600rpm for l5 minutes. Platelets were isolated from platelet rich plasma

by centrifugation at 2000 rpm for I 5 minutes. Platelet samples were re-suspended in

500p1 of platelet poor plasma and loaded with the appropriate fluorescent dye.

Fura-2 could not be used for the determination of [Ca2*]¡ due to interactions with

a number of the pharmacological cornpounds required for evaluating the role of Na* lCa2*

exchanger.282 In this study two dyes, calcium-green-AM dye (1OpM) and fura-red-AM

dye (20pM), that are excited at long wavelengths but have opposite responses in emission

upon binding calcium were used in combination. Calcium green and fura red have single

peaks of excitation or emission, and are difficult to work with alone as artifacts

introduced from platelet shape change, adhesion, dye loading and platelet number affect

fluorescence readings. With the ratiornetric approach of combining two dyes, these

arlifacts were avoided and the calculated values became very reproducible in different

batches of platelets. This cornbination of dyes has been used in many tissues including

platelets.283 This approach was validated in a series of experiments shown in fìgure 1 .

The emission spectrum of the free dye combination within platelets (figure 1b) was
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similar to that in buffer solution (figure 1a). There was only one cornponent in the dose

response relationship of the fluorescence ratio with free ICut*], in digitonin-penneabilized

platelets. The free calcium concentration was calculated according to,28a and takes into

account the presence of lmM MgCl2 in the assay buffer and the pH of the solution. The

apparent binding constant (Kdapp) of the dye combination for calcium calculated from a

batch of platelets as shown in figure 1d, The mean Kdapp from 8 different platelets

samples was 188 + 7. The time course of the collagen-induced release of calcium from

platelets with calcium green/fura red combination was very similar to that observed with

Fura-2, a ratiometric dye widely used for calcium measurerìents in platelets (Figure I e).

Intracellular pH (pH;) concentration was determined with BCECF-AM dye

(1OpM, Molecular Probes Inc.), and [Nu"]' was measured with SBFI-AM dye (20prM,

Molecular Probes Inc.). Each sample was incubated for t hour at 37 oC, to load the dye.

Preparation of Platelet Samples

Following incubation the platelets were separated from the plasrna and

extracellular dye by gel fìltration using a Sepharos e CL-28 column. The platelets were

eluted in a ca2* free HEPES buffer containing (in mM): 140 Nacl, 4.g KCl, L2 Mgcl2,

1.4 KH2Poa, 5.5 glucose, and 20 HEPES (pH 7 .4), counted in a coulter counter and

adjusted to 2 x 108 platelets/ml. Where required, N-methyl glucarnine or choline chloride

was substituted for NaCl to maintain equal osmolarity. Prior to each experiment, lmM

Ca2* was added to the platelet suspension.

Where appropriate, a sample of the platelet suspension was incubated in 0.5mM

aspirin for I hour at 37 oC. The sample was then centrifuged to isolate the platelets,
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Free Dyes in Buffer

----+- 6¿2*

-.- EGTA

Emission Wavelength (nm)

Fígure I: Valirtation of the two dye systen, used for [Co'*J, nteasuren ents at 3/ C: The
emission scans were obtained from the SPECTRAmax Gemini EM Spectrofluorometer
(Molecular Devices, Sunnyvale, CA), and all the other data was from Jascol 10 ion
analyzer (Easton, MD). (a) Emission scan of the free dye mixture (25nM calcium gïeen
and 22¡tM fura red) in presence of I mM calcium or in 1 OmM EGTA added to HEPES
buffer mixture.
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Platetets loaded with Cat* green

-----o- Dig EGTA
-_r- Dig Ca2*

-'o- EGTA

-_*- Cz''

Fígure 1: Validatíon of the two dye system usedfor [CouJ, nteosurenrents at 3f C: (b)
Emission scan of a suspension of platelets that were loaded with the two dyes with and
without penneabilization with 0.2mM digitonin. There was leftward shift of Fura red
peak by 20nm in intact platelets comparecl to that in buffe¡ solution.
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C:

Calibration of dye loaded Platelets

Figure 1: vølidatíon of the two dye systerrt usedfor [Cot*J, nressurenrents at 3f C: (c)
Concentration-response curve of the ratio of fluorescence at 540nm/660 from dyes in
permeabilized platelets plotted against negative log of free calcium concentration. Free
calcium was varied with lOmM EGTA buffers. (d) Calculation of apparent Kd was done
using the ratio changes in one batch of permeabilized platelets. Mean Kdapp from 8
different batches of platelets was 188 +l- 7.
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Figure 1 : Valídøtíon of the two clye systern used for [CouJ , ,rreasurentents øt 3 f C:
Typical trace (e) of the collagen (1O¡.rglml) induced change in [Ca2*]¡ and aggregation
measured with the single ratiometric dye (Fura 2) and the two dye system (Calciurn green
and Fura red) used for ratiometry.
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which were re-suspended in the appropriate volume of calcium free HEPES buffer to

rnaintain a platelet concentration of 2 x 108 platelets/ml.

Previous studies have shown that isolated, plasma free-platelets stored at 4oC

retained their functions for several hour.6'285-287 Under these conditions, we have shown

that, platelets retain a similar basal [Ca2*]; and function (aggregation, shown in figure 2)

to that of freshly isolated platelets for up-to 2 hours. In contrast platelets incubated at

room temperature (20"C) in calcium-free buffer deteriorated rapidly and after 2 hours

there was a significant increase in basal [Cut*], and a reduction in platelet function

(aggregation, shown in fìgure 2). The storage of platelets in calcium-free buffer

on ice or at room temperature had no significant effect on the collagen-induced change in

ICut*],, 2gg.8 +l- 1L 1 nM (n:5, NS) and 363.3+ /- 53.1(n:5, NS) respecrively as

compared to control (31 1 .1 +l- 33.7 , n:5), measured 2 minutes following the addition of

collagen (lOpg/ml). Therefore, platelets in calcium free buffer were stored on ice

thloughout the course of this study.

Fluorescence ond Aggregation Measurement

Aliquots of the platelets were incubated with 1mM Ca2* at37oC for at least 5

minutes prior to conducting the test response. Changes in fluorescence and aggregation

were simultaneously measured at 37oC in a Jasco Inc., Model CAF-I l0 Ion Analyzer

(Easton, MD). The excitation wavelength for [Ca2*]¡ measurement was 500nm and the

emission wavelengths were 540run and 660nm. The excitation wavelengths for [pH]¡

measurement were 440nm and 500nm and the emission wavelength was 540nm. For

[Nu*],rteasurements the excitation wavelengths were 340nm and 380nm and the

emission wavelength was 500nm. lCut*],, [pH]i, and [Na*], were calculated according to
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Ice (F2hr)

Zl"C (t:2hr)

I Minute

Figure 2: Filtered Platelet's Response to storage: Platelets suspended in calcium-free
HEPES buffer were stored on ice or at room temperature (20oC) for 2 hours. Aliquots of
the platelets were then incubated with I mM Ca2* aI37oC for at least 5 minutes prior to
the measurement of their collagen induced aggregation and basal lCu'*],. Basal [Cut*],
and collagen induced aggregation was measured for freshly isolated platelet (e0 hr) to
serve as control. Typical traces (a) of platelet function as determined by the collagen
(10pg/ml) induced platelet aggregation, for samples stored either on ice or at room
temperature (20"C) for 2 hours, as compared to freshly isolated platelets (control).
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Figure 2: Filtered Platelet's Response to storage: Percent change in the collagen
induced platelet aggregation, relative to t:0hr control, (b) measured 2 minutes following
the addition of 1Opg/ml of collagen to platelets stored for 2 hours either on ice or at room
temperature (20"C). (xxp<0.005, n: 5)
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Figure 2: Filtered Platelet's Response to storage: Average basal [Ca2*]¡ (c) for freshly
isolated platelets and platelets that have been stored for 2 hours in calcium-free HEPES
buffer on ice or at room temperature (20"C). (*p<0.05, n: 5)

r-
à
t4-

+
ô¡

U

q)
d

¡^^Fl

61



previously published formula.2Tl'"' Aggrrg,ation was rneasured as a change in optical

density using a near-infrared LED 95Onm light source.

Cltemicøls

Ca2*-green-1-AM, fura red-AM, BCECF-AM, SBFI-AM, and BAPTA-AM were

purchased from Molecular Probes (Eugene, OR), and dissolved in dimethyl sulfoxide

(DMSO). 5-(-4-chlorobenzyl)-2',4' -dimethylbenzamil (CBDMB) was obtained from E.J.

Cragoe (Nacogdoches, TX), and dissolved in DMSO. 2-12{4-4-

nitrobenzyloxy)phenyllethyllisothiourea (KB-R7943) was purchased from Tocris

Cookson Ltd., and dissolved in DMSO. 5,(N-ethyl-N-isopropyl)-amiloride (EIPA) was

obtained frorn E.J. Cragoe (Nacogdoches, TX), and dissolved in DMSO. Collagen was

obtained from Nycomed Arzneimittel (Munich, Germany), phorbol 12,13-dibutyrate was

purchase frorn Sigrna, and U-46619 was purchased frorn Cayrnan chemicals and

dissolved in DMSO. Aspirin was obtained from Sigrna, and dissolved in DMSO.

Sepharose 2B-CL was obtained from Pharmacia Biotechnology. All other chemicals

were purchased from Sigma.

Støtistical Anølysis

All data is expressed as mean +/- SE, n denotes the number of participants from

which platelets were obtained. The student's paired t-test was used, and where applicable

ANOVA was used for blocked comparisons. P < 0.05 was taken as signifìcant.
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10.4 - RESULTS

Cslcium Requirement.for Collagen-induced platelet activatíon

Administration of collagen to human platelets suspended in 1mM Ca2* results in a

dose dependent increase in the lCu'*], (Figure 3a).a The KD5e for the collagen-induced

increase in [Ca2*];, measured I minute following administration, was 10.1 +/- 2.2 ¡tglml

(n:6). In order to determine the absolute requirement of [Cut*],, platelets were suspended

in Ca2n free medium with ethylene glycol tetra-acetic acid (EGTA, 5 mM) 1 minute prior

to their activation with collagen (10 vdml) or loaded with BAPTA-AM (20 ¡rM, at 37 oC

for 30 min) and administered EGTA (5 mM) 1 minute prior to their activation with

collagen (10 ¡rglml). The chelation of extracellular calcium with EGTA, decreased the

collagen induced change in [Ca2*]i Qz.gg +/- 6.99 nM; n:4, p<0.05) and aggregation

(51.77 +/- 9.14 o/o; n:4, p<0.05). In the case of BAPTA and EGTA, collagen induced

neither a change in [Ca2*]¡ (1.82 +l- 0.53 nM; n:4, p<0.005, Figure 4a), nor aggregation

(1.00 +/- 1.88 %; n:4, p<0.005, Figure 4b) when compared to platelets that were

untreated with BAPTA-AM and EGTA.

Effect of extrøcellular sodiunt on collagen-índuced increøse in [Caz*J¡

In order to determine the effects of extemal Na* on the collagen-induced increase

in [Ca2n]; platelets were suspended in buffer containing 140 mM Na*, 28 rnM Na* (low

Na*), or 0 mM Na*(no Na*). Low and no Na* HEPES buffer contained either N-rnethyl

glucamine or choline chloride to maintain equal osmolarity. Removal of extracellular

Na* resulted in a significant reduction in both [Cut*], and aggregation regardless of the

substituent used to maintain iso-omolality (Table 1). To insure that these results were due

to the absence of Na* and not the effects of N-methyl glucamine or choline chloride,
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Figure 4: Role of sodium and calcíunt ín the colløgen actívøtiott of humøn pløtelets:
Collagen induced change in [Ca2*]¡ (a) measured 2 rninutes following the administration
of collagen (1O¡rg/rnl), forplatelet samples suspended in either 1 mM Ca2*(control),zero
extracellular calcium achieved by administering 5 mM EGTA I minute prior to the
addition of collagen (1Opg/ml), or total zero calciurn achieved through the pre-incubation
of platelet sarnples with BAPTA-AM (20pM) and the administration of 5mM EGTA I
minute prior to the addition of collagen (10pg/ml). (**p<0.005,n:4; *p<0.05, n:4)
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Figure 4: Role of sodíum and calcium in fhe collagen øctivstiott of humøn platelets: (b)
Relative percent change in the collagen induced platelet aggregation of platelets samples
admìnistered 5mM EGTA I minute prior to the administration of collagen, or pre-treated
with BAPTA-AM (20pM) and administered 5mM EGTA I minute prior ro the
administration of collagen as compared to platelet samples suspended in a 1mM
Ca2*containing HEPES buffer (control). Þlut"let aggrãgation was measured 2 minutes
following the addition of collagen (1O¡"rglml). (xxp<0.005,n:4; *p<0.05, n:4)
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Figure 4: Role of sodium und cølcíunt ín the collagen actívatiott of human pløtelets:
Collagen induced change in [Ca2*]¡ (c) rneasured 2 minutes following the administration
of lOpg/ml of collagen to platelets suspended in a 1mM Ca2* HEPES buffer containing
140mM Na* (control), and platelets pre-treated with 20pM BAPTA-AM and suspended
in a 1mM Ca2* HEPES bufier containing either l40mM Na* IBApTA) or OmM Ña*
(BAPTA Zero Na*). (*p<0.05, n :4)

g
âÅ
¡-i

+
õl
ñ
Q
Ê
-.É
(J
b0
?aË
d{-
-U

68



100

60-

40

20.
i

0i
Control BAPTA BAPTA

Zero l\a

Fígure 4: Role of sodium and calcíum in the colløgen activatiott of human platelets: (d)
Relative change in collagen induced platelet aggregation measured 2 minutes following
the administration of collagen for platelet samples pre-treated with 20pM BAPTA-AM
and suspended in a l mM Ca'* HEPES buffer containing either 140mM Na* IBAPTA) or
OmM Na* (BAPTA Zero Na*) as compared to control. (**p<0.005, n :4)
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Treatment Ä[Ca'-]
(nM)

Significance Sample
Size

Aggregation
(%)

Significance Sample
Size

140mM Na*
(Control)

329.1 +l-
28.3

4 100 4

28mM Na*
l12mM Choline
chloride

300.1 +/-
28.5

NS 4 10.1 +l- 7.1 * 4

28mM Na*
112mM N-methyl
glucamine

210.7 +l-
26.1

NS 4 68.1 +l- 3.5 {< 4

OmM Na*
140mM Choline
chloride

209.4 +l-
32.6

*r 4 63.9 +l- 4.4 **< 4

OmM Na*
140mM N-methyl
glucamine

215.3 +l-
12.6

* 4 66.5 +l- 4.1 t<* 4

Tøble 1: Role of extrøcellulør sodíum ín tþe collagen índuced activatiott of human
pløtelets: Collagen induced change in [Ca2*]¡and aggregation measured 2 minutes
following the administration of 1Opg/ml of collagen. Platelets were suspended in HEPES
buffer containing l40mM Na* (control), 28mM Na* or OmM Nan. Equal isomolarity was
achieved by the substitution of either choline chloride or N-rnethyl glucamine in the
reduced Na* HEPES buffel's. (xp<0.05, n:4; **p<0.005, n:4)
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in a separate series of experiments, the zero extracellularNa* experiment was repeated

using iso-osmolar sucrose (280mM). The collagen-induced change in [Ca2*];, measured 2

minutes following the addition of 10prg/ml collagen, was reduced by 6l .2 +l- 5.3 % (n:

5, p<0.0005) for platelets suspended inzero Na* sucrose substituted buffer. Platelets

suspended in zero Na* choline chloride or N-rnethyl glucamine substituted buffer had a

collagen-induced change in [Ca2*]; that was reduced by 35.4 +l- 11.8 o/o (n:4,p<0.05)

and 33.4 +l- 5.1 o/o (n:4, p<0.05) respectively. From these results we concluded that the

reduction in collagen-induced activation of human platelets in the absence of extracellular

Na*, is due to the effect of Na* and not the substituent used to replace it.

Chelation of intracellular calcium by BAPTA alone, in a medium containing 1

mM Ca2* had no effect on the collagen-induced change in [Ca2*]; (65.9 +l- 20.4 nM, n:4,

NS, Figure 4c) but reduced collagen-induced aggregation (55.7 +l- 12.0 o/o, n:4, p<0.005,

Figure 4d). In contrast chelation of intracellular calcium in platelets suspended in zero

sodium media containing N-methyl glucamine, reduced the collagen-induced increase in

[Cut*], by 64.4 +l- 3.6 nM (n:4, p<0.005, Figure 4c) and the collagen-induced

aggregation by 90.6 +l- 7.3 o/o (n:4, p<0.005, Figure 4d).

Inhibition of the NCX by CBDMB caused a significant decrease in the collagen-

induced increase in [Ca2*]; of 87.8 +l- 24.8 nM (n:5, p<0.005), whereas inhibition of the

NHE by EIPA had no signifìcant effect (Figure 5a). Inhibition of the NCX also produced

an 88.3 +l- 7.7 o/o (n:5, p<0.005) decrease in collagen-induced platelet aggregation, while

the inhibition of NHE by EIPA had no significant effect (Figure 5b). The NCX

inhibitors, CBDMB and KB-R7943, d,ecreased the collagen-induced changes in [Ca2*]; in

a dose-dependent rnanner 276. The KD5e for CBDMB was 4.7 +l- 1.1 pM (n:4, Figure
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Fígure 5: Role of the NCX and NHE in colløgen øctivation of humøn platelets:
Collagen induced change in [Ca2*]; (a) measured 3 minutes foilowing administration of
collagen (1Oprg/ml) for platelets suspended in a lmM Ca2* HEPES buffer and
administered DMSO (control vehicle), CBDMB (4¡rM), or EIPA (50¡rM) 3 minutes prior
to the addition of collagen. (**p.0.005, n: 5)
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Figure 5: Role of the NCX and NHE in collagen activatiott of human platelets: (b) The
relative percent change in collagen induced platelet aggregation measured 2 minutes
following the administration of collagen (1O¡lglml) to platelets administered CBDMB
(4pM), or EIPA (50¡iM) 3 minutes prior to the addition of collagen, as compared to
control. (*xp<0.005, n: 5)
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(c) Typical dose response curve for the effects of the NCX blocker CBDMB on the
collagen-induced change in ICa2*]¡ measured 30 seconds following the administration of
collagen (1Opg/rnl).

l4



k:|{
Å
T

+
(rì

d
U

E

0)
Þ0
T

U

KB-R7943 (pivÐ

Figure 5: Role of tlte NCX and NHE ín colløgett activøtiott of huntan platelets:
(d) Typical dose response curve for the effects of the NCX blocker KB-R7943 on the
collagen-induced change in [Ca2*]¡measured 30 seconds following the administration of
collagen (1Opg/ml).

140

1n

100

BO

60

Æ

n

75



5c) and the KD5e for KB-R7943 was 35.1 +l- 4.8 pM (n:5, Figure 5d), measured 30

seconds following collagen activation.

Collagen-induced platelet activation is associated with an increase in the pH; of

0.26 +l- 0.7 (n:5, p<0.05, Figure 6b), frorn baseline of 7 .47 +l- 0.2 (n:15). Pre-treatment

with the NCX blocker CBDMB (a pM) did not significantly alter the collagen-induced

change in pH; (Figure ób). However, inhibition of the NHE by EIPA (50 pM) abolished

the collagen-induced increase in pH; and indeed decreased the pH; by 0.38 +l- o.1l (n:5,

p<0.05, Figure 6b) as compared to control. Collagen-induced activation of aspirin pre-

treated platelets increased the pH¡ by 0.I 0 +l- 0.04 (n:5), which is not significantly

different from non-aspirin treated platelets. Pre-treatment with either CBDMB (4 pM) or

EIPA (50 ¡tM) did not significantly alter the collagen-induced change in pH¡, 0.23 +l-

0.19 (n:5, NS) and -0.0ó +l- 0.07 (n:5, NS) respectively, as compared to control.

Time course for the Collagen-incluced chønges in [Ca2*J¡, [Nf J,, and [pHJ¡

Collagen induces a rapid increase in platelet [Cut*],, which gradually decreases

over the 5 minute period (Figure 7a). Deducting the collagen-induced Ca2* release

(Figure 7b) frorn the total change in ICa2*];(Figure 7a), established which portion of the

collagen-induced increase in ICa2*]¡ is due to collagen-induced Ca2* influx (Figure 7c).

The collagen-induced release of intracellular Ca2* was only significant in the first phase

of platelet activation, whereas the collagen induced Ca2* influx predominated throughout.

Both [Na*]¡ (Figure 7d) and [pH]¡ (Figure 7e) were found to increase during the 5 minutes

following the administration of collagen, however the changes in [pH]¡ only became

significant at latter time points. In addition, the changes in [pH]; were often transient.
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(a) of the collagen induced change in pH; for platelets administered either DMSO (control
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minutes prior to collagen activation. (xp<0.05, n : 5)
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Collagen induced Ca'- release
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Figure 7: Colløgen incluced changes in [Ca2*J¡, [No'J¡, and [pHJ¡: @) Shows the
change in [Ca2*]¡ for platelets suspended in zero Ca2* buffer achieved by the
administration of 5mM EGTA I minute prior to the administration of collagen. As such
demonstrating the portion of the collagen induced Ca2* release from intracellular stores
(*xp<0.005, n : 5i *p<0.05, n: 5).
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Tlte role of Thromboxane in the Colløgen-induced entry of sodium and calcium

Collagen-induced activation of human platelets results in an increase in lNa*]¡ of

26.9 +l- 8.6 mM, from baseline of 33.1 +l- 6.4 mM. Pre-treatment of platelets with

aspirin to inhibit the production of TXA reduced the collagen-induced increase in [Na*]¡

Io 7.6 +l- 5.7 mM (n:4, p<0.05) (Figure 8b).

Aspirin pre-treatment of platelets reduced the collagen-induced change in ICa2*]¡

from 1 47.3 +/- 13.3 nM to 55.4 +l- 3.7 nM (n:5, p<0.0005) (Figure 8")o''u' and reduced

aggregation by 74.6 +l- 1.4 o/o (n:5,p<0.0005) (Figure Ad¡4. the collagen-induced

change in [Ca2*]¡ of aspirin pre-treated platelets was reduced further by the administration

of either the NCX blocker (CBDMB, 4 pM, 36.3 +l- 5.1 nM, n:5, p<0.005) or the NHE

blocker (EIPA, 50 pM, 40.3 +l- 3.7 nM, n:5, p<0.005) (Figure 9a). The collagen-

induced aggregation of aspirin pre-treated platelets was reduced by 33.1 +l- 8.6%o (n:5,

p<0.05) by CBDMB, while EIPA did not result in a significant further reduction in the

collagen-induced aggregation (7.4 +l- 11.9 o/o, n:5, NS) (Figure 9b). Chelation of

extracellular calcium with EGTA, prior to collagen activation of aspirin pre-treated

platelets reduced the collagen-induced change in [Ca2*]¡ to 9.3 +l- 2.2 nM (n:5,

p<0.0005, Figure 1 1a).

To further characterize the role TXA plays in platelet activation with collagen, the

effects of a stable endoperoxide analog, U46619, were examined. U-46619 (10 pM)

activated human platelets and increased [Ca2n]; (Figure 10), which was unaffected by

aspirin pre-treatment.

It was found that approximately 80% (47 .1 +l- 2.0 nM, n:6, p<0.005) of the U-

46619 induced increase in [Ca2*];was due to the influx of calcium from the extracellular
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Collagen

Fígure 13: Colløgen-induced cølcíuttt mobílization.' Proposed mechanism for the
collagen-induced calcium mobilization in human platelets. Collagen induces the
production of TXA and subsequently IP3, which mobilizes calcium from the DTS. TXA,
and to a lesser extent the NHE, cause the influx of Na* into the platelet's cytosol. The
increase in [Na*]¡ causes the reversal of the NCX and a further increase in [Ca2*]¡.
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milieu (Figure 11b), as judged by chelation of extracellular calcium with EGTA. The U-

4661 9-induced increase in [Ca2*]¡ showed a similar sensitivity to sodium as collagen.

Low sodium conditions reducecl U-46619-induced increases in [Ca2*]; from control of

58.9 +/- 10.0 nM to 8.2 +l- 5.0 nM (n:4, p<0.005) (Figure 12a), and aggregation by

59.2+/-10.4 o/o (n:4, p<0.005) (Figure l2b). Similarly zero sodium buffer reduced U-

46619 induced change in [Ca2*]; -4.1 +l- 2.1 (n:4, p<0.005) (Figure l2a), and, reduced

aggregation by 85.0+/-3.9 o/o (n:4, p<0.005) (Figure 12b).

10.5 - DISCUSSION

Collagen fibres are exposed to circulating platelets following injury to the vessel

wall and play an important role in haemostasis through: the creation of a physical barrier

at the site of vascular damage thereby limiting blood loss,l-3 and stimulating platelet

activation thereby recruiting additional platelets to the site of damage as well as

consolidating the thrombus.3 The dual actions of collagen have been explained in the

two-step model for activation which suggests that adhesion and activation of platelets is

mediated through collagen's interaction with platelet integrin cr2B1 and GPVI

respectivel y.''"t

Colløgen induced platelet aggregatíon, ø Ca2* rlependent response:

Platelet activation is characterizedby shape change, granule secretion and

ultimately aggregation. These responses are triggered by an increase in ICa2*];.

Collagen-induces a dose dependent increase in [Ca2*]; (Ardlie et a. 198ó, and shown

here). Inhibition of this increase in [Ca2*]; obstructs the collagen-induced aggregation of

human platelets. Therefore, an understanding of the mechanisms involved in calcium
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mobilization will further the understanding of the processes whereby collagen-induces

platelet aggregation.

Colløgen-inducetl increøse in [Cu2*J¡ vía reverse ntode NCX:

Previous studies have demonstrated that the rnajority of the increase in [Ca2*]¡, in

response to a moderate dose of collagen (10 ¡rglml-), is due to the influx of calcium from

the extracellular milieù.6'276 Platelet membranes contain NCX,l56'268 and it has been

shown that the NCX's mode of action can be reversed, leading to an increase in

[Cut*]i.'tu'268' 
288 The present study shows that the collagen-induced increase in [Ca2*]; is

dependent on the concentration gradient of Na*; and, that blockage of NCX reduces the

collagen-induced increase in lCa2*]¡. Taken together, this data suggests that the Ca2*

influx in response to collagen is due to the actions of the NCX functioning in the reverse

mode and thus differs from thrombin-activation.282

Calcium influx through the NCX is dependent on the sodium gradient. An

increase in [Ca2*]; when external Na* is removed is consistent with the presence of NCX

functioning in the reverse mode.ls6'268'288'28e Reducing the sodium gradient had no effect

on resting platelet [C^'*],, thus indicating that in non-activated platelets the NCX was not

functioning in a reverse mode. However, the collagen-induced activation of the platelets

in a low or no sodium medium resulted in a dose dependent decrease in the collagen-

induced increase in [Ca2*]¡, consistent with the increase in [Ca2"]; being dependent on the

sodium gradient, and therefore resulting from the reversal of the NCX. This is in contrast

to the effect of low sodium on thrombin whe¡e an increase in [Ca2*]; is observed due to

the inhibition of the NCX operating in the forward mode.6
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The necessity of extracellular Na" in the activation of human platelets is not

unique to collagen. Epinephrine, ADP and low dose thrombin demonstrate reduced

platelet activation in the absence of external Na*.2e0'2el To determine if this is related to

the absence of Na*, as opposed to an alteration in the osmolarity or ionic composition of

the buffer, Na* has been replaced with either iso-osmolar sucrose, equimolar N-rnethyl

glucamine or choline chloride. Under these conditions a significant reduction in the

collagen-induced change in lCa2*]¡ was observed with the substitution of Na*, confirming

previous observations.2T6 Thus it can be concluded that the effects we have observed are

not due to osmolar or ionic changes, but rather are attributed to the absence of external

Na'.

Although intracellular release of Ca2* in response to collagen is small in

comparison to the extracellular influx, its contribution cannot be discounted. Chelation of

intracellular calcium, by BAPTA did not result in a significant reduction in the collagen-

induced increase in [Ca2*]¡, however it did cause a significant reduction in collagen-

induced aggregation. These observations may be the result of the actions of localized

immeasurable changes in cytosol ic Ca2* , or it is possible that the collagen-induced influx

of extracellular Ca2* saturated BAPTA in a way that it was unable to give an accurate

reflection of the collagen-induced release of intracellular calcium. Cornbining

intracellular calcium chelation with a decrease in extracellular sodium, caused a

significant depression in the collagen-induced increase in [Ca2*]; and almost cornpletely

abolished aggregation. In contrast the potent PKC agonist, phorbol 12,13-dibutyrate (1

¡-rM), initiates platelet aggregation that is unaffected by the chelation of intracellular

calciurr in the presence or absence of extracellular sodium (data not shown).
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Collagen-induced influx of Ca2* through the reverse-mode-NCX is further

substantiated by the reduction in both [Cu'*], and aggregation through the administration

of the NCX blocker CBDMB. CBDMB and the KB-R7943, a reverse mode specific

NCX blocker,24' demonstrate a dose dependent inhibition in the collagen-induced change

in [Ca2*]¡.

Colløgen-induced íncrease in [Na* J ¡:

The NCX mode of action is dependent on the Na* gradiert,'t6'268'288'28e and

several studies have shown that the reversal of NCX occurs following an increase in

[Na*]i.268'288 Therefore it seems likely that the collagen-induced reversal of NCX

function must be a result of the disruption in the platelet's Na* gradient. Since collagen-

induced increases in [Ca2*]; occur when external Na* is maintained at 140mM, it can then

be reasoned that NCX reversal is achieved through a collagen-induced increase in [Na*]¡.

Agonist induced Na* influx has been observed in response to the platelet activators

thrombin, ADP,278'27e and collagen (as shown here). In the case of thrombin and ADP,

part of the Na* influx has been attributed to the activation of NHE, however inhibiting the

NHE had no effect on the collagen-induced increase in [Ca2*]; or aggregation, suggesting

another mechanism for the collagen-induced increase in [Na*]¡.

The NHE mediates the exchange of extracellular Na* for intracellular H*, thereby

regulating cytosolic pH (pHi). An increase in pH¡ subsequent to platelet activation

enhances calcium mobilization in response to various platelet activators.l3s' 156' 2e2 The

present results demonstrate that collagen activation of platelets results in an increase in

pH;. Previous studies by Rengasamy et à1.,"u demonstrated that Na* dependent Ca2*

uptake was enhanced at high pH¡. Therefore, collagen's alkalization of the platelets'
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cytosol may be another mechanism which can further increase the [Ca2*]; during platelet

activation.

Collagen-íttducetl production of TXA enhønces the increctse in [Ca2*J¡ ønd [Na*J¡:

TXA, produced subsequent to platelet activation with collagen,2e3 enhances the

collagen-induced activation.eT't32'264't6t Inhibiting TXA production with aspirin, reduced

the collagen-induced increase in [Ca2*]¡ and aggregation, and was almost completely

abolished by the chelation of extracellular Ca2*. Furlhermore, pre-treating platelets with

aspirin drastically depressed the collagen-induced increase in [Na*]¡, suggesting that TXA

enhances collagen activation of platelets through both mobil ization of Caz* , and influx of

Na* with associated disruption of the Na* gradient.

The Ca2* influx following collagen activation of aspirin pre-treated platelets was

also through the actions of the NCX functioning in the reverse mode as judged by the

affects of NCX blockers. Furthermore, blockage of the NHE in aspirin pre-treated

platelets resulted in a reduction in the collagen-induced change in [Ca2*]¡, indicating that

the NHE plays a role in disrupting the Na* gradient required for the reversal of the NCX.

We believe that the actions of the NHE are not limited to aspirin pre-treated platelets, but

rather are masked by the actions of TXA. The role of the NHE in platelet activation

becomes apparent only when TXA production is inhibited.

These results indicate a novel role for the NCX in platelet activation. It functions

in the forward rnode to maintain calcium homeostasis and, following the administration

of collagen, it adopts a key role as an initiator of platelet activation. This role is made

possible by the influx of sodium via the actions of TXA and the NHE, as summarizedin

figure 13.

98



10.6 - CONCLUSION

The experimental evidence presented here indicate that collagen activation of

human platelets requires an increase in their [Cu'*],, the majority of which is due to the

influx of Ca2* through the NCX functioning in a reverse mode. NCX reversal occurs

subsequent to the influx of Na* due to the actions of TXA, and to a smaller extent by the

NHE. TXA thus amplifies the actions of collagen.
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1O.I - SUMMARY

There are two classes of Na*/Ca2* exchangers: the K* independent Na+/Ca2+

exchanger (NCX), and the K* dependent Na+/Ca2* exchange (NCKX). Molecular

characterization with RT-PCR, DNA sequencing, and western blot analysis showed us

that three isofoms of NCX are expressed in the human platelet: NCX1.3, NCX3.2, and

NCX3.4. Real time quantitative PCR revealed that NCX3.2 is the most abundant of all

the Na*/Ca2* exchangers identified in the human platelet. Antibodies specific for

extracellular epitopes of the exchangers and calcium sensitive fluorescent dyes were

utilized in this study to demonstrate for the first time that the NCXs function in the

reverse mode to increase platelet cytosolic calcium ([Cu2*]') following the administration

of collagen, while NCKX1 operates in the forward mode to export Cu'*,. Inhibition of the

exchangers with extracellular antibodies affected the collagen-induced change in [Ca2*]¡

It was reduced by inhibiting NCX3 (40.2 +l- 10.7 % (p<0.05, n: 5)) or NCXI (26.1 +l-

5.9 % (NS, n: 5)), whereas inhibition of NCKXI increased the collagen-induced [Cu'*1,

by 38.5 +/- I ó.8 % (p<0.05, n : 5). Reverse mode exchange inhibition with SEA0400

and KB-R7943 fufiher supports the roles of NCX1 and NCX3.
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IO.2 - INTRODUCTION

Many cells have been found to express more than one type of Na*/Ca2* exchanger.

The purpose of this multitude of Na*/Ca2* exchangers in the same cell membrane is not

known. We have previously shown that collagen-induced activation of human platelets

results in the influx of calcium from the extra-cellular milieu and release of calcium from

intracellular stores.s'276 It was shown that collagen-induced calcium influx occurs via the

reversal of the Na*/Ca2* exchanger and is dependent on the sodium gradient.5'276 In this

study we provide evidence for the first time that the human platelet expresses multiple

isoforms of the Na*/Ca2* exchangers and, during collagen activation, the different types

of Na*/Ca2* exchangers do not function in the same direction thus creating micro-domains

of calcium concentration within the platelet.

There are two different families of Na*/Ca2* exchangers, cardiac and rod, named

according to the tissue from which they were initially identified. Cardiac Na*/Ca2*

exchangers (NCX) transport Na* in exchange for Ca2*, and the rod Na*/Ca2* exchanger

(NCKX) transpofts Na* in exchange for Ca2* and K*. From functional studies, it has long

been known that the human platelet has a Na*/Ca2* exchang...S' 156' 268 Previous studies

by Kirnura et al, demonstrated that the human platelet contains NCKXI rnRNA and

requires K* for its transport .207'26e lnitial studies from our laboratory suggested that under

certain conditions K*-independent Na*/Ca2* exchange may also play a role in platelet

activation, therefore in this study we sought to determine if the human platelet expresses

the cardiac type of NCX.

The NCX is a family of electrogenic exchangers that transport Na* across the

plasma membrane of a cell in exchang e for Ca2" . Whether it be in a ratio of 3Na*: 1Ca2*
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as suggested by Reeves et al. 19842t6 or 4Na*: 7Ca2* suggested by Fujioka et al. 2000,21ó'

218 the NCX mode of action is determined by the Na* and Ca2* gradient and the

membrane potential of the cell. Under nomal physiological conditions the NCX

functions in the forward mode to export Ca2* from the cytosol, however in cerlain

pathological conditions the NCX mode of action is reversed causing an increase in

cytosolic Ca2*. Reverse mode Na*/Ca2* exchange has been observed in the vascular

smooth muscle and platelets in response to salt-sensitive hypertension and diabetes

mellitus, respectively.6'zss Collagen activation of normal platelets has also implicated a

reverse mode Na*/Ca2* exchanger. s' 276

Three members of the NCX family have been cloned. These NCXI ,t'e NCX2,"0

and NCX322I are products from three different genes: NCXI from 2p23p22, NCX2 from

19q13.3,andNCX3 from14q24.1; NCXI isexpressedinmanytissuesthroughoutthe

body, but is present in the largest amounts within the heart. NCX2 and NCX3 are

predominantly found in the brain and skeletal muscle.220'221 The three exchangers are

-70% identical with respect to their amino acid sequence,22l and have similar functional

. )1)properties."' Tissue specifìc splice variants have been found for NCX1 and NCX3, but

as of yet none for NCX2.

In this study, we sought to detennine if the human platelet expresses a K*

independent Na*/Ca2* exchanger and to further charactenze it. Although diffèrent

isoforms of the NCX have been found in the same tissue, rarely have their relative

expression levels been measured under normal physiological conditions. Our findings

indicate that the human platelet expresses three types of the NCX: NCX1.3, NCX3.2, and

NCX3.4. Following the administration of collagen the cardiac type NCXs reverse
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increasing platelet cytosolic calcium, and rod type NCKXI functions in the forward mode

exporting calcium from the platelet cytosol. This study thus helps to establish the identity

of the type of Na" lCa2* exchangers that are required during activation of human platelets

with collagen.

10.3 - EXPERIMENTAL PROCEDURES

Materials

Informed consent was obtained from all human volunteers, and the experirnents

were perfotmed in accordance with the guidelines set forth by the University of Manitoba

Research Ethics Board. Blood was drawn from healthy volunteers into EDTA containing

vacutainer tubes. Platelets were isolated via centrifugation and gel filteration according

to previously published techniques.s Calcium sensitive fluorescent dyes calcium-green-

AM and fura-red-AM were purchased from Molecular Probes (Eugene, OR). Collagen

was purchased from Nycorned Ameimittel (Munich, Gennany). 5-(-4-chlorobenzyl)-

2' ,4'-dimelhylbenzamil (CBDMB) was obtained from E.J. cragoe (Nacogdoches, TX),

and dissolved in dimethyl sulfoxide (DMSO).2-[2{4-4-

nitrobenzyloxy)phenyllethyllisothiourea (KB-R7943) was purchased from Tocris

Cookson Ltd., and dissolved in DMSo. 2-14-l(2,5-difluorophenyl)-rnethoxy-phenoxyl-5-

ethoxyaniline (SE40400) was obtained frorn Dr. A Baba and Dr. T. Matsuda (Osaka,

Japan), and dissolved in DMSO. TRlzol@ Reagent, ThermoScriptrNrReverse

Transcriptase, Platinum Taq DNA polymerase, and primers were from Invitrogen

(Burlington, Ontario). Rat brain tissue lysate was purchased from ProSci Inc. (Poway,

Califomia). Human retina normal tissue lysate was from GeneTex Inc. (San Antonio,
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Texas). Polyclonal antibodies directed to -N-terminal extracellular epitopes of NCXI,

NCX3, and NCKXI were obtained from Alpha Diagnostic International (San Antonio,

Texas). Peroxidase-conjugated secondary antibody was from Jackson ImmunoResearch

Laboratories (West Grove, Pennsylvania). Chemicals were from Sigma-Aldrich unless

otherwise stated.

Cølcíum Measurement

Blood was drawn from healthy volunteers into EDTA containing vacutainer tubes.

Platelets were isolated via centrifugation and loaded with calcium sensitive fluorescent

dye, calcium-green-AM (lOpM) and fura-red-AM (20¡rM) according to previously

published techniques.s Platelets were separated from extra-cellular dye by gel filtration

using a Sepharos e CL-28 (Pharmacia Biotechnology) column, eluted in either a Ca2* free

HEPES buffered physiological solution (containing (in mM): 140 NaCl, 4.9 KCl,7,2

MgCl2, 1.4 KH2POa, 5.5 glucose, and 20 HEPES (pH 7.a)) or when required a zeÍo

potassium Ca2* free HEPES buffered physiological solution (containing (in mM): 140

NaCl, l.2MgCl¡1.4 NaH2POa, 5.5 glucose, and 20 HEPES (pH 7.4)), counted in a

Coulter counter and adjuste d to 2 x 108 platelets/ml. Where required the concentration of

extra-cellular potassium ([K.]*) was adjusted to 5, 25, 45, or 125mM prior to each

experiment.

The potassiurn sensitivity of the Na*/Ca2* exchanger was determined by

stimulating platelets with lOpg/ml collagen, an activator of reverse mode Na*/Ca2*

exchange,s'216 andmeasuring the collagen-induced change in cytosolic calcium ([Cat*]i)

for platelets suspended in zero, nonnal, or high [K*].r.
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The effects of antibodies against extracellular epitopes of NCX1, NCX3, and

NCKXl on the collagen-induced change in cytosolic calcium were compared to that of

non-specific IgG. Aliquots of platelets were incubated for 10 r¡inutes at 37 oC with

ZípglmL rabbit IgG or 25¡,tglmL anti-NCXl, anti-NCX3 or anti-NCKXI polyclonal

antibodies.

The effect of NCX inhibition by CBDMB, reverse mode selective NCXl

inhibition by SE40400, and reverse mode selective NCX3 inhibition by KB-R7943 were

evaluated by administering 4pM CBDMB, 25pM SE40400, 25¡rM KB-R7943 or the

control vehicle (DMSO) to platelets 3 rninutes prior to their activation with 1Opg/ml

collagen.

Aliquots of the platelets were incubated with lmM Ca2* at37oC for 3 minutes

prior to conducting the test response. Changes in fluorescence were measured at 37oC

in a Jasco Inc., Model CAF-I10 Ion Analyzer (Easton, MD). The excitation wavelength

for [Ca2*]¡ measurement was 500run and the emission wavelengths were 540nm and

660nm. [Cut*], was calculated according to previously published formula.2il

RNA Isolation

Platelets were suspended in TRIzol@ Reagent, and total RNA was isolated

according to the product insert.

Reverse trønscriptøse-polymerase chøín reaction

cDNA was synthesized from total RNA (3pg) by Oligo (dT)zo (5¡lM) prirned

reverse-transcrìptase according to the product inserl using ThermoScriptrM Reverse
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Transcriptase. Primers for NCX1 (accession number NM_021 097 .1) forward 5'-

ACATCTGGAGCTCGAGGAAA-3', reverse 5'-TCCAGCTGTTAGTCCCAACC-3';

NCX2 (accession number XM_0038970) forward 5'-

AGGGATTTCAGCTCTGCTACTC-3', reverse 5'-

CAGCATTGACAGAGTCCTTGAG-3'; NCX3 (accession nurnber NM 033262.2)

forward 5'-TGAGCAATGTCCGCATAGAG-3', reverse 5'-

TCACCCAATACTGGCTTTCC-3'; and GAPDH (accession number M33 I 97) forward

5'-ATCATCCCTGCCTCTACTGG-3', reverse 5'-TGGGTGTCGCTGTTGAAGTC-3' ;

were developed using Primer 3 software.2ea PCRs were performed in a 50 pl total

reaction volume (2 U Platinum Taq DNA polymerase, 200 pM each dNTP, 20 mM

Tris/HCl pH 8.4, 50 mM KCl, 1.5 mM MgCl2, and 200nM of each appropriate forward

and reverse primers in an Eppendorf Mastercycler Gradient. An initial cycle step at 95oC

for 5 minutes was followed by 32 cycles with a 30 seconds denaturation ar 95oC,20

seconds annealing with an initial temperature of 70oC and then decreased by 0.5oC for

each subsequent cycle, followed by 20 seconds primer extension at 72oC. An additional 4

cycles with an annealing temperature at 60oC, was followed by 2 minutes at 72nC to

ensure complete extension. PCR products were visualized by means of a 1.2%o (wt/vol)

agarose gel containing ethidium bromide.

PCR products isolated from agarose gel via QlAquick gel extraction kit (Qiagen,

Mississauga, Ontario), were analyzed by the University of Calgary DNA Sequencing

Laboratory (University Core DNA & Protein Services, Calgary, Alberta).

Reøl Tíme Quantitøtive Polymerøse Chain Reactiott
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cDNA was synthesised from total RNA (1pg) by Oligo (dT)zo (5¡rM) primed

reverse-transcriptase according to the product insert using ThermoScriptrM Reverse

Transcriptase. Real time quantitative PCR was preformed in triplicate for each sample in

a25 ¡tl total reaction volume containing: 20mM Tris-HCl (pH 8.4), 50mM KCl, 1.5mM

MgCl2, 2% DMSO, 0.5 ¡rl 1:2000 SYBR Green I, 0.5 pl l:2000 Fluorescein, 0.2mM

dNTPs, 300nM of each appropriate forward and reverse Primer, and 0.625 U Platinum

Taq DNA polymerase. Primers to NCXl.3 (accession number 4F108389) forward 5'-

GGCTTCACAATAACAGACGAATATGA- 3', reverse 5'-

CAACCACAAGGGCCAGGTTTG- 3' ; NCX3.2 (accession number AF5 1 0501 ) forward

5'-CGTGGAATATCAGATGTGACAGACAGG- 3', reverse 5'-

TCCAGGAATGGGTCCCCACA- 3' ; NCX3.4 (accession number AF5 1 0503) forward

5'- TGCCCGGGGTACAGTCATCG- 3', reverse 5'-

TCTGTCACATACAGTTTCATCATTCTT- 3'; NCKXI (accession number AF026132)

forward 5'-GCTGCTGCTGCTGGCCTATG-3', reverse 5'-

GTGCTGCGGATGGTGCTGTT-3' ; GAPDH (accession number M33 I 97) forward 5'-

CGATGCTGGCGCTGAGTACG- 3', reverse 5'-TGGTGCAGGAGGCATTGCTG- 3';

were developed using Primer 3 software.2ea Cycling parameters consisted of an initial

step at 95oC for 5 minutes then 45 cycles with l5 seconds denaturation at 95oC, 15

seconds annealing at 60oC, and 30 seconds primer extension at72oC. The accumulation

of fluorescent PCR product was continuously measured using the Bio-Rad iCycler IQ

real-time PCR detection system, followed by melting curue analysis of the PCR products

generated. cDNA equivalent To 25, 72.5, 5,2.5, and 1.25ng of total RNA, were used for

each sarnple in triplicate to determine reaction efficiency. Expression of each isofom of
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NCX was normalized to GAPDH using the following formula: Relative expression:

((ENcx)ctncx)/((Ec¡.poH)t'ooro");'ns Whe.e E¡6¡ and EcnpoH denote the reaction

efficiency of the NCX isoform and GAPDH respectively. CtNcx and Ctcnpou are the

mean threshold cycle for the NCX isoform and GAPDH respectively.

LYestern blot analysis

Platelet Preparation- Isolated platelets were suspended in BRIJ lysis buffer (1% BRIJ

35,2 ¡tllt4 Na2VOa, 0.2% SDS, 0.1M Tris base (pH 7.4), including the CompleteMini@

protease inhibitor cocktail), and rocked for 30 minutes at 4oC.

Cardiac Membrane Preparatíon- Canine myocardial tissue, used as a NCXl control, was

homogenized in TED buffer (20 mM Tris/HClpH 8.0, 10 mM EDTA, lmM

dithiothreitol, and 5 mM phenylmethylsulfonylfluoride). The suspension was centrifuged

at 480 g for l5 minutes. The supernatant was then filtered through a cheesecloth,

incubated on ice for 15 minutes with equal volume of 1 M KCl, and then centrifuged at

100,000 g for 30 minutes. The pellet obtained was re-suspended in TED and centrifuged

at 100,000 g for 30 minutes. The final pellet was then suspended in BRIJ lysis buffer.

Intmunoblotting- Proteins were transferred to a nitrocellulose membrane ( 100 volts for 90

minutes) after electrophoretic separation. Non-specific proteins were blocked, by rocking

the nitrocellulose membranes in 5Yo (w/v) bovine serum albumin (BSA) in Tris buffered

saline with 0.05% Tween (TBS-T) at room temperature for 3 hours. The membranes

were incubated with primary antibodies specifìc for NCXl (polyclonal rabbit anti-rat

antibody; dilution 1 :1000 in 1o/o BSA TBS-T), NCX3 (polyclonal rabbit anti-rat antibody;
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dilution I :1000 in lo/o BSA TBS-T), NCKXI (polyclonal rabbit anti-human antibody;

dilution 1:500 in 1o/o BSA TBS-T) overnight at 4oC. The nitrocellulose membranes were

incubated with peroxidase-conjugated secondary antibody (dilution: 1 :5000 in 1% BSA

TBS-T). Detection of the peroxidase reaction was performed with the enhanced

chemi luminescence assay (Amersham Biosciences, Piscataway, New J ersey).

Røte of Decline in [Cot*J, Cølculatiott

Original calcium tracings were digitized with a Houston Instruments digitizing

tablet and the ratio of fluorescence at 540/660 nm were plotted verses time. The ASYST

version 3.0 computer system (Mcmillan Software Co., New York, NY) was used to

perform compartmental analysis (curve peeling), which resolved the decline in [Ca2*]¡

following the collagen-induced peak increase in [Ca2*]; into two phases with different

kinetics. Calcium uptake and efflux was calculated as a percent change with the peak

collagen-induced increase in [Ca2*]; taken as the maximum.

Statistical Analysis

All data are expressed as mean + SE, n denotes the number of participants from

which platelets were obtained. ANOVA was used for blocked comparisons. P < 0.05

was taken as significant.
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IO.4 - RESULTS

Evaluation of mRNA expressíon by Polymerøse chøín reøction

In this study we sought to determine if the human platelet expresses the cardiac

type of Na* lca2* exchanger mRNA and to identifu the specific isoforms. Due to the high

degree of sequence homology between the three members of this family of exchangers,

primers were chosen to distinguish between not only the three types but also to determine

the specific isoforms.

Total RNA was extracted from human platelets and RT-PCR was performed using

primers specific to NCXl, NCX2, and NCX3. This reaction yielded products for NCXI

and NCX3 that could be visualized in an ethidium bromide agarose gel. No bands were

observed for NCX2. The NCX1 band of 438 base pairs (bp) was sequenced to confirm its

identity to NCXI.3 (Figure 1). The primers chosen for NCX3 yielded a strong band of

512bp and a faint band of 412 bp (Figure 1). Sequencing of these PCR products

confirmed the identity of NCX3.2 and NCX3.4, respectively.

Expressiott of NCX isoþrms determined by Real time Quantitøtive PCR

Real time quantitative PCR was employed to detennine the amount of mRNA

expressed in the human platelet for NCX1.3, NCX3.2, NCX3.4, and how that expression

compares with that of NCKX1 expression in platelets. NCX3.2 mRNA was found to be

the most abundant, approxirnaTely 29 fold more than NCX1.3, NCX3.4, and NCKX1

normalized to GAPDH (Figure 2). Melting curve analysis confirmed that a single
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Figure 1: NCX nRNA expressiort by polymerase chøin reøction: PCR products from
human platelets loaded on a I .2o/o agarose gel containing ethidium bromide: GAPDH ( 1),
NCX1 (2), NCX2 (3), NCX3 (a);
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Figure 2: Real time quantítative PCR for NCX1.3, NCX3.2, NCX3.4, and NCKXI
expression' Quantitative PCR of cDNA equivalent to 5ng of total RNA extracted from
human platelets, was perfonned by rnonitoring the continuous accumulation of SYBR
Green I fluorescent PCR products using the Bio-Rad iCycler IQ real-time PCR detection
system. Each sample was normalized to GAPDH as described in Methods. Data
represents the mean values of platelets from four individuals repeated in triplicate.
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homogenous product was generated for GAPDH, NCXl.3, NCX3.2, NCX3.4, and

NCKXI during the PCR reaction.

Identity of NCX Proteíns by ll/estent blot unalysis

RT-PCR and subsequent sequencing of the PCR products confirmed the presence

of NCXI and NCX3 mRNA. To further determine if human platelets express NCX1,

NCX3, and NCKXl proteins, we performed westem blot analysis. Isolated platelet and

cardiac membranes were probed with a NCXI polyclonal antibody. A band

corresponding to 160 kilo Daltons (kDa), confirmed the presence of NCXI in the human

platelet (Figure 3). Isolated platelet membranes along with rat braìn total protein lysate

were probed with NCX3 polyclonal antibody and the presence of NCX3 was confirmed

(Figure 3). Isolated platelet membranes and human retina total protein lysate were

probed with NCKXl polyclonal antibody to confinn the presence of NCKXI in the

human platelet (Figure 3). The three NCX antibodies did not appear to cross react with

the other types of NCXs.

Role of the Na*/Caz* Exchanger isoforms in the Colløgen-itttlucecl incresse in [Ca2*J¡

Due to the presence of multiple isoforms of the Na*/Ca2* exchangers in human

platelets, antibodies were used to elucidate the role each isoform plays during the

collagen activation of human platelets. There was no significant difference in the

collagen-induced increase in [Ca2*]; for platelets incubated for 10 minutes at 37oC with

either non-specific IgG (rabbit IgG) or control vehicle (Figure 4a). lncubation of platelet

samples with antibodies against either NCXI or NCX3 reduced the collagen-induced
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Figure 3: ll/estern blot ønalysis of the NCXI, NCX3, and NCKXI expressíon in human
pløtelets: A 10yo acrylamide gel loaded with 20 pg canine cardiac membranes and 35 ¡rg
protein from human platelets, and probed with NCXl polyclonal rabbit anti-rat antibody
(l :1000). A 10% acrylarnide gel loaded with 20 ¡,rg protein from rat brain and 35 prg

protein from human platelets, and probed with NCX3 polyclonal rabbit anti-rat antibody
(l :1000). A 10% acrylamide gel loaded with 20 pg protein from human retina and 35 ¡rg
protein from human platelets, and probed with NCKXl polyclonal rabbit anti-human
antibody (1:500).
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Figure 4A: Effect of Na*/Ca2* exchanger antibodies on the 1L¡tg/ml colløgen-induced
change in [Ca'"J¡: Typical trace for the collagen-induced change in [Ca2n]; for platelets
incubated with either non-specific IgG or control vehicle.
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increases in ICa2*];, conversely antibodies to NCKXI increased the collagen-induced

[Cu'*], (Figure 4b). Cornpared to non-specific IgG, the peak collagen-induced increase

lCt*l,was reducedby 26.1 +l- 8.9 % (NS, n : 5) when platelets were pre-treated with

the antibody against NCXI and by 40.2 +l- 10.7 % (p<0.05, n : 5) when pre-treated with

the antibody against NCX3 (Figure 4c). The peak collagen-induced change in [ca2"];

was increased by 38.5 +/- 16.8 % (p<0.05, n : 5) for platelets pre-treated with the

antibody against NCKXI as compared to non-specific IgG (Figure 4c). The effects of the

antibodies on the collagen-induced [Cu'*], could be prevented by the prior incubation of

the antibodies with their specif,rc antigen.

The contribution of the different exchangers to the collagen-induced increase in

[Cut*], was determined by subtracting the change in calcium with antibodies (NCXl,

NCX3, or NCKX1 ) frorn that induced in presence of a non-specific IgG. Collagen causes

a reversal of NCXI and NCX3 leading to calcium influx and an increase in [Ca2*]¡, while

NCKX1 functions in the forward mode to reduce [Cu'*], (Figure 4d). The average total

increase in ICa2*]¡ was calculated for the 5 minutes following the administration of

collagen (by area under the curve), it was found that NCX1 contributed 107.8 +l- 70.5 nM

(n: 5) and NCX3 194.0 +l- 83.9 nM (n : 5) (Figure 4e). NCKX1 by tuncrioning in the

forward mode was found to export on average 291.5 +l- 117.0 nM (n : 5) of the total

collagen-induced increase in [Ca2*]¡ that was measured over the 5 minutes (Figure 4e).

Therefore by inhibiting NCI(Xl alone induced the greatest increase in calcium observed.

Collagen-induced calcium influx through the reverse nrode Na*/Ca2* exchangers

is transient in nature as can be further illustrated by the effect of NCX inhibitors and

antibodies on collagen-induced platelet activation. Administration of the NCX inhibitor
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Figure 48: Efdect of Na*/Ca2* exchanger antibodies on the 10pg/ml colløgen-induced
cltan,ge in [Ca'-J¡: Superimposed typical tracings for the collagen-induced change in
ICa'-]i for platelets incubated with Rb IgG, Anti-NCX1, Anti-NCX3, or Anti-NCKXl.
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Figure 4C: Effect of Na+/Ca2* excltønger øntibodíes on the 10¡q/ml colløgen-ittduced
change in [Ca¿*J¡: The peak collagen-induced increase in [Ca2*]; calculated for platelets
incubated with Anti-NCX1, Anti-NCX3, or Anti-NCKXI compared to those incubated
with non-specific IgG expressed as percent (*p<0.05, n : 5).
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Figure 4E: Effect of Na*/Ca2* excltønger antibodies on the I0¡rghnl colløgen-intluced
change in ICa'"J¡: The average total collagen-induced change in [Cazn]; contributed by
the three Na*/Ca2* exchangers was calculated for platelets pre-treated with Anti-NCXl,
Anti-NCX3, or Anti-NCKXI and subtracted from those pre-treated with Rb IgG,
measured for 5 minutes following the administration of collagen (*p<0.05, n : 5).
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CBDMB, the reverse mode selective NCXI inhibitor 5840400, or the reverse mode

selective NCX3 inhibitor KB-R7943 reduces the collagen-induced increase in ICa2*];

(Figure 5a, 5c, 5e, and 5g). The collagen-induced change in [Ca2*]¡ due to reverse mode

NCXI, or NCX3, was calculated by subtracting the collagen-induced change in [Ca2*]¡

for platelets administered SE40400, or KB-R7943 from their vehicle-control (DMSO)

response. The contribution of calcium from intracellular stores cancels out because the

peak of calcium release from intracellular stores in calcium-free EGTA containing

medium is not affected by the NCX inhibitors (e.g. 165.45+l-3892 run with KBR versus

151+l-44.18 nM with DMSO, p:NS). Collagen causes the transient activation of reverse

mode NCX1 and NCX3, as observed by the initial increase in [Ca2*]¡that declines to near

baseline levels after 5 minutes when the reverse mode operation is inhibited with

SEA0400 or KBR respectively (Figure 5d, 5f, and 5h). In contrast CBDMB inhibits both

NCXI and NCX3 functioning in both reverse and forward mode. The initial increase in

lCu'*1,, due to reversal of NCX1 and NCX3, is followed by a decline in [Ca2*]; that

plateaus and does not retum to baseline (Figure 5b) as observed \Ã/ith SEA0400 and

KBR. Taken together the data indicates that the decline in [Ca2*]¡ observed for platelets

administered SEA0400 or KB-R7943 is most likely due to the retum of the NCXs to their

forward mode, and this decline is not observed with CBDMB because the forward mode

of NCX1 and NCX3 is inhibited during the second phase at the plateau. The total

collagen-induced increase in [Ca2*]¡ was measured by calculating the average total area

under the curve for the 5 minutes following the admìnistration of collagen. Reverse mode

NCX 1 contributed 153.7 +l- 32.0 nM (n: a) to the average total increase in [Ca2*];,

calculated by deducting the collagen response for platelets
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Figure 5A: Contributiort of Na*/Cø2* exchøngers to the colløgen-índuced cølcium
influx ønrl efllux.' Superimposed typical trace for the collagen-induced change in [Ca2*]¡
for platelets administered the NCX inhibitor CBDMB (4¡rM), or vehicle control (DMSO)
3 minutes prior to their activation with 1Opg/ml collagen. The typical tracings shown here
were similar for platelets from four other individuals.
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Contribution of NCX to Collagen-induced
CaZ* Influx and Efflux
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Figure 5B: Contributiort of Na*/Co'* exchangers to the colløgen-induced calciuttt
ínflux and efflux.' The contribution of the NCXs to the collagen-induced Ca2* influx and
efflux was calculated by subtracting the collagen-induced change in [Ca2*]¡ for CBDMB
(apM) pre-treated platelets from their DMSO control.
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Collagen-induced Change in [Cu2*1,
in response to SEA0400
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Figure 5C: Contríbutiort of Na*/Co2* exchangers to the collagen-índuced calcittttt
influx and efflux.' Superimposed typical trace for the collagen-induced change in [Ca2*];
for platelets administered the reverse mode selective NCXl inhibitor SEA0400 (25¡rM),
or vehicle control (DMSO) 3 minutes prior to their activation with 1O¡rg/ml collagen. The
typical tracings shown here were similar for platelets from four other individuals.
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Contribution of Reverse mode l\CXl
Collagen-induced CaZ* Influx
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Figure 5D: Contributíon of Nø*/Ca2* exchangers to the collagen-índuced calcíunt
influx and efflux.' The contribution of reverse mode NCXI to the collagen-induced Ca2*
influx was calculated by subtracting the collagen-induced change in [Ca2*]; for SEA0400
(25prM) pre-treated platelets from their DMSO control.
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Collagen-induced Change in [Cu2*1,
in response to KB-R7943 (25trM)
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Figure 5E: Conn'ibutíon of Na*/Ca2* exchøngers to the collagen-inducecl cølciuttt
influx and efflux.' Superimposed typical trace for the collagen-induced change in [Ca2"];
for platelets administered the reverse mode selective NCX3 inhibitor KB-R7943 (25prM),
or vehicle control (DMSO) 3 minutes prior to their activation with 1Opg/ml collagen. The
typical tracings shown here were similar for platelets fiom four other individuals.
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Contribution of Reverse mode NCX3
Collagen-induced CaZ* Influx
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Figure 5F: Contribution of Na*/Ca2* exchangers to the collagen-induced calcíunt
í,tflux and efflux: The contdbution of reverse mode NCX3 to the collagen-induced Ca2*
influx was calculated by subtracting the collagen-induced change in [Ca2*]; for KB-
R7943 (25pM) pre-treated platelets from their DMSO control.
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Coilagen-induced Change in [Cu2*1,
in response to KB-R7943 (5pM)
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Fígure 5G: Contríbutíon o¡Na*/Ca2* exchøngers to the collagen-induced cølciunt
influx and efflux.' Superimposed typical trace for the collagen-induced change in [Ca2*]¡
for platelets administered the reverse mode selective NCX3 inhibitor KB-R7943 (5prM),
or vehicle control (DMSO) 3 minutes prior to their activation with lO¡rg/rnl collagen. The
typical tracings shown here were similar for platelets from four other individuals.
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Collagen-induced Ca2* Influx
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Figure 5H: Contribution of Na*/Ca2* exchøngers to the colløgen-induced calciunt
influx and effiux.' The contribution of reverse mode NCX3 to the collagen-induced Ca2*
influx was calculated by subtracting the collagen-induced change in [Ca2*]; for KB-
R7943 (5pM)pre-treated platelets from their DMSO control.
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administered SEA0400 from their DMSO control. Reverse mode NCX3 contributed

191.5 +l- 60.0 nM (n : a) to the average total increase in [Ca2*]¡ when administered 25

¡rM KB-R7943, or 60.3 +l- 24.5 nM (n : a) when administered 5 prM KB-R7943.

'Whereas reversal of NCXI and NCX3, and preventing Ca2* efflux through the NCXs,

results in an average total increase in [Ca2*]¡ of 614.6 +/- 77.0 nM (n: 4) as determined

with CBDMB.

Following the peak increase in [Ca2*];, the declining phase of the Ca2+¡ was further

analyzed by a curve peeling program (ANAL run by ASYST version 3.0). This analysis

revealed two phases during the removal of cytosolic calcium. The second phase, -2.5 To

5 minutes following collagen, showed a statistically signif,rcant difference for many of the

experimental treatments with either a Na*/Ca2* exchange inhibitor or changes in K.*.

Calcium decline was calculated as a rate of change in [Ca2*]¡ per minute after a collagen-

induced peak that was taken as the maximum. The rate of calcium efflux in the second

phase with NCX inhibitors was compared to the rate in presence of non-specific IgG.

NCX3 inhibition reduced the rate signifìcantlyby 27.5 +l- 10.2 % (p<0.05, n:5) and

NCX1 inhibition reduced the rate by 14.3 +l- 8.4 % (NS, n : 5) (Figure 6c). Inhibition

of NCI(XI reduced the rate of calcium efflux by 25.0 +l- 7.9 % (p<0.05, n : 5) in the

second phase as compared to platelets administered IgG (Figure 6c).

Evsluation of the Potassíum sensitivity of the Na*/Ca2* exchanger

Under nonnal resting physiological conditions, the platelet Na*/Ca2" exchangers

either operate in the forward mode or not at all when the calcium levels are low. The

presence of 0, 5, or 25 mM [K*]"* caused no significant change in basal [Cut*],, 39.O +l-

2.4 n}v4,39.8 +l- 2.3 nM and 41.3 +/- 2.2 nM respectively (NS, n: 6, Figure 7a).
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Fígure 6A: The effects of the Na*/Ca2* exchønger antibotlíes on the rate of Ca2* flu,
rleterminetl by curve peeling: Typical collagen-induced change in ICa2*]¡ for platelets
pre-treated with IgG. The peak increase in ICa2*]; following the administration of
collagen was taken as 100%.
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Figure 6B: The effects of the Na*/Ca2+ exchanger antibodies on the rate of Ca2* flux
determined by curve peeling: Curue peeling resolves the decline in [Ca2*];, from the
peak, into two phases with two rates (slopes). Data points are the "peeled" data points
frorn (A) for the phase one decline after the contribution from the other phase was
deducted. The slope of the best fìt lines 1 and 2 are the respective rates for phases one
and two, respectively.
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Phase II Calcium Rates

IgG anti-NCXI anti-NCX3 anti-NCKXI

-2

-6

10

€)*)

trà
+
ôl

eq

U

^\
q)

cq

ú

.r.

.t-

Figure 6C: The effects of the Nø*/Cø2* exchanger antibodies on the rate of Ca2* -flr*
determined by curve peeling: Rate of decline in [Ca'-]¡ for the second phase was
determined for platelets incubated with non-specific IgG, Anti-NCX1, Anti-NCX3 or
Anti-NCKXI and activated with collagen (*p<0.05, n: 5).
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Following exposure to collagen, there is a reversal in the Na*/Ca2* exchanger resulting in

an increase in [Ca2*]; and the activation of the platelet.s'"u Th"total collagen-induced

change in [Ca2*]; measured over 5 minutes for platelets suspended in buffer containing 0

mM K* (755.9 +l- 66.1nM, n : 6), 5 mM K* (833.2 +l- 84.0 nM, n : 6), or 25 mM K*

(732.2 +l- 94.8 nM, n: 6) was not significantly different (Figure 7b andTc).

The effects of high [I(J", on the røte of collagen-induced chønge in cytosolic cølciunt

The Na+/Ca2* exchanger's mode of action is dependent on the membrane potential

and the gradient of the ions it exchanges. An antibody specific to an external epitope of

NCKX1 was used in this study shows that the NCKX1 is involved in the collagen-

induced change in lCa2*];. However, we were unable to show any effect on the collagen-

induced lCu'*], in the absence of extemal K* or when Kex was increased to 25mM.

Since there is large gradient of K* favouring the forward mode of the NCKX, we further

evaluated the effect of higher (45 and 125mM) [K*]"* on collagen-induced ¡Ca2*1;. The

rate of cytosolic calcium decline in high K* (calculated using curve peeling as before)

\ilas compared to control with [K*]"* of 5 rnM. The second phase of the rate of Ca2*

decline was reduced significantly with 125 mM K*.* (by 84.2 +l- 28.4 % (p<0.05, n: 5))

and was insignifìcantly decreased with 45 mMK*" 
^(24.3 

+l- 18.7 % (NS, n : 5, Figure

8b).
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cellular potassiuttt: Basal [Cu'*], for platelets suspended in lmM Ca2* HEPES
physiological buffer containing OmM K*, 5mM Kn (normal), or 25mM K*. (NS, n : 6).
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cellulør potøssiuttt: Typical traces for the collagen-induced change in [Ca2*]; for platelets
suspended in 1mM Ca2* HEPES physiological buffer containing OmM K*, 5mM K*
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Figure 7C: Collagen-induced change in [Cø2*J¡ in the presence ønd absence of extra-
cellulør potussiuttt: Total Collagen-induced change in ICa2*]¡ measured for 5 minute
following the administration of collagen to platelets suspended in 1mM Ca2* HEPES
physiological buffer containing OmM K*, 5mM K* (normal), or 25mM K*. (NS, n : 6).
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Figure 88: EfJÞcts of high extracellular I( on ilte rate of decrease in [Ca2"J¡: Rate of
the decline in [Ca2*]; for the second phase, as determined using methods described in
Figure 7, for platelets suspended in 1mM Ca2* HEPES physiological buffer containing
5mM K*(normal), 45mM K*, or 125 mM K* and activated with lO¡rg/ml collagen.
(*p<0.05, n:5).
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Fígure 9A: Scltemøtic díøgram for the proposed roles NCXI, NCX3, and NCKXI:
Proposed roles of NCXl. NCX3, and NCKXI in the human platelets response to collagen
and the inhibitors that influence them.
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Figure 9B: Scltentatic diagram for tlte proposed roles NCXI, NCX3, ønd NCKXI: ln
the absence of collagen, the proposed roles of NCX1, NCX3, and NCKXI in human
platelets and the inhibitors that influence them.
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10.5 - DISCUSSION

In this study expression of the Na*/Ca2* exchangers in human platelets and the

role they play during collagen activation was analyzed. Collagen-induced calcium influx

occurs through the Na+/Ca2* exchanger functioning in the reverse mode.s'27ó It has been

previously reported that the human platelet expresses a K* dependent Na*/Ca2*

exchanger,2j7'26e however initial studies from our laboratory suggested that under certain

conditions K*-ìndependent Na*/Ca2* exchange may also play a role in platelet activation.

Since many cells have been found to express more than one type of Na*/Ca2* exchanger,

we sought to determine if the human platelet expresses a K* independent Na*/Ca2*

exchanger and further characteize which exchangers are involved during collagen

activation. mRNA for 3 isofonns of the cardiac type NCX were detected in the human

platelet, with RT-PCR and primers chosen to amplify the variable region of specifìc

splice variants. To our knowledge, this is the first time any member of the cardiac-NCX

family has been identified in the human platelet. However, NCXI.3 has been reported in

the adrenal gland, aorta, endothelial cell, eye, intestine, kidney,liver, lung, pancreas,

skeletal muscle, spleen, stomach, testes, thymus, and vascular smooth muscle;2et'-'no

NCX3.2 has been reported only in skeletal muscle and the brain;ze1' 
300 

and NCX3.4 has

been found in skeletal muscle.3oo

Platelets are fomed through the process of budding frorn megakaryocytes. They

do not contain nuclei, and therefore are unable to synthesize mRNA, but they do retain

mRNA from their megakaryocyte precursors and have tranSlational activity. In this study

we confinned the presence of NCXI, NCX3, and NCKXI proteins with Western blot
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analysis. Whether these membrane-bound proteins were fomed in the human platelet or

were already present in the megakaryocytes precursors still needs to be detennined.

The presence of multiple isoforms of the NCXs as well as that of NCKXl raises

the question about their functional roles in the human platelet. We were fortunate to find

antibodies targeted to extra-cellular domains of NCXl, NCX3 and NCKX1, so we used

their ability to inhibit exchanger function and tease out their contribution to calcium

homeostasis. With the aid of antibodies specific to the various NCXs we were able to

show the individual contributions NCXl and NCX3 have to the collagen-induced

increase in lCa2*];, and provide additional evidence that collagen induces the reversal of

the NCX. This Ca2* influx occurs largely by NCX3, and to some extent by NCXI as

determined by the inhibitory actions of their respective specific antibodies. Furlhennore

the reverse mode selective inhibitors of NCXI and NCX3, SEA0400 and KB-R7943, are

able to inhibit the influx of calcium and aggregation following collagen.

The collagen-induced [Cut*], declines due to the re-uptake of calcium into

intracellular stores and due to the efflux of calcium from the platelet cytosol. The non-

specific NCX inhibitor CBDMB, the reverse mode NCXl selective inhibitor 5840400,

and the reverse mode NCX3 selective inhibitor KB-R7943 were employed to illustrate the

contributions the NCXs have on the collagen-induced [Cu'*]'. Subtracting the collagen-

induced change in [Ca2*]¡ with CBDMB, SE40400, or KB-R7943 treated samples from

their vehicle control provide an estimate of the NCXs contribution. Collagen causes the

transient activation of reverse mode NCXl and NCX3, as observed by the initial increase

in [Ca2*]¡ that declines to near baseline levels aÍ1er 5 minutes when the reverse mode

operation is inhibited with SEA0400 or KBR respectively. A plateau in the later
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declining phase of ICa2*]; is observed when both forward and reverse mode of all NCXs

are inhibited with CBDMB. In contrast, the calcium response returns to near baseline

when only the reverse mode NCX3 or NCXl is inhibited thereby indicating that the

NCXs have switched back to forward mode (calcium efflux) after about 2.5 minutes

following the addition of collagen. We have shown previously that collagen-induces an

increase in cytosolic Na* which causes NCX reversal.s This study shows that with time

the NCXs return to forward mode thereby suggesting that the Na* influx response to

collagen may be transient. The Na* influx may be through receptor operated channels, or

more specifically the transient receptor potential channels, which have been shown to

have transient activation.3ot

The effects of the Na*/Ca2* exchanger antibodies on the rate of decline in [Cu'*],

was determined by curve peeling. This analysis revealed that there are two phases to the

calcium decline. The fìrst phase was not significantly effected by any of the antibodies

(data not shown), but the second phase was signifìcantly reduced when NCX3 was

inhibited with its antibody. The dramatic effect of NCX3 inhibition on the rate of

calcium efflux is likely product of its abundance and depicts its irnportance in the

platelets response to collagen.

NCKX1 was found to be activated in response to collagen, however it functions in

the forwards mode thus serves to blunt the collagen-induced increase in [Ca2*]¡. Initially

we had assumed that the collagen-induced Na* influx that causes NCX reversal would

also reverse the Na*/Cat*-K* exchanger, but we were unable to show that the collagen-

induced change in [Ca2*]¡had a dependence on external K* (between 0 to 45 mM). Use

of the antibody specifìc to NCKXI established that during collagen activation, NCKXI
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continues to function in the forward mode. The Na*/Ca2* exchangers' mode of action is

dependent on the gradients of the ions they exchange. Given the large gradient of K*

favouring forward mode Na*/Ca2*-K* exchange we believe that increasing extemal K* to

25 mM was not suffìcient to alter the function of the NCKX1. Increasing extracellular K*

to 45 or 1 25 mM reduced the rate of forward mode operation of the NCKX 1 as

demonstrated by the reduction in the rate of calcium efflux in the second phase of the

platelets response to collagen. Inhibiting the NCKXI with its antibody was also found to

reduce the rate of calcium efflux in the second phase. The results of this study illustrate

that NCKXI functions in the forward mode to reduce [Cu'*],. We believe that the

changes in NCKX function, if any, in response to changes in the K* gradient between

zero and 25 mM were masked by other exchangers and ion pumps in the platelet

membrane. Absence of K*"^ would enhance the forward mode of the NCKX, but it would

also inhibit the Na*/K* pump resulting in an increase in [Na*]; enhancing the reverse

mode of the NCXs. Increasing K*.* to 25mM would theoretically reduce forward mode

NCKX, and increase Na*/K* pump removal of cytosolic Na* thereby reducing reverse

mode of the NCXs. Because we measured the average calcium concentration in the

whole platelet, it is anticipated that the effects of these exchangers is probably greater in

the regions of the membranes where they are localized and likely associated with specific

proteins as has been suggest by Rosker et aI..302 Unfortunately the platelets are too small

for the determination of the rnicrodomains of calcium inside it.

Since the NCX and NCKX mode of action are determined by the gradients of the

ions they exchange it is of interest that they have opposite modes of action in-response to

collagen (Figure 9). Perhaps the collagen-induced increase in [Na*]¡ is localized to
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regions of the membrane that are rich in the NCX3s. Or maybe the K" gradient that

favours forward mode NCKX is sufficient to prevent NCKX reversal under the

conditions of collagen-induced increase in [Na*]¡. The physical association of Na*/Ca2*

exchangers with other ion channel proteins is something that will require further study.

Since an increase in cytosolic Ca2* precedes the activation and subsequent

aggregation of human platelets, the Na*/Ca2* exchanger is a potential target for the

prevention of unwanted platelet aggregation and thrombus formation. Some pathological

states and certain agonists, but not all, utilize the Na*/Ca2* exchanger for their signaling.s'

2'12'276 In the case of diabetes mellitus, our laboratory has found that the Na*/Ca2*

exchanger functions in the reverse mode increasing platelet cytosolic Ca2* thus making

the platelet more sensitive to activation and prone to form unwanted micro-thrombii.6 In

this instance, the prevention of reverse mode Na*/Ca2* exchange may be a potential

method to prevent platelet hyper-responsiveness and subsequent micro-thrombi

formation.

Targeting a specific exchanger for a therapeutic intervention first requires us to

know our target and how it operates. NCXl ,2 and 3 are products of different genes, but

their amino acid sequences are -70%identical.22' All a.e regulated by intracellular Ca2*,

and have similar binding affinities for extra-cellular Ca2*and Na*, and respond

comparably to changes in pH. The activities of NCXI and NCX3 are increased by the

activation of protein kinase C,222'303-30s and protein kinase A.222 ATP depletion inhibits

the activity of NCXI and NCX2, but has no effect on the activity of NCX3.222 Though

similar in function, there are some differences between the affinities and activities of the

NCXs that may ultimately be utilized to preferentially inhibit one type of NCX over
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another. KB-R7943, a selective reverse mode inhibitor of cardiac type NCX, is 3 times

more inhibitory to NCX3 than to NCXl or NCX2.230 It is our hope that furthe¡

development of phannacological interventions in diseases such as diabetes mellitus will

be facilitated with the characterization of NCXI .3,3.2 and3.4 in the human platelet as

presented in this study.

10.6 - CONCLUSION

Calcium is an important second messenger in the platelet activation cascade,

which makes any of the mechanisms that regulate it, an important therapeutic target for

the manipulation of platelet function. Up until now, all of the platelet Na1Ca2* exchange

activity has been thought to be due to K* sensitive NCKX, however in this study, our

laboratory is the first to show the expression of K*-insensitive cardiac type NCX mRNAs

and proteins. We have found that NCX3.2 expression far exceeds that of NCXl.3,

NCX3.4, and NCKX1 at the mRNA level. Furthermore, using a novel way to

specifìcally delineate the functional role of the different types of the Na*/Ca2* exchangers,

we have demonstrated that during collagen activation the different types of Na*/Ca2*

exchangers do not function in the same direction thus creating micro-domains of calcium

concentration within the platelet.
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Collagen-induced Activation of TRPC6: A Potential

mechanism for sodium entry triggering NCX reversal

Diane E. Roberts and Ratna Bose

Data from: United States Letters Patent 60862275. Filed October 20,2006.
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72.I - TNTRODUCTION

The transient receptor potential (TRP) channels are a diverse super family of non-

specifìc cation channels that have been implicated as potentíal candidates for store-

operated and receptor operated channels. The super family can be broken down into

seven main subfamilies: TRP canonical (TRPC), TRP vanilloid (TRPV), TRP melastatin

(TRPM), TRP polycystin (TRPP), TRP mucolipin (TRPML), TRP ankynn (TRPA), and

TRP no mechanoreceptor potential C (TRPN). The TRP proteins are composed of six

transmembrane segments with a hydrophobic pore region between segments 5 and 6. TRP

channels are composed of either homo- or heteromultimers of 4 TRP protein subunits

from the same sub-farnily.30ó

Platelets have been reported to express TRPCI and TRPC6 ,11s,307 whereas the

presence of TRPC3, TRPC4 and TRPC5 remains controversial. Initially, platelets were

not thought to express TRPC3, TRPC4 and TRPC5.'tt Ho*"uer more recently

Brownlow et al. have shown, using commercially available antibodies from Alomone

Labs, that platelets express TRPC3, TRPC4, and rRPC5.l7ó Furthennore, due to the

results of their co-irnnrunoprecipitation it was suggested that the platelet TRP channels

Íìay co-assemble to form heteromultimers of TRPCl/TRPC4/TRPCS and

TRPC3/TRPCó. TRPCI, TRPC4, and TRPC5 are store-operated channels. Their

activation is dependent on the state of filling of the intracellular Ca2* stores. The receptor

operated channels, TRPC3 and TRPC6, are activated by 1,2-diacylglycerol (DAG).308

Once activated, TRP channels allow the influx of Na* and Ca2* at a ratio dependent on

their selectivity/permeability and the cornposition of the extracellular milieu.
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We have previously shown that the majority of the collagen-induced increase in

platelet cytosolic calcium ([Cu'*]') results from the influx of Ca2* from the extracellular

milieu via the Na*/Ca2* exchanger (NCX) functioning in the reverse mode. Reverse

mode NCX appears to be a result of the influx of Na* into the platelet cytosol.s TRPC3

channels have been found to co-localize with NCX1 in cardiac myocytes and HEK293

cells. In these systems, it was demonstrated that TRPC3 activation resulted in the entry

of Na* and subsequent reversal of NCXI .302'30e In this study we sought to determine if

the TRPC channels play a role in the collagen-induced activation of human platelets. Pre-

treating platelets with an antibody against TRPC6 reduced the collagen-induced increase

in [Ca2*]; and aggregation. We propose that collagen-induced production of DAG,

activates TRPC6 leading to increase in [Na*]¡ triggering the reversal of the NCX and

subsequent increase in ICa2*]¡.

12.2 - MATERIAL METHODS

Platelet Isolation

Venous blood was drawn from healthy volunteers, who denied taking aspirin for

at least 14 days prior to participation, into EDTA containing vacutainer tubes. Platelet

rich plasma was isolated from blood samples by centrifugation at 600 rpm for l5 minutes.

Platelets were isolated fi'om platelet rich plasrna by centrifugation at 2000 rprn for 15

minutes. Platelet samples were re-suspended in 500 pl of platelet poor plasma and

incubated at 37oC for I hour with the calcium sensitive fluorescent dye fura-2-AM

(1OpM) (Molecular Probes, Eugene, OR).
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Following incubation to load the dye, the platelets were separated from the plasma

and extracellular dye by geì filtration using a Sepharose CL-28 column. The platelets

were eluted in a Ca2* free HEPES buffer containing (in mM): 140 NaCl, 4.g KCl, 1.2

MgCl2, 1.4 KH2POa, 5.5 glucose, and 20 HEPES (pH 7 .4), counted in a Coulter counter

and adjuste d to 2 x 108 platelets/rnl.

Fluorescence and Aggregatiott Measurement

Changes in fluorescence and aggregation were simultaneously measured at3'7oC

in a Jasco Inc., Model CAF- I I 0 Ion Analyzer (Easton, MD). The excitation wavelength

for [Ca2*]; measurement was 340nm and 380nm and the emission wavelength was

500nm. lCu'*], was calculated according to previously published fomula.s,6,27l

Aggregation was measured as a change in optical density using a near-infrared LED

95Onm light source.

Role of TRPCs in the Colløgen-induced Platelet Activatiott

Aliquots of the platelets were incubated for 30 minutes at room temperature with

either polyclonal antibodies (10 ¡rglmL) or polyclonal antibodies (10 VdmL) and antigen

(10 pg) for TRPC1, TRPC2, TRPC3, TRPC4, TRPCS, and TRPCó (Alomone Labs,

Jerusalem, Israel). Sarnples were incubated with lmM Ca2* at37uC for 3 minutes prior to

the administration of l0 pglml- collagen, and changes in fluorescence and aggregation

were simultaneously measured.

Chenúcals

Fura-2-AM was purchased from Molecular Probes (Eugene, OR), and dissolved in

dimethyl sulfoxide (DMSO). TRPCI, TRPC2, TRPC3, TRPC4, TRPC5, and TRPC6
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polyclonal antibodies and antigens were purchased from Alomone Labs (Jerusalem,

Israel). Collagen was obtained from Nycomed Arzneimittel (Munich, Germany).

Sepharose ZB-CL was obtained from Pharmacia Biotechnology. All other chemicals

were purchased from Sigma.

72.3 - RESULTS

The collagen-induced change in [Ca2*]¡ and aggregation was not significantly

effected by pre-treatment with either antigen or antibody blocked with its antigen.

Platelets pre-treated with anti-TRPC6 (10 pglml-), had a reduction in their collagen-

induced change in [Ca2n]¡ and aggregation (Figure l). Antibodies directed against

TRPCl, TRPC2, TRPC3, TRPC4, and TRPC5 had no effect on the collagen activation of

human platelets (data not shown).

I2.4 - DISCUSSION

Transient receptor potential canonical channel 6 is a receptor operated channel

activated by DAG.308 Th"y are non-selective cation channels that are penneable to both

Na* and Ca2* at a ratio of l:5.308 The extracellular milieu contains Na* and Ca2* at a ratio

of approximately I 00:1 , therefore the activation of these channels allows signifìcant Na*

loading. We have previously shown that collagen induces an increase in [Ca2*]¡ through

activation of reverse mode NCX.5 The NCX mode of action is dependent on the Na*

gradient,ls6'268'288'28e and several studies have shown that the reversal of NCX occurs

following an increase in the concentration of closolic sodium ([Nu*]').tut''8t Collug.n

induces an increase in [Na*];, which is significantly leduced by the pre-treatment of
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Figure 1.' Super-imposed typical tracings for the collagen-induced platelet aggregation
for platelets pre-treated with specific antibody for TRPC6 or TRPC6 antibody blocked
with the TRPCó antigen (control).
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platelets with aspirin. It has been shown that pre-treating platelets with aspirin inhibits

the production of DAG in response to collagen.''o W" propose that collagen-induced

production of DAG, activates TRPC6 leading to increase in [Na*]; tríggering the reversal

of the NCX and subsequent increase in [Ca2*]¡. This link between TRPC6 and NCX has

recently been proposed for agonist-induced NCX reversal in rat aorta smooth muscle

cells.3l I

12.5 - CONCLUSION

Collagen-induced Na"/Ca2* exchange reversal, and subsequent increase in lCa2*];

and platelet aggregation, is due to Na* influx through TRPC6 channels.
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THESIS DISCUSSION

Collagen has long been recognized to be an important component of the

haemostatic system, acting as a site for platelet adhesion and activation. The role of

calcium in the collagen-induced activation of platelets has, however, been controversial.

Initially it was suggested that collagen activation of platelets did not require an

increase in cytosolic calcium. It was shown, using the calcium fluorophore quin2, that

collagen: induced aggregation and secretion of ATP in aspirin treated platelets, but not an

increase in cytosolic calcium;261'262 and induced aggregation, ATP secretion, IP3

formation, but did not increase in cytosolic calcium in indomethacin-treated platelets.l33

Collagen did induce an increase in cytosolic calcium when the platelets were not pre-

treated with aspirin,tu' but since aggregation and secretion were observed when cytosolic

calcium did not increase it was concluded that collagen-induced platelet activation was

independent of calciurn. With the advent of the calcium photoprotein aequorin, these

findings were brouglit into question. Ware et al. 1986, cornpared collagen-induced

activation of aspirin pre-treated platelets loaded with aequorin to that of platelets loaded

with quin2. They demonstrated that collagen induced platelet aggregation, ATP secretion

and an increase in cytosolic calcium when measured with aequorin but not quin2.3l2

Aequorin is a calcium sensitive photoprotein. The binding of calcium to aequorin

results in the emission of blue light at an intensity that is proportional to the calciurn

concentration to the po\Ã/er of approximately 2.5. Quin2 is a fluorescent dye that when

excited, emits fluorescence that is increased 2lold when bound to calciuln. It has a high

affinity for calcium, and the concentrations required to obtain a useful signal to noise
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ratio can result in quin2 buffering the concentration of cytosolic calcium. Changes in the

quin2 intensity of emission are linearly related to the log change in the concentration of

calcium. Whereas for aequorin, there is a log change in luminescence in response to 1og

changes in the concentration of calcium.3l3 As such, aequorin would be more likely to

detect local transient increases in cytosolic calcium than quin2.

Aequorin is more sensitive to calcium than quin2.3la As we have shown, pre-

treating platelets with aspirin reduces the collagen-induced increase in cytosolic calcium,s

so it is conceivable that a fluorophore with a lower sensitivity to calcium may not be able

to detect an increase in cytosolic calcium under these circumstances.

The debate continued when additional support for calcium independent collagen-

induced activation was provided using the calcium sensitive fluorophore fura-2. Fura.Z

has a lower affinity for calcium and is 30 times more fluorescent than quin2. Pre-treating

platelets with indomethecin prevented the collagen-induced increase in cytosolic calcium

but not the liberation of arachidonic acid.26a However, since aggregation was also

prevented it could be argued that collagen-induced activation does require an increase in

calcium and arachidonic acid liberation is an upstream event. This is suppofied by the

observations that arachidonic acid liberation can result through the actions of PKC or

DAG lipase acting on DAG,3l5 two events that occur prior to collagen-induced increase in

cytosolic calcium.

Over the years, there has been an accumulation of data establishing that collagen

activation of platelets is a calcium dependent process. Collagen-induced increase in

cytosolic calcium was shown to precede and be fast enough to be involved in the platelet

aggregation.o Collug"n-induced arachidonic acid liberation, myosin phophorylation, and
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5-hydroxytramine secretion depend on an increase in cytosolic calcium, and were

abolished when BAPTA was used to prevent the collagen-induced increase in cytosolic

calcium.263 The discrepancy with respect to the requirement of calcium for arachidonic

acid secretion may be due to the higher concentration of collagen administered by Smith

et aI.1992. The imaging of a single platelet established that platelet adhesion to collagen-

induces an increase in cytosolic calcium,3'316 and the recruitment of additional platelets

resulting in thrombus growth.3lu We have shown that calcium is required for collagen-

induced platelet aggregation. Chelating intra- and extracellular calcium with EGTA and

BAPTA-AM prevented the collagen-induced change in cytosolic calcium and

aggregation.s

There are two components to the collagen-induced change in cytosolic calcium:

calcium influx from the extracellular milieu, and the release of calcium from intracellular

stores. The majority of the collagen-induced increase in closolic calcium,

approximat ely 70 percent, is due to the calciurn influx.276

The collagen-induced increase in cytosolic calciurn is dependent on the sodium

gradient. To determine if this is related to the absence of sodium, as opposed to an

alteration in the osmolarity or ionic cornposition of the buffer, sodium was replaced with

iso-osmolar sucrose, equimolar N-rnethyl glucarnine or choline chloride. No matter

which of the substituents used, in the absence of external sodium there was a reduction in

the collagen-induced increase in cytosolic calcium and aggregation.s'ttu Thr:s it can be

concluded that the effects we have observed are not due to osmolar or ionic changes, but

rather are attributed to the absence of external sodium.
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Platelet membranes contain Na*/Ca2* exchangers, which are capable of moving

calcium into or out of the platelet cytosol in exchange for sodiu-.'tu'268 It has been

shown that the Na*/Ca2* exchanger's mode of action can be reversed, leading to an

increase in cytosolic calcium.ls6'268'288''tt Th. mode of action is dependent on the

membrane potential and the gradient of the ions they exchange. In the resting state, the

Na*/Ca2* exchanger removes calcium from the platelets' cytosol. It would be anticipated

that in the absence of external sodium, its gradient would favor the reversal of the

Na*/Ca2* exchanger resulting in the increase in cytosolic calcium. Platelets suspended in

zero sodium buffer have been shown to have an increased influx of calcium,3ls indicating

that the Na*/Ca2* exchanger has reversed, however an increase in cytosolic calcium was

not detected.2se' 
318' 3'e Onc" reversed, the Na*/Ca2* exchanger will continue until the

sodium gradient has equilibrated, at which point it stops. Platelets have many

mechanisms to regulate the concentration of cytosolic calcium thereby preventing

unwanted platelet activation. These processes include the uptake of calcium into the

int¡acellular stores and its efflux into the extracellular milieu. It has been shown that in

the absence of extemal sodium, cytosolic calcium remains the same whereas there is an

increase in the concentration of calcium in the intracellular stores and the rate of calcium

efflux from the platelet.2se It is ourbelief that the suspension of platelets in zero sodium

buffer does result in a brief reversal of the Na*/Ca2* exchanger leading to calcium influx,

but this increase in calcium is rapidly removed from the cytosol before we are able to

detect its increase using our experimental procedure which involves a brief lag between

platelet suspension in zero sodium buffer and its transfer into the ion analyzer. Since

reducing sodium gradient did not alter the resting cytosolic calcium measured, this
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indicates that prior to the administration of collagen the Na*/Ca2n exchanger is not

functioning in a reverse mode. The collagen-induced activation of the platelets in a low or

no sodium medium resulted in a dose dependent decrease in the collagen-induced

increase in cytosolic calcium, consistent with the increase in cytosolic calcium being

dependent on the sodium gradient, requiring an initial influx of sodium to trigger the

reversal of the Na*/Ca2* exchanger. This is in contrast to the effect of low sodium on

thrombin activation of platelets where the Na*/Ca2* exchanger operates in the forward

mode, and an increase in cytosolic calcium is observed due to the inhibition of forward

mode Na*/Ca2* exchange.6

Collagen-induced influx of calcium through reverse-firode Na*/Ca2* exchange is

further substantiated by the reduction in both cytosolic calcium and aggregation when

platelets are administered the Na*/Ca2* exchanger blocker CBDMB and the reverse mode

selective Na*/Ca2* exchange inhibitors KB-R7943 and SEA04 O0.s'216

In response to collagen, there is a large initial increase in cytosolic calcium

followed by a decline as calcium is taken back up into intracellular stores and exported

frorn the platelet. There are two phases to the decline in cytosolic calcium. The fìrst is

rapid, and the second is gradual. Using Na*/Ca2* exchanger blockers, \¡/e were able to

determine that the collagen-induced Na*/Ca2* exchange reversal is transient and that with

time the exchangers return to forward mode aiding in the removal cytosolic calcium

during the second phase of the calcium decline.

It has been previously reported that the human platelet expresses a K* dependent

Na*/Ca2* exchanger NCKXI .207'26e We have also found the K* independent or cardiac

type Na*/C a2* exchangers (NCX) expressed in the human platelet. mRNA for NCXI .3,
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NCX3.2 and NCX3.4 were detected by reverse transcriptase polymerase chain analysis.

NCX1.3 is nearly ubiquitously expressed whereas NCX3.2 has been reported only in

skeletal muscle and the brain,ze1' 
300 and NCX3.4 has been found in skeletal muscle.300

Real time quantitative PCR revealed that NCX3.2 is far more abundant than NCXl.3,

NCX3.4, and NCKXI.

The presence of NCX1, NCX3, and NCKXI proteins were confirmed in human

platelets via westem blot analysis with antibodies targeted to'extracellular portions of the

exchangers. These antibodies were found to act as functional inhibitors of their

respective exchangers in intact platelets, and confinned that collagen-induced the reversal

of NCXI and NCX3 resulting in an increase in cytosolic calcium whereas NCKXl

functions in the forward mode to export calcium. NCX3 plays a slightly larger role than

NCXl in the collagen-induced increase in cytosolic calcium. However, it was anticipated

that the collagen-induced calcium influx via NCX3 would be greater than that of NCXl

because it was found to be far more abundant at both the mRNA level and protein level.

We propose two possible hypotheses to explain the cliscrepancy between the level of

expression and function. Collagen activation of platelets increases the level of calpain,

which has been shown to cleave NCX3 but not NCX1 or NCX2.320 The cleavage of

NCX3 inactivates the exchanger, and could possibly explain why NCX3 does not play as

large a role in the collagen-induced increase in cytosolic calcium as anticipated. NCXl

has been shown to co-localize with non-selective cation channels, which when activated

allow the sodium influx that reverses NCXI . 302' 30e To date, no co-localization between

NCX3 and non-selective cation channels has been demonstrated. Perhaps the relative

distribution of NCX3 is such that they are not all located in the areas where this sodium
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influx occurs, and therefore not all activated. Both of these hypotheses require fuúher

study.

The K* independent Na+/Ca2* exchangers are bi-directional transpofiers of Na* in

exchange for Ca2*. The ratio of Na* to Ca2* exchange is generally accepted to be 3: 1 ,2ls'

''u ho*"u"r it has been shown that depending on the intracellular concentration of Na*

and Ca2* the ratio can vary from 1:l to 4:1 .2t7'2t8 The K* dependent Na*/Ca2* exchangers

are bi-directional transporters of Nan in exchange for Ca2* and K* across the cell

membrane with a transport stoichiomerry of 4 Na* to 7 Caz* and 1 K*.lee-201 The

exchangers' mode of action is dependent on the membrane potential and the gradients of

the ions it exchanges. Since collagen activation of platelets does not result in a change in

the membrane potenti a7,273 any changes in the Na*/Ca2* exchanger's mode of action

would have to be a result of an alteration in the ionic gradients. It is of interest that the

collagen-induced increase in cytosolic sodium is sufficient to induce reverse mode K*

independent Na*/Ca2* exchange, but not a reversal in the K* dependent Na*/Ca2*

exchanger. Perhaps the K* gradient is suffìcient to oppose its reversal. Increasing

extracellular K* to 45 or 125 mM reduced the rate of forward mode operation of the K*

dependent Na*/Ca2* exchanger as demonstrated by the reduction in the rate of calcium

efflux in the second phase of the platelets response to collagen.

Agonist-induced sodium influx has been observed in response to the platelet

activators thrombin, ADP,278'27e and collagen.s In the case of thrombin and ADP, part of

the sodium influx has been attributed to the activation of Na*/H* exchanger (NHE),

however inhibiting the NHE had no effect on the collagen-induced increase in cytosolic
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calcium or aggregation, suggesting another mechanism for the collagen-induced increase

in cytosolic sodium.

The NHE mediates the exchange of extracellular Na* for intracellular H*, thereby

regulating cytosolic pH (pH¡). An increase in pH¡ subsequent to platelet activation

enhances calcium rnobilization in response to various platelet activators.l3s' ts6'2e2

Collagen activation of platelets results in an increase in pH;.s It has been demonstrated

that sodium dependent calcium efflux is enhanced at high pHi.'s6 Therefore, collagen's

alkalization of the platelets' cytosol may be another mechanism that can further increase

the cytosolic calcium during platelet activation.

Thromboxane (TXA) is produced subsequent to platelet activation with

collagen,2e3 and enhances the collagen-induced activation.el't32'264''u' TXA is fonned by

the conversion of arachidonic acid by cyclooxygenase into prostaglandin G2 and then

prostaglandinH2, which is converted into thromboxane via thromboxane synthase.

Inhibiting TXA production with the cyclooxygenase inhibitor aspirin, reduced the

collagen-induced increase in cytosolic calcium and aggregation, and was almost

cornpletely abolished by the chelation of extracellular calciuln. Furlhennore, pre-treating

platelets with aspirin drastically depressed the collagen-induced increase in cytosolic

sodium, suggesting that TXA enhances collagen activation of platelets through both

mobilization of calcium, and influx of sodium with associated disruption of the sodium

gradient.

Thromboxane activates phospholipase C-B (PLC-P),32 ì which hydrolyzes

phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphare (lP3) and

1,2-diacyglycerol (DAG).322'"' IP, induces the release of calcium from the dense tubuìar
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system.l3a''tt DAG activates protein kinase C,136 and the transient receptor channels

31617 . The transient receptor potential channels are non-selective cation channels that

once activated allow the influx of sodium and calcium. It has been shown that pre-

treating platelets with aspirin inhibits the production of DAG in response to collagen.3r0

From this we proposed that the collagen-induced sodium influx is primarily due to DAG,

produced via the actions of TXA, activating transient receptor potential channels.

The transient receptor potential (TRP) channels are a diverse super family of non-

specific cation channels that are activated by sensory stimuli (stretch, temperature),

chemical ligands (capcaisin, mustard oil), neurotransmitters, growth factors, hormones, or

in response to the activation of G-protein coupled receptors or tyrosine kinase coupled

receptors. The super family can be broken down into seven main subfamilies: TRP

canonical (TRPC), TRP vanilloid (TRPV), TRP melastatin (TRPM), TRP polycystin

(TRPP), TRP mucolipin (TRPML), TRP ankyrin (TRPA), and TRP no mechanoreceptor

potential C (TRPN). The TRP proteins are composed of six transmembrane segments

with a hydrophobic pore region between segments 5 and 6. TRP channels are composed

of either homo- or heteromultimers of 4 TRP protein subunits from the same sub-

. .i 306ramlry.

Platelets have been reported to express TRPCI and TRPC6,t7s'301 whereas the

presence of TRPC3, TRPC4 and TRPC5 remains controversial. Initially, platelets were

not thought to express TRPC3, TRPC4 and TRPCS.'tt Ho*"uer more recently

Brownlow et al. 2005 have shown, using commercially available antibodies fi'om

Alomone Labs, that platelets express TRPC3, TRPC4, and TRPCS.l7ó Fufihermore, due

to the results of their co-immunoprecipitation it was suggested that the platelet TRP

164



channels may co-assemble to form heteromultimers of TRPCl/TRPC4/TRPC5 and

TRPC3/TRPC6. TRPC1, TRPC4, and TRPC5 are store-operated channels. Their

activation is dependent on the state of filling of the intracellular CaZ* stores. The receptor

operated channels, TRPC3 and TRPC6, are activated by DAG.308 Once activated, TRP

channels allow the influx of sodium and calcium at a ratio dependent on their selectivity

permeability and the composition of the extracellular milieu.

The collagen-induced increase in cyosolic calcium and aggregation was reduced

when platelets were pre-treated with antibodies against TRPC6. Antibodies directed

against TRPC1, TRPC2, TRPC3, TRPC4, and TRPC5 had no effect on the collagen-

induced activation of human platelets. TRPC6 channels are permeable to both sodium

and calcium at a ratio of 1:5.308 The extracellular milieu contains sodium and calcium at

a ratio of approxirnately 1 00:1 , therefore the activation of these channels allows

signifìcant sodium loading. We propose that collagen-induced production of DAG,

activates TRPC6 leading to increase in cytosolic sodium triggering the reversal of the

NCX and subsequent increase in cytosolic calcium. This link between TRPC6 and NCX

has recently been proposed for agonist induced NCX reversal in rat aofia smooth muscle

cells.3ll

TRPC3 is75Yo identical to TRPCó with respect to the amino acid sequence.

TRPC3 channels are perïneable to both sodium and calcium at a ratio of I :l .6,32a and

have been found to co-localize with NCXI in cardiac rnyocytes and HEK293 cells. In

these systems, it was demonstrated that TRPC3 activation resulted in sodium entry and

subsequent reversal of NCX1.302' 30e Antibodies against TRPC3 had no effect on

collagen activation of platelets, suggesting that either the TRPC6 channels activated by
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collagen are homomultimers or that the TRPC3 antibodies are not able to bind to TRPC3

when it is co-assembled with TRPC6. The latter seems unlikely since the same

antibodies were used for the functional and the co-immunoprecipitation studies.

The results presented in this project establish: the absolute requirement of calcium

for the collagen-induced aggregation of human platelets, the majority of the collagen-

induced increase in cytosolic calcium is due to calcium influx via reverse mode Na*/Ca2*

exchange; human platelets express K* dependent and independent Na*/Ca2* exchangers;

and that collagen-induces the reversal of the K* independent Na*/Ca2* exchangers

resulting in calcium influx whilst the K* dependent Na*/Ca2* exchangers continue to

function in the forward mode. Our findings, and what was currently known about the

mechanism responsible for the collagen-induced activation of platelets, are summanzed

in figure 1. Previous work has established that following collagen's cross linking of

GPVI receptors on the platelets surface, PLC-yZ is activated and results in the formation

of IP3 and DAG. 132'133IP3 
has been shown to trigger the release of calcium from the

intracellular stotes,l34'l3s and as shown here accounts for approximately 30o/o of the

collagen-induced increase in cytosolic calcium.276 DAG leads to the activation of PKC,

136 which activates the NHE. The NHE acts to bring sodiurn into the platelet in exchange

for hydrogen. The results of our studies demonstrated that though active, the NHE is not

responsible for the large increase in cytosolic sodium observed.s Collagen has been

shown to induce the fonnation of TXA, though the precise mechanism f-or this has yet to

be established. TXA activates PLC-P,32¡ resulting in the formation of IP3 and DAG. 322'

323 It has been shown that inhibiting the formation of TXA through the administration of

aspirin prevents the collagen-induced accumulation of DAG, 310 and we have found that it
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also prevents the collagen-induced influx of sodium.s DAG has been shown to activate

TRPC3 and TRPC6 channels.308 We show here that blocking the TRPCó channel

reduced the collagen-induced increase in cytosolic calcium. From these results, we

propose that collagen-induced production of TXA leads to the accumulation of DAG,

which activates TRPC6 leading to increase in cytosolic sodìum triggering the reversal of

the K* independent Na*/Ca2* exchangers and subsequent increase in cytosolic calcium.
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THESIS CONCLUSIONS

o Collagen-induces a dose dependent increase in platelet cytosolic calcium (KDso

10.1 +/- 2.2 ¡tglml,n:6) and aggregation.s

o There are two components to the collagen-induced increase in closolic calcium:

calcium influx from the extracellular milieu, and release from the intracellular

stores; Calcium influx accounts for 69 +l- 2 o/o of the collagen-induced increase in

cytosolic calcium.276

o Collagen-incluced platelet aggregation is dependent on an increase in cytosolic

calcium and can be inhibited by chelation of intra and extracellular calcium

through the administration of BAPTA-AM and EGTA.S

o The collagen-induced increase in cytosolic calcium is dependent on the sodium

gradient.s'27ó

o Westem blot analysis showed that human platelets express the K* dependent

Na*/Ca2* exchanger (NCKXI) and K* independent Na*/Ca2* exchangers (NCXI

and NCX3).
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RT-PCR, and DNA sequencing showed that three isoforms of the K* independent

Na*/Ca2* exchangers are expressed in the human platelet: NCX1.3, NCX3.2, and

NCX3.4;

Real-time quantitative PCR revealed that NCX3 .2 is far more abundant than

NCXl.3, NCX3.4, and NCKXI at the mRNA level.

Collagen-induces the reversal of the K* independent Na*/Ca2* exchangers (NCX1

and NCX3) resulting Ca2* influx whilst the K* dependent Na*/Ca2* exchanger

(NCKX1) continue to function in the forward mode.

The collagen-induced increase in cytosolic calcium is reduced by the: NCX

inhibitor CBDMB;s'216 the reverse mode selective NCXI inhibitor SEA0400; and

the reverse rnode selective NCX3 inhibitor KB-R7943.s'276

Collagen-induces an increase in cytosolic Na* (to 60.0 +/- 10.7 mM) mostly via

the actions of thromboxane, but also to a lesser extent by the Na*/H* exchanger.s

Blocking TRPC6, a non-specific cation channel that has recently been implicated

as a source of Nan influx triggering NCX reversal, reduces the collagen-induced

increase in cytosolic calcium.
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