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Abstract 

von Willebrand factor (VWF) and factor VIII (FVIII) circulate in the blood as a non-

covalent complex.  VWF plays an important role in primary hemostasis through its interactions 

with components of the extracellular matrix and platelet glycoproteins, as well as through its 

stabilization of FVIII.  FVIII plays a crucial role in the intrinsic coagulation cascade and in the 

propagation of coagulation.  The significant role of these two proteins in hemostasis is 

established, whereas little is known about the thrombotic effect of quantitative and qualitative 

variability in these proteins, particularly in the development of arteriolar thrombosis.  Therefore, 

we established a ferric chloride induced arteriolar thrombosis injury model to evaluate the 

thrombotic effect associated with elevated FVIII levels and with gain of function mutations in 

VWF.   

The thrombotic effect of acute and extended elevations of FVIII level were evaluated 

using complementary in vitro and in vivo assays of thrombogenicity.  Acute elevations in FVIII 

levels were associated with non-linear increase in thrombogenic potential as measured by our 

ferric chloride induced injury model.  In addition, the elevation of FVIII levels for an extended 

time period did not further enhance the thrombogenic potential associated with elevated FVIII 

levels. 

Type 2B von Willebrand disease (2B VWD) is a bleeding disorder that arises as a result 

of gain of function mutations, leading to the enhanced affinity of the mutant protein for platelet 

glycoprotein Ibα (GPIbα).  We created transient transgenic mouse models of 2B VWD and were 

able to reproduce the 2B VWD phenotype in mice.  The circulating 2B VWF did not act as a 

prothrombotic stimulus: there was little or no thrombus formation after vascular injury and a 

marked failure of platelet accumulation at the sites of endothelial damage.  
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Finally, modified transient transgenic models of type 2B VWD were created, in which 

the circulating VWF shows enhanced binding affinity for GPIbα and resistance to ADAMTS13 

mediated proteolysis. This protein was hypothesized to act in as a prothrombotic stimulus, but 

instead it inhibited thrombogenicity; there was no vessel occlusion following vascular damage 

and platelet accumulation was similar to that seen in the injured arterioles of VWF-/- mice. 
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Chapter 1 

Introduction to the Hemostatic and Thrombotic Systems 
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1.1 Hemostasis and Coagulation 

Under physiological conditions, the hemostatic system maintains blood fluidity.  

Following vascular injury, though, it is able to efficiently halt blood loss.  Through primary 

hemostasis, a platelet plug forms, stopping or limiting blood loss.  To stabilize this platelet plug, 

coagulation occurs and culminates with the formation of a stable clot. 

1.1.1 Primary Hemostasis 

The monolayer of endothelial cells lining the vessel walls of the vascular system controls 

the exchange between blood molecules and extravascular tissues.1  These cells provide a physical 

barrier, separating blood and plasma factors from tissue factor and the thrombogenic components, 

including von Willebrand factor (VWF) and collagen, of the subendothelium.2  In addition, the 

lumen of endothelial cells is naturally antithrombotic, as it synthesizes and secretes platelet and 

coagulation inhibitors.1,2  

Vascular injury that damages vessel endothelial cells triggers the aggregation of platelets 

at the site of injury and results in the formation of a hemostatic plug.3  Following vessel injury, 

the vessel wall contracts, constricting the vessel and slowing the flow of blood.2  Platelets then 

adhere to the site of injury.   In conditions of high shear stress, as are seen in arteries, von 

Willebrand factor (VWF) mediates the adhesion of platelets to the exposed subendothelial 

collagen.  In contrast, under conditions of low shear stress seen in veins, platelets are able to 

adhere directly with the exposed subendothelial collagen.2 

Following the adhesion of platelets to a site of vascular damage, the platelets undergo 

morphological modifications.  The platelets become activated and secrete active substances, such 
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as adenosine diphosphate and VWF, that amplify the recruitment of platelets to the site of injury, 

as well as the adhesion and aggregation of platelets.2   

1.1.2 Coagulation 

Coagulation occurs in the presence of phospholipid, which is provided by the presence of 

damage to vascular tissue, the activation of platelets, and the presence of inflammatory cells.4  

Coagulation is initiated by the exposure of tissue factor (TF) to flowing blood containing factor 

VII (FVII) and activated factor VII (FVIIa), following endothelial damage.5  This allows for the 

formation of the TF-FVIIa complex, which is a potent activator of coagulation.  This complex 

activates two substrates (Figure 1.1): factor IX (FIX) and factor X (FX).6,7  

Activated FX (FXa), the first protein in the common coagulation pathway, interacts with 

activated factor V (FVa), forming the prothrombinase complex and allowing for the generation of 

trace amounts of thrombin.8  After this initiating event, the extrinsic pathway plays a minor role 

in hemostasis, as tissue factor pathway inhibitor quickly inactivates the activation of FX by the 

TF-FVIIa complex.9   

The major system through which coagulation is propagated is through the intrinsic and 

the common pathways (Figure 1.1).  The initial small amount of thrombin (FIIa) activates FXI, 

FVIII, and FV.  Activated FXI activates FIX (FIXa).8  FIXa and activated FVIII, along with 

phospholipids and calcium, form the intrinsic tenase complex that activates FX.10,11  The 

prothrombinase complex – composed of FXa, FVa, calcium, and phospholipids – converts 

prothrombin (FII) to thrombin (FIIa).8 
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Figure 1.1 Coagulation Cascade 
The exposure of tissue factor to blood, following vascular injury, is the initiating event in 
coagulation.   The cascade itself is a positive regulation loop, as the generation of thrombin feeds 
back to activate FV, FVIII, FXI, and FXIII, propagating coagulation and the polymerization of 
fibrin.3 

 

The activation of FIX can occur through a second pathway, the contact pathway (Figure 

1.1).  Initiated through the binding of factor XII (FXII) to a negatively charged surface, now 

thought to be platelet-derived polyphosphate,12 FXII is autoactivated to activated FXII (FXIIa).13  

FXIIa activates FXI, which then activates FIX.13,14 

The final stage of coagulation is the formation of an insoluble fibrin polymer from 

soluble fibrinogen (Figure 1.1).  Thrombin cleaves fibrinogen, producing fibrin monomers that 

interact non-covalently to form fibrin strands that aggregate to form a fibrin mesh.15  Finally, 
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factor XIII, which is activated by thrombin, catalyzes the cross-linking of the fibrin strands, 

stabilizing the hemostatic platelet plug.16 

1.2 Factor VIII 

The 186 kb FVIII gene is found on the long arm of the X chromosome, at Xq28.17,18  It is 

transcribed into an mRNA product of approximately 9 kb that is composed of 26 exons.17  A 

single chain protein of 2332 amino acids is produced.19  The factor VIII (FVIII) protein is 

composed of 3 homologous A domains, duplicated C domains, and a large B domain (Figure 

1.2).17,20  In addition, there are three regions composed of approximately 35 acidic amino acids 

that follow the A1 and A2 domains and precede the A3 domain.20    N-linked glycosylation 

modifies several sites in the A1 domain and significantly modifies the B domain.21  In addition, 

tyrosine residues within the short acidic regions are sulfated.22 

Liver sinusoidal endothelial cells are likely the primary sites of FVIII synthesis; 

extrahepatic endothelial cell synthesis also occurs.23,24  FVIII is a non-covalent heterodimer that is 

composed of a heavy chain (the A1-A2-B domains) and a light chain (A3-C1-C2 domains).20,25  

In its inactive form, FVIII circulates in a non-covalent complex with von Willebrand factor.26-28  

Proteolytic cleavage by thrombin at two sites within the heavy chain and one site within 

the light chain activates FVIII into its active cofactor form (Figure 1.2), leading to its dissociation 

from VWF.29  Upon activation, FVIII interacts with FIXa, forming the intrinsic tenase complex 

on a procoagulant phospholipid surface.10,11 
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Figure 1.2 FVIII Domains and Processing 
FVIII is synthesized as a precursor protein, composed of the A1-a1-A2-a2-B-a3-A3-C1-C2 
domains.  The precursor is cleaved and secreted as a heterodimer, which is activated by thrombin-
mediated cleavage, producing the heavy and light chains of FVIII.30 

 

1.3 von Willebrand Factor 

von Willebrand factor (VWF) is a large, multimeric protein that is required for primary 

hemostasis.  Located in platelet α-granules, plasma, Weibel-Palade bodies, and the vascular 

subendothelium, VWF interacts with components of the extracellular matrix, with platelets, and 

with FVIII.31 
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1.3.1 VWF Organization and Structure 

 The approximately 175 kb VWF gene is located on human chromosome 12, at 12p13.2, 

and contains 52 exons.32,33  VWF is composed of five types of repeated domains.  The VWF 

propeptide (VWFpp) contains the D1 and D2 domains; the mature VWF monomer is made up of 

D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK (Figure 1.3).34  These repeated domains mediate the 

interaction of VWF with other proteins, both intracellularly and extracellularly. 

 
Figure 1.3 VWF Domains and Interacting Proteins 
Domains that interact with other proteins are shown above the diagram.   The exons 
corresponding to the specific domains are listed below.  OPG refers to osteoprotegerin; TSP 
refers to thrombospondin-1; β2 GPI refers to β2-glycoprotein I.  Adapted from the International 
Society on Thrombosis and Hemostasis Scientific and Standardization Committee VWF database 
(www.sheffield.ac.uk/vwf).34  

 

1.3.2 VWF Synthesis  

VWF is synthesized by megakaryocytes35 and endothelial cells throughout the body.36  

The precursor protein, pre-pro-VWF, requires significant processing, including dimerization, 

glycosylation, sulfation, multimerization, and VWFpp cleavage.  Following the intracellular 

modifications, mature VWF protein and VWFpp are produced.31 
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In the rough endoplasmic reticulum, the approximately 9 kb VWF mRNA is translated.34  

The pre-pro-VWF primary translation product is composed of 2813 amino acids, which consists 

of a 22 amino acid signal peptide, a 741 amino acid propeptide, and the mature 2050 amino acid 

VWF monomer.31  These subunits are composed of the highly conserved domains that provide the 

basis for the secondary and tertiary structure of the mature protein. 

Following translocation to the endoplasmic reticulum, the 22 amino acid signal peptide is 

removed.  The proVWF is glycosylated, with the addition of 12 N-linked oligosaccharide 

chains.37,38  The dimerization of the proVWF monomers occurs in a “tail-to-tail” fashion, through 

the formation of disulfide bonds near the carboxyl termini, comprising the cysteine knot domain, 

of the monomers.39,40   

The “tail-to-tail” proVWF dimers are transported to the Golgi apparatus.31  Within the 

Golgi apparatus, the N-linked oligosaccharide chains are processed into their complex form, and 

certain N-linked oligosaccharide chains are sulfated.38,41  Additionally, 10 O-linked 

oligosaccharide chains are added to the proVWF.37  Following the oligosaccharide modifications 

of the proVWF, multimerization and propeptide cleavage occur. 

Within the acidic trans-Golgi network, “head to head” multimerization occurs and can 

result in the formation of multimers exceeding 20000 kDa.31,42,43  The dimeric N-terminal D’D3 

domains align in a parallel fashion and disulfide bonds form between the D3 domains.44  The D1-

D2 domains that form the propeptide may catalyze protein disulfide interchange, acting as a 

transient oxidoreductase intermediate in the formation of transient intrachain disulfide bonds with 

the D3 domain.45 
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In addition, cleavage of the propeptide – the D1 and D2 domains – from the mature VWF 

occurs in the trans-Golgi network.  A propeptide processing protease, most likely furin, a member 

of the PACE (paired basic amino acid cleaving enzyme) family, cleaves the propeptide from the 

VWF at the two basic amino acids (lysine and arginine) at residue 763.46,47 

1.3.3 VWF Storage and Secretion 

The majority of VWF follows a secretion pathway typical of other secreted proteins and 

is secreted constitutively.31 However, not all of the produced VWF is directly secreted; a portion 

of the VWF is stored in Weibel-Palade bodies (WPB) in endothelial cells and in α-granules in 

platelets.48   The VWF that is secreted constitutively is composed of small multimers and dimers, 

as well as VWF that has been incompletely processed.49  The VWF that is targeted to WPB and 

α-granules is higher molecular weight VWF that is more hemostatically active.49  

Both mature VWF subunits and VWF propeptide are required for targeting to the WPB.50  

The VWFpp remains noncovalently associated with the mature VWF and, within the WPB, the 

two proteins are present in equimolar concentrations.51,52  In addition, VWFpp can be targeted to 

the WPB in the absence of mature VWF, whereas mature VWF alone is not.53,54  The two proteins 

can be expressed in cis or in trans; targeting to the WPB will occur in either situation.54  VWF 

and VWFpp appear to drive the formation of WPB, which emerge by budding off the Golgi 

network.52,55 

WPB are endothelial specific organelles that are approximately 0.1 µm wide and 4-5 µm 

long.52  In addition to VWF and VWFpp, a number of other proteins are found in WPB, including 

P-selectin,56 endothelin,57 angiopoietin-2,58 osteoprotegerin,59 interleukin-8,60 and tissue 
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plasminogen activator.61  These proteins have very different functional roles, but all play a role in 

the hemostatic and inflammatory response. 

Exocytosis of the contents of WPB occurs following stimulation of endothelial cells, 

either through shear force or through molecular signaling.52,62  In vitro, secretion of the contents 

of WPB can be induced by secretagogues, such as thrombin,63 histamine,64 and fibrin,65 and is 

related to calcium influx and cAMP production.65,66  In vivo, the drug desmopressin (1-deamino-

8-D-arginine vasopressin, DDAVP) induces the rapid release of the contents of the WPB into 

circulation.52 

Within the plasma, VWF may be further processed.  Thrombin, and other proteases, 

cleave the propeptide from the partially processed VWF that is secreted constitutively.67  In 

addition, ADAMTS13 may cleave circulating VWF to smaller and less hemostatically potent 

multimer sizes.68 

1.3.4 VWF Ligands and Interactions 

VWF performs its hemostatic functions in a non-enzymatic manner.  It acts as a 

molecular bridge, binding to constituents of the extracellular matrix and to platelet surface 

glycoproteins.  Additionally, it binds the procoagulant cofactor FVIII, preventing its premature 

cleavage and inactivation.31 

1.3.4.1 VWF and Extracellular Matrix 

Injury to the endothelium exposes the subendothelial matrix and allows for the binding of 

VWF to the subendothelial connective tissue.31  The A1 domain is able to interact with collagen,69 

fibronectin, and decorin.70  The A3 domain interacts with collagen, specifically fibrillar 
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collagens.71  The immobilization of VWF to the subendothelial matrix mediates the adhesion of 

platelets to the site of vascular injury and promotes the formation of a platelet plug. 

1.3.4.2 VWF and Platelet Surface Glycoproteins 

VWF mediates the interaction of platelet glycoproteins with the subendothelial matrix in 

the presence of high shear rates.31  The A1 domain of VWF interacts with the platelet 

glycoprotein receptor GPIbα,72 and the carboxyl-terminal end of the C1 domain interacts with the 

platelet glycoprotein receptor GPIIbIIIa.73 

Following the immobilization of VWF to the subendothelial matrix, VWF-dependent 

reversible platelet adhesion occurs, through the interaction of the VWF A1 domain and the 

platelet receptor GPIbα, the only receptor on nonactivated platelets with affinity for VWF.31  In 

order to bind GPIbα, VWF undergoes a conformational change.  Under normal conditions, VWF 

interacts weakly or not at all with GPIbα.  In conditions of shear stress or following collagen 

binding, VWF has a higher affinity for GPIbα.31 The tethering of circulating platelets to the 

vessel wall occurs, which causes the platelets to slowly translocate across the endothelial 

surface.74  The activation of platelets occurs, resulting in the release of the contents of platelet α-

granules and in the activation of GPIIbIIIa, which is mobilized to the surface of platelets.75,76 

1.3.4.3 VWF and FVIII Complex 

The formation of the non-covalent VWF/FVIII complex is critical for the survival of 

FVIII.77  This complex prevents the proteolytic inactivation of FVIII by serine proteases, such as 

activated protein C, and prevents the binding of FVIII to phospholipid membrane surfaces.78,79  
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The FVIII binding site is located within the first 272 amino acids of mature VWF, within 

the D’ and D3 domains.80  In addition, FVIII binding to VWF requires the cleavage of the 

propeptide from the mature VWF subunit.81   

FVIII and VWF bind with a high affinity, with a dissociation constant of 200-400 pM, 

and all VWF multimer sizes are able to bind FVIII with similar affinities.28  Importantly, the 

formation of the VWF/FVIII complex occurs rapidly, most likely to stabilize FVIII at the site of 

secretion and to prevent its premature inactivation and interaction with phospholipids.28 

1.3.4.4 VWF and Thrombospondin-1 

Thrombospondin-1 (TSP1), a protein with roles in angiogenesis and wound healing, is a 

high molecular weight glycoprotein.82 Synthesized by megakaryocytes, TSP1 is a major 

constituent of α-granules and is secreted from platelets following thrombin activation.82  

Additionally, TSP1 is constitutively synthesized by endothelial cells, fibroblasts, and smooth 

muscle cells.82 

TSP1, like ADAMTS13, plays a role in the regulation of VWF multimer size.83  Through 

the interaction of TSP1 with the A3 domain of VWF, TSP1 acts as a  reductase that cleaves the 

disulfide bonds that hold multimers together.84  At different concentrations, TSP1 either 

complements or inhibits the activity of ADAMTS13.84  It is probable that this dual functionality 

of TSP1 helps regulate the thrombus growth, controlling the size of VWF multimers in the 

developing thrombus.84 
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1.3.4.5 VWF and Osteoprotegerin 

Osteoprotegerin (OPG; also referred to as TNFRSF11B) is a member of the TNF receptor 

family.59  Its primary role is as a regulator of bone turnover, through the inhibition of 

osteoclastogenesis.59  Additionally, OPG plays a role in cell survival and acts as a receptor for 

TNF-related apoptosis-inducing ligand (TRAIL).85 

OPG also plays a role in the vascular system.  It is expressed in macro- and 

microvascular endothelial cells, as well as vascular smooth muscle cells.85  Within endothelial 

cells, OPG is localized within Weibel-Palade bodies (WPB), along with VWF.59  The A1 domain 

of VWF interacts with OPG, and a VWF-OPG complex is formed within the WPB.59   Upon 

endothelial cell stimulation, the complex is released and has been found in human plasma.86 

OPG interacts with a number of extracellular matrix proteins, including collagens I and 

IV, vitronectin, fibronectin, and thrombospondin-1 (TSP1).59  Through its interaction with TSP1, 

OPG may link VWF and TSP1, possibly playing a role in the regulation of VWF multimer size.59 

1.3.4.6 Additional VWF Interactions 

There are a number of other molecules that interact with VWF, specifically with the A1 

domain.  Heparin, sulfatides, and β2-glycoprotein I all play a role in the inhibition of VWF-

platelet interactions.  In contrast, botrocetin, a snake venom protein, promotes the interaction 

between VWF and platelets. 

Heparin binds VWF, within the A1 domain.87  Through its interaction with VWF, it is 

involved in the down-regulation of VWF-dependent platelet aggregation and has been shown to 

competitively inhibit the binding of VWF to GPIb in vitro.88,89 
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Sulfatides are a group of cerebroside 3-sulfates that are expressed on the surface of a 

number of cell types, including platelets.90  The binding of sulfatides to VWF competes with 

VWF-GPIb binding, revealing the potential antithrombotic properties of sulfatides.90 

The A1 domain has two conformations.  Under normal circumstances, the A1 domain has 

low affinity for GPIbα; however, under conditions of high shear, the A1 domain becomes active 

and has a high affinity for GPIbα.91  β2-glycoprotein I, a glycoprotein, binds preferentially to the 

active A1 domain and may neutralize active VWF in the circulation.91 

Isolated from snake venom, botrocetin enhances the affinity with which the A1 domain 

and GPIbα interact.92  Botrocetin binds the A1 domain in a region separate to the GPIbα 

interacting region.92,93  It promotes platelet agglutination, although it does not cause the A1 

domain to change to its active conformation with a high affinity for GPIbα.93 

1.3.5 VWF Levels and Activity Assays 

The plasma protein levels of VWF are reported as VWF antigen (VWF:Ag).  The mean 

population VWF:Ag is 1 U/mL, which is approximately 10 µg/mL.94  Normal VWF:Ag ranges 

from 0.5-2.0 U/mL; VWF:Ag below 0.5 U/mL is considered pathologic.95 

The binding abilities of VWF can be assessed.  The ability of VWF to bind GPIbα is 

assessed using the ristocetin cofactor (VWF:RCo) assay, which uses ristocetin as a modulator to 

induce the interaction.  Ristocetin is also used in the ristocetin induced platelet agglutination 

(RIPA) assay, which measures the ability of platelet rich plasma to aggregate in the presence of 

ristocetin.  A FVIII-binding (VWF:FVIIIB) assay measures the FVIII binding ability of VWF, 

whereas a collagen-binding (VWF:CB) assay determines the ability of VWF to bind collagen.  

Finally, multimer profile analysis can be performed, to determine the extent of loss of 
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multimerization that may arise as a result of increased ADAMTS13 sensitivity or increased VWF 

clearance.96 

1.4 ADAMTS13 

ADAMTS13 is the thirteenth member of a disintegrin-like and metalloprotease with 

thrombospondin type 1 repeats family of proteases.97 The only known substrate of ADAMTS13 is 

VWF.  ADAMTS13 cleaves ultra-large VWF at Tyr1605-Met1606, within the A2 domain, and 

regulates the size of VWF multimers.98  Specifically, ADAMTS13 maintains the presence of a 

normal range of VWF multimers, preventing inappropriate VWF-dependent platelet adhesion in 

the absence of vascular injury.99 

The ADAMTS13 gene is located at 9q3497 and is composed of 29 exons that span 

approximately 37 kb of genomic sequence.100  A 1427 amino acid residue protein is produced that 

is composed of a 33 amino acid signal peptide, a 41 amino acid propeptide that concludes with a 

propeptide convertase cleavage site, a protease domain, a TSP-1 motif, a cysteine-rich domain, a 

spacer, seven addition TSP-1 motifs, and two CUB domains (Figure 1.4).100 

 

 
Figure 1.4 ADAMTS13 Domain Schematic 
SP indicates signal peptide; pro, propeptide; Protease, metalloprotease; Dis-Like, disintegrin-like 
domain; TSP, thrombospondin-1 motif; CUB, complement C1r/C1s, Uegf, Bmp1 domain.101 
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There is 69% amino acid similarity between murine and human ADAMTS13.102  There is 

a higher degree of homology within the functional domains: metalloprotease domain (77%), 

disintegrin-like domain (81%), and cysteine rich domain (80%).102 

1.4.1 ADAMTS13 Mediated Cleavage of VWF 

VWF multimers released by WPB following endothelial stimulation are ultra-large VWF 

(ULVWF) multimers that are able to form spontaneous high affinity bonds with GPIbα.103,104  

Activated endothelial cells release ULVWF that is tethered to the cell surface by P-selectin103 and 

αvβ3 integrins.105  In the presence of flowing blood, the ULVWF are stretched and form elongated 

stringlike structures106; the adhesion of platelets through the binding of GPIbα to the elongated 

VWF further enhances the tensile force on the VWF.103  This exposes the ADAMTS13 cleavage 

site, located in the A2 domain at Tyr1605-Met1606.103 

In the absence of endothelial damage, VWF circulates in the plasma in a globular 

conformation, in which the A2 domain is hidden.107  ADAMTS13 is able to bind to native, 

globular VWF, through the interaction of the C-terminal region of VWF and the distal domains of 

ADAMTS13.107,108   

In the presence of high shear forces, VWF unfolds and ADAMTS13 binding forces 

increase three-fold.107  It has been shown in vitro that the VWF A1 and A2 domains unfold 

simultaneously, with the A1 domain unfolding to an intermediate state and the A2 domain 

completely unfolding.109  This is followed by the complete unfolding of the A3 domain, which 

may act as a docking site for ADAMTS13, and then the completion of the A1 domain 

unfolding.109  The A1 domain contains a chloride binding site that, when occupied, inhibits 

ADAMTS13 cleavage, as the chloride binding stabilizes the folded conformation of the A1-A2-
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A3 domains.110  The binding of GPIbα to the A1 domain reduces the affinity of the A1 domain 

for chloride binding, unfolding the A1-A2-A3 domains and increasing VWF-ADAMTS13 

binding.99,110 

ADAMTS13 is able to cleave the unfolded, elongated ULVWF at Tyr1605-Met1606.103  

Following cleavage, smaller VWF multimers are released into the circulation and the degree of 

tensile strength on the VWF is lessened.103  This may allow for the refolding of the A domains, 

resulting in the re-encryption of the ADAMTS13 cleavage site Tyr1605-Met1606 and preventing 

further ADAMTS13-mediated VWF cleavage. 

The minimal VWF substrate for ADAMTS13 cleavage is the VWF73, which spans 

D1596-R1668 of the A2 domain.111  This region of the A2 domain contains three regions that 

interact with exosites in ADAMTS13 to enhance substrate specificity and cleavage efficiency: 

VWF1596-1623, VWF1642-1652, and VWF1653-1668.112  All three are exposed to ADAMTS13 

when the A2 domain is unfolded.112 

1.5 Von Willebrand Disease 

Von Willebrand disease (VWD) is the most common inherited bleeding disorder and has 

an estimated prevalence of 0.1%.113  Mucocutaneous bleeding, such as epistaxis, menorrhagia, 

and prolonged bleeding following trauma and surgery, is the most common symptom of VWD.96   

VWD is classified into three disease types based on the VWF deficiency.  Types 1 and 3 

VWD are quantitative deficiencies: type 1 is a partial deficiency of VWF; type 3 is an almost 

complete deficiency of VWF.  Type 2 VWD is characterized by qualitatively abnormal VWF and 

is further divided into four subtypes: type 2A, 2B, 2M, and 2N.114   
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1.5.1 Type 1 VWD 

Inherited in an autosomal dominant manner, type 1 VWD is characterized by a partial 

quantitative deficiency of VWF.  Type 1 VWD accounts for approximately 80% of the diagnosed 

VWD cases.115  VWF:Ag levels range from 0.05 to 0.45 U/mL, and there is normal to nearly 

normal distribution of HMW multimers.114  Two major national studies and one major 

international study have elucidated extensive information about the molecular mechanism 

underlying type 1 VWD.116-118  Of the more than 300 patients analyzed between these three 

studies, candidate mutations were identified in ~65% of the index cases and included missense, 

splice, transcription, small deletion, nonsense, and small insertion or deletion mutations.96   

1.5.2 Type 2 VWD 

Type 2 VWD is characterized by a qualitative disorder in VWF function and is further 

subdivided into four subtypes: 2A, 2B, 2M, and 2N.  The platelet-dependent function of VWF is 

compromised in type 2A, 2B, and 2M; in type 2N, there is a defect in the FVIII binding ability of 

VWF.115 

1.5.2.1 Type 2A VWD 

Type 2A VWD is characterized by decreased platelet-dependent VWF function that is 

associated with a loss of HMW VWF multimers.114  The loss of HMW VWF multimers arises as 

a result of defective VWF biosynthesis and secretion or as result of increased ADAMTS13 

sensitivity.115  Inherited in an autosomal dominant manner, causative mutations are found 

throughout VWF – within the propeptide, the N-terminus of the monomer, the A2 domain, and 

the C-terminus of the monomer.96 
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1.5.2.2 Type 2B VWD 

Type 2B VWD is characterized by the increased affinity of VWF for platelet GPIbα.114  

It arises as a result of mutations within the A1 domain; specifically, the mutations are clustered 

within the region that interacts with the GPIbα β finger.115  This allows VWF to bind GPIbα in 

the absence of vascular injury due to the presence of structural changes normally only seen with 

the shear stress activation of immobilized VWF.115  Additionally, type 2B VWF shows increased 

susceptibility to ADAMTS13-mediated cleavage.119 

1.5.2.3 Type 2M VWD 

Type 2M VWD is characterized by decreased binding affinity for GPIbα that is not 

associated with an absence of HMW multimers.114  The causative mutations are mainly located 

within the A1 domain, in the region that interacts with GPIbα, and disrupt the VWF GPIbα 

interaction.115  Three missense mutations within the A3 domain, the collagen-binding domain, 

have also been identified.120,121 

1.5.2.4 Type 2N VWD 

Type 2N VWD mimics hemophilia A; however, it is inherited in an autosomal recessive 

manner.114,115  It is characterized by mutations within the VWF domains responsible for FVIII 

interactions, resulting in low FVIII levels, between 5% and 30% FVIII activity.96  2N VWD can 

be caused by either homozygosity for a single mutation, compound heterozygosity for two 

different 2N alleles, or compound heterozygosity for one 2N allele and a VWF null allele.115  In 

addition, mutations within the propeptide, at residues R760 and R763, also give rise to type 2N 

VWD, due to the absence of VWF propeptide proteolytic cleavage and the steric hindrance of 

VWF-FVIII binding.81,122  
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1.5.3 Type 3 VWD 

 Type 3 VWD, which is inherited in an autosomal recessive manner, has an incidence 

ranging from 0.5 to 1 per million in Western countries.115  There is an almost complete deficiency 

of VWF.115  In addition, FVIII levels are very low; thus, patients suffer from both severe 

mucocutaneous bleeding and spontaneous musculoskeletal bleeding.114 

1.5.4 Platelet-Type VWD 

Platelet-type VWD (PT-VWD) is a rare bleeding disorder that is often mistaken for 2B 

VWD.  It is characterized by the enhanced affinity of GPIbα for soluble VWF and arises as a 

result of missense mutations within GPIBA.123,124  Like 2B VWD, PT-VWD is characterized by 

the spontaneous binding of HMW multimers to platelets, leading to the clearance of both VWF 

and platelets.124  It is difficult to differentiate between PT-VWD patients and 2B VWD patients; 

genetic analysis is required, as simple phenotypic testing will often not discriminate between the 

two disorders.125  

1.6 Hemophilia A 

Hemophilia A is a common, severe bleeding disorder that is caused by mutations in the 

FVIII gene that result in either quantitative or qualitative defects in circulating FVIII.126  Inherited 

in an X-linked recessive manner, hemophilia A has an incidence of approximately 1 in 5000 male 

births.126  Approximately 70% of hemophilia A cases are inherited, although spontaneous 

mutations in FVIII may occur, and hemophilia A can develop in the absence of a family bleeding 

history.127  Carrier mothers generally have FVIII levels within the normal range (50-150% FVIII 

activity) and are asymptomatic; however, biased inactivation of the normal X chromosome may 

result in FVIII levels below the normal range.126  
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The severity of hemophilia A is dependent on the activity of FVIII and ranges from mild 

(5-30% FVIII activity) to moderate (2-5% FVIII activity) to severe (<1% FVIII activity).126  Mild 

hemophiliacs, who account for approximately 50% of hemophilia patients, rarely experience 

spontaneous bleeding and tend to show major bleeding with surgery or trauma.128  Conversely, 

severe hemophiliacs, who account for approximately 40% of hemophilia patients, suffer from 

spontaneous bleeding from early infancy.128,129  The majority of bleeding episodes experienced 

result in the bleeding into joints.126,129  

1.7 Thrombosis 

Arterial thrombosis refers to coronary, cerebrovascular and peripheral vascular disease 

including myocardial infarction, stroke, angina pectoris, ischemic limb pain, and transient 

ischemic attacks (TIA).130  It usually arises as a result of rupture of an atherosclerotic plaque and 

generates platelet-rich thrombi.131   

Venous thromboembolism refers to deep vein thrombosis and pulmonary embolism.131  

Deep vein thrombosis, generally, occurs in the large leg veins and pulmonary embolism occurs as 

a result of part of a thrombus breaking away and getting lodged in the pulmonary artery, 

interrupting blood flow.131  Venous thrombosis arises as a result of changes in the vessel wall, 

changes in blood flow, or changes in blood composition and results in the formation of fibrin rich 

clots.131 

1.7.1 FVIII and Thrombosis 

A number of epidemiological studies have examined the role of elevated FVIII levels and 

the development of venous thrombosis.132-137  It has been established, through these studies, that 

elevated FVIII levels are a strong risk factor for the development of venous thrombosis.  
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Specifically, the risk of a single venous thrombotic incident increases by 10% per 10 IU/dL 

incremental elevation in FVIII level.133  In addition, a 10 IU/dL incremental elevation in FVIII 

level is an even stronger risk factor for recurring venous thrombosis incidents.133,137   

The role of FVIII in arterial thrombosis is less well established than its role in venous 

thrombosis.  Associations between elevated FVIII levels and arterial thrombosis have been found, 

although a causative role has not been established.  The PLAT (Progetto Lombardo Atero-

Trombosi) study found that there was an association between FVIII level and the development of 

myocardial infarction and TIA.138  In addition, the CHS (Cardiovascular Health Study) found 

that, in a healthy elderly population, higher FVIII levels were associated with incident stroke in 

women and incident coronary heart disease in men.139  Finally, the NPHS (Northwick Park Heart 

Study) found that there was a non-significant trend of increased atherothrombotic events with 

elevated FVIII levels in a healthy middle-aged population.140 

1.7.2 VWF and Thrombosis 

The thrombotic risk associated with VWF is a relationship that is not as well defined as 

the thrombotic risk associated with FVIII.  Epidemiological studies have assessed the role of 

VWF in the development of both arterial and venous thrombosis.136,138,141  Two studies have 

found an association between elevated VWF:Ag and myocardial infarction.   Specifically, 

Jansson et al found that elevated VWF:Ag is associated with an increased risk of infarction in 

myocardial infarction survivors.141   The LITE (Longitudinal Investigation of Thromboembolism 

Etiology) study found that elevated VWF:Ag was an independent risk factor for the development 

of venous thrombosis.136 
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1.8 VWF Knockout Model and Mouse VWF 

There is a VWF knockout (VWF-/-) mouse model, generated by Denis et al, through the 

insertion of a neomycin cassette within the D1 domain, specifically within intron 5.142  This 

VWF-/- mouse is a model of human type 3 VWD.  These mice have VWF:Ag and VWFpp that 

are not detectable and a concomitant decrease in FVIII activity to 20% of normal.  In addition, 

there is an absence of thrombus formation following ferric chloride induced arteriolar injury.142 

A naturally occurring model of VWD, the RIIIS/J mouse, also exists.143  These mice 

express a type 1 VWD phenotype, with a reduction in VWF:Ag.143  Interestingly, this phenotype 

occurs as a result of a defect in a gene – Galgt2 – that causes aberrant post-translational 

modification, specifically abnormal glycosylation, of VWF and the increased clearance of 

circulating VWF.144,145 

The murine VWF amino acid sequence is similar to human VWF.  Murine VWF has 83% 

sequence identity and 90% sequence homology to human VWF.146  The glycosylation sites and 

cysteine residues are highly conserved between the two species.  In addition, exon number and 

length are conserved between the two orthologs: murine and human VWF both contain 52 exons; 

and all splice sites are conserved.146  The one exception to the similarities in exon length is exon 

1, which is 236 bp in the mouse Vwf gene and 250 bp in the human VWF gene.146  

Despite the high degree of conservation between the two species, there are functional 

differences between murine and human VWF.  Both the VWF-GPIbα interaction and 

ADAMTS13 proteolysis of VWF show species specificity.  Mouse VWF does not interact well 

with the human GPIbα receptor and mouse ADAMTS13 is unable to cleave human VWF.147,148 
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1.9 FVIII Knockout Mouse and Mouse FVIII 

There are two mouse models of hemophilia A.  One was generated through the insertion 

of a neomycin cassette within exon 16 of the mouse Fviii gene; the other was generated through 

the insertion of a neomycin cassette within exon 17 of the mouse Fviii gene.149,150  Both models 

have FVIII activity of less than 1% and prolonged aPTT clotting time.149 

There is significant sequence homology between human and murine FVIII.  Murine 

FVIII shows 74% amino acid sequence identity to human FVIII.151  If the B domain is excluded, 

there is 87% amino acid sequence identity between murine and human FVIII.151  Importantly, 

there is significant functional sequence homology between the two species.  All thrombin and 

FXa cleavage sites and all but one activated protein C cleavage sites are conserved.151  In 

addition, species specificity is not an issue: human FVIII is active within the mouse intrinsic 

tenase complex, although clearance of human FVIII occurs more quickly than endogenous 

murine FVIII.152 

1.10 Hydrodynamic Gene Delivery 

Transient transgenic mouse models can be generated through the non-viral delivery of 

naked DNA.  Zhang et al. pioneered the use of hydrodynamic gene delivery in 1999.153  A quick 

tail vein injection, generally over 5-7 seconds, is used to deliver a large volume of isotonic 

solution and plasmid DNA equaling approximately 10% of mouse body weight.153  The bolus 

injection enters the inferior vena cava and causes cardiac congestion.154  The DNA solution is 

driven into the liver in a retrograde direction, causing the swelling of the liver and the stretching 

of hepatocytes.  Breaks in the plasma membrane of hepatocytes allows the plasmid transient 

access to the cytosol.154 
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Hydrodynamic gene delivery has been used to create transient mouse models of VWD in 

VWF-/- mice.155-159  Initial studies used the CMV viral promoter,157 although transgene expression 

declined quickly.  More recent studies have used strong liver promoters such as the synthetic ET 

promoter155 and the commercially available pLIVE promoter,159 resulting in sustained expression 

of VWF at or above physiological levels for several weeks.  Importantly, with all of these 

promoters, VWF expression occurs in hepatocytes rather than endothelial cells and 

megakaryocytes; thus, only plasma VWF is present.153 

1.11 In Vivo Analysis of Thrombus Formation 

The pathophysiology of thrombosis in the mouse can be examined using intravital 

microscopy, which allows for the real-time observation of thrombus formation following vascular 

damage.  There are a number of methods through which this is studied including both the arterial 

and venous circulation, as well as physical and chemical methods of vessel damage. To study the 

role of VWF and GPIbα in thrombus formation under high shear conditions, ferric chloride is 

used to induce endothelial damage.  Ferric chloride is commonly used as an injury mechanism, as 

it denudes the endothelium and exposes subendothelial collagen to which platelets adhere through 

interactions with VWF.160-162  In comparison, laser injury is used as an injury mechanism to 

examine thrombin-induced thrombosis.162-164   

1.12 Thesis Hypothesis and Objectives 

Factor VIII and von Willebrand factor play important roles in coagulation and 

hemostasis.  Deficiencies of either of these proteins result in bleeding disorders, whereas elevated 

plasma levels of these proteins can increase the risk of arterial or venous thrombotic events.  We 

hypothesized that quantitative and qualitative variabilty in FVIII and VWF contribute to an 
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increase in the risk of thrombosis.  Specifically, we hypothesized that elevations in circulating 

plasma FVIII levels and gain of function mutations in VWF will act as prothrombotic stimuli. 

1.12.1 Objective 1: To determine the thrombogenic effect of elevated FVIII levels in a 

mouse model of arteriolar thrombosis 

While elevated FVIII levels have been shown to increase the risk of venous 

thromboembolism135, a similar association between elevated FVIII levels and arteriolar 

thrombosis has yet to be established.  The thrombogenic effect of elevated FVIII levels was 

examined using a mouse model of arterial thrombosis to determine if increased FVIII levels 

increase the development of arterial thrombosis in a dose dependent manner.  Additionally, we 

examined if acute elevations enhance the likelihood of arterial thrombosis and determined if 

extended elevations of FVIII levels further enhance the thrombotic potential of FVIII. 

1.12.2 Objective 2: To create mouse models of type 2B von Willebrand disease and examine 

the thrombogenic effect of the circulating platelet aggregates 

Depending on the causative mutation, type 2B VWD shows a variable phenotype.  Using 

hydrodynamic delivery of expression vectors into VWF-/- mice, our goal was to reproduce the 

variable 2B VWD phenotype associated with the R1306W, V1316M, and the R1341Q mutations 

in a transient transgenic mouse model and to examine the thrombogenic potential of these murine 

2B VWD variants. 
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1.12.3 Objective 3: To create modified mouse models of type 2B von Willebrand disease and 

examine the thrombogenic effect of ADAMTS13 Cleavage Insensitive 2B VWF 

The type 2B VWD phenotype arises as a result of both the enhanced affinity of the 

mutant VWF for GPIbα and the increased sensitivity of the mutant VWF to ADAMTS13 

mediated cleavage.  Our goal was to examine the effect of ADAMTS13 insensitive 2B VWF in 

the VWF-/- mouse to determine the relative contributions of GPIbα affinity and ADAMTS13 

proteolysis in the 2B VWD phenotype.  The thrombogenic potential of these potentially 

prothrombotic VWF variants was evaluated using intravital microscopy.  
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Chapter 2 

Elevated Plasma Levels of Factor VIII Result in a Non-Linear 

Procoagulant and Thrombogenic Response 
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2.1 Summary 

Background: Factor VIII (FVIII), a procoagulant cofactor, plays a crucial role in the 

intrinsic blood coagulation cascade.  A causal association between elevated FVIII levels and 

venous thrombosis incidence has been established, whereas no such association has been 

confirmed with arterial thrombosis incidence.  Objective: The independent role of elevated FVIII 

levels in arteriolar thrombosis was evaluated in a mouse model to determine the thrombogenic 

potential of FVIII elevation.  Methods: The in vitro thrombogenic effect of elevated FVIII levels 

was examined using thrombin-antithrombin (TAT) complex generation and thromboelastography 

(TEG) assays.  The thrombogenic potential of acute and extended elevation of circulating FVIII 

levels was assessed using ferric chloride induced injury to the cremaster muscle arterioles.  

Results: The rate of TAT complex formation, and the final concentration of TAT complexes, 

significantly increased as FVIII levels were elevated from 100% to 400% FVIII activity.  TEG 

analysis of fibrin and clot formation showed that as FVIII levels were elevated, the time to initial 

fibrin formation decreased and the rate with which fibrin formation occurred increased.   The 

acute elevation of circulating FVIII to 400% FVIII activity resulted in significantly decreased 

times to vessel occlusion, whereas extended elevation of FVIII activity did not significantly affect 

time to vessel occlusion.  Conclusion: Acute elevations in FVIII levels result in a non-linear 

thrombogenic effect.  Extended elevations in plasma FVIII levels do not further enhance the 

thrombogenic potential of elevated FVIII levels. 
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2.2 Introduction 

Factor VIII (FVIII) is an essential cofactor for blood coagulation.  Within the plasma, it 

circulates in a complex with von Willebrand factor (VWF), which prevents the premature 

inactivation of FVIII and the binding of FVIII to phospholipid membrane surfaces.26,28  Following 

endothelial damage, coagulation is initiated through the exposure of tissue factor to activated 

factor VII.5  The extrinsic pathway of hemostasis subsequently generates trace amounts of 

thrombin that are sufficient for the propagation and amplification of coagulation through the 

intrinsic and common pathways.8  Thrombin proteolytically cleaves three sites within FVIII, 

activating FVIII and dissociating it from VWF.29  Activated FVIII (FVIIIa) interacts with 

activated factor IX, forming the intrinsic tenase complex on a procoagulant phospholipid surface 

and resulting in the efficient activation of factor X and a subsequent burst of thrombin 

formation.10,11 

Clinically, pathological thrombosis can occur within both arteries and veins.  Arterial 

thrombosis most often arises as a result of atherosclerotic plaque rupture or inappropriate platelet 

activation, resulting in the formation of platelet-rich clots.130,131  In contrast, venous thrombosis 

arises as a result of alterations to the vessel wall, alterations in blood flow, or alterations in blood 

composition and results in the formation of fibrin-rich clots.131 

The role of elevated FVIII levels in the development of venous thrombosis has been 

examined thoroughly in epidemiological studies.132-137  Through these studies, it has been well 

established that elevated FVIII levels are a strong risk factor for the development of venous 

thrombosis, both the risk of a single venous thrombotic incident and the risk of recurring venous 

thrombotic events.133,137  In addition, it has been shown in a mouse model that FVIII plays a 

significant role in the development of venous thrombosis.165  In contrast, although associations 
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between FVIII level elevation and arterial thrombosis risk have been found, no association for 

FVIII elevation and the development of arterial thrombosis has been established.138-140  In 

addition, there have been no evaluations of the effects of FVIII elevation and arterial thrombosis 

in a biological whole animal model. 

In this study, we examined the thrombogenic potential of FVIII in a whole animal model, 

investigating the independent effect of elevated FVIII levels and arterial thrombosis.  We 

hypothesized that quantitative variability in FVIII levels significantly contributes to the 

development of arterial thrombosis in a dose dependent manner.  Specifically, we hypothesized 

that acute elevations in FVIII levels enhance the likelihood of arterial thrombosis; whereas, 

extended elevations in FVIII levels further enhance the thrombogenic potential of FVIII.  The 

thrombogenic effect of elevated FVIII levels was examined both in vitro and in vivo, through 

thrombin-antithrombin complex formation assays, thromboelastography, and ferric chloride 

induced cremaster arteriolar injury. 

2.3 Methods 

2.3.1 Animals 

Eight to ten week old C57Bl/6 normal and C57Bl/6 FVIII knock-out (FVIII-/-) mice149 

were used for all experiments.  All mouse protocols were reviewed and approved by the Queen’s 

University Animal Care Committee. 

2.3.2 Recombinant Human FVIII 

Recombinant human FVIII (rhFVIII; Kogenate FS, Bayer) was used in the elevation of 

FVIII levels in all in vitro and in vivo studies.  The lyophilized FVIII was dissolved in distilled 
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water, according to the manufacturer’s instructions, to a concentration of 200 IU/ml and stored at 

-80°C until use. 

2.3.3 FVIII Activity Measurement 

Plasma FVIII activity was assessed using a one-stage FVIII clotting assay on an 

automated coagulometer (General Diagnostics Coag-A-Mate), using human FVIII deficient 

plasma (Precision Biologics) and TriniCLOT PT HTF reagent (Kordia).  

2.3.4 Thrombin-Antithrombin Complex Generation and Measurement 

Immediately prior to thrombin-antithrombin (TAT) complex generation, recombinant 

human FVIII was added directly to C57Bl/6 FVIII-/- mouse platelet poor plasma.  Plasma samples 

were incubated at 37ºC for two minutes.  Diluted tissue factor (1:30000 final dilution; Innovin) 

was added to the plasma and the samples incubated for 2 minutes.  Calcium chloride (0.20 M) 

was added to the plasma.  At specific time points, quenching solution (50 mM EDTA, 10 mM L-

benzamidine in 2 mM HEPES, 150 mM NaCl, pH 7.4, 10 mM D-Phe-Pro-Arg 

chloromethylketone in 0.01 N HCl) was added to inhibit the formation of thrombin.  The samples 

were vortexed for 10 seconds and centrifuged for 3 minutes at 15000g; the supernatants were 

frozen at -80ºC until tested.166  The concentration of TAT complexes was quantified via a TAT 

enzyme-linked immunosorbent assay (ELISA) kit (Affinity Biologics).  FVIII levels were 

measured by one-stage FVIII clotting assay to confirm FVIII activity in the samples. 

2.3.5 Thromboelastography 

A thromboelastograph coagulation analyzer 5000 (Haemoscope Corp.) was used for all 

thromboelastography (TEG) experiments.  Immediately before samples were assayed by TEG, 

recombinant human FVIII (rhFVIII) was added directly to human FVIII deficient platelet-poor 
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plasma (Precision Biologics).  Plasma was added to the TEG cup and incubated at 37°C for two 

minutes.  Diluted tissue factor (1:30000 final dilution; Innovin) was added to the plasma and 

incubated for 2 minutes at 37°C.  Finally, calcium chloride (0.20 M) was added to the plasma and 

the TEG immediately started.  Samples were run for 90 minutes.  Following the conclusion of the 

experiment, FVIII activity in the spiked samples was confirmed by one-stage FVIII clotting 

assay.  

2.3.6 Blood Collection from Mice 

Mice were anaesthetized with isofluorane/oxygen.  Blood samples were obtained, using 

uncoated microhematocrit capillary tubes (Fisher Scientific), via the retro-orbital plexus and 

mixed with one-tenth volume 3.2% sodium citrate.  Samples were centrifuged, for five minutes, 

at 11000g at room temperature; the resulting platelet-poor plasma was stored at -80°C until 

tested. 

2.3.7 Ferric Chloride-Induced Thrombosis 

Intravital microscopy was performed with a trinocular Wild-Leitz ELR-intravital 

microscope (Leica Microsystems Canada) that was fitted with both transmitted (50 W halogen) 

and fluorescence (50 W mercury incidence) light accessories.  A Hamamatsu ORCA ER video 

camera with fluorescent light was used to capture images of thrombosis formation.  Analysis of 

the formed thrombi and fluorescence intensity accumulation was performed using Image ProPlus, 

Version 6.0 (Media Cybernetics).  To facilitate visualization of the formation of the in situ 

thrombus, platelets were fluorescently labeled in vivo through the injection of rhodamine 6G (40 

ng; Sigma-Aldrich). 
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Ferric chloride injury was induced as described previously.155  Briefly, male mice were 

anaesthetized with an intraperitoneal injection of ketamine/xylazine/atropine.  The jugular vein 

was cannulated and the cremaster muscle exteriorized.  The muscle was superfused with 37°C 

saline solution.  Arterioles ranging in size from 50 to 75 µm were selected for observation.  The 

application of 10% ferric chloride soaked filter paper for three minutes was used to induce vessel 

injury.  Following vessel injury, the muscle was flushed with 37°C saline and the injured area in a 

single arteriole observed for 40 minutes.  The time to vessel occlusion with thrombus and 

accumulated fluorescence intensity at 5 minute intervals were examined. 

2.3.8 Elevation of Circulating FVIII Levels 

2.3.8.1 Acute Elevation of FVIII Levels 

Following the surgery preparation for intravital microscopy and ten minutes prior to 

ferric chloride-induced injury to the cremaster arterioles, circulating FVIII levels were acutely 

elevated in the mice with rhFVIII.  The amount of FVIII required to elevate circulating FVIII 

levels to approximately 100% FVIII activity was calculated according to the manufacturer’s 

dosage recommendations and FVIII levels were confirmed in a subset of mice.  The amount of 

FVIII required to elevate circulating FVIII levels to approximately 200% and 400% FVIII 

activity were double and quadruple the amount of FVIII required to elevate FVIII levels to 100% 

FVIII activity.  

2.3.8.2 Extended Elevation of FVIII Levels 

Circulating FVIII levels were elevated in male C57Bl/6 normal mice through 

hydrodynamic tail vein injections155 of the pSC11 plasmid167 containing B-domain deleted murine 

FVIII cDNA and the synthetic, liver specific ET promoter.168 
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2.3.9 Statistical Analysis 

Data are presented as mean values plus or minus SEM.  The student t test, one-way 

analysis of variance (ANOVA) with Tukey’s post-test, and two-way ANOVA were performed for 

statistical analysis.  Vessel occlusion times exceeding 40 minutes were recorded as 40 minutes. 

2.4 Results 

2.4.1 Thrombin-Antithrombin Complex Formation 

Thrombogenicity can be evaluated indirectly through the measurement of thrombin-

antithrombin (TAT) complexes, as increased concentrations of TAT complexes are indicative of 

elevated thrombin formation.169  FVIII levels were elevated in mouse platelet poor C57Bl/6 

FVIII-/- plasma and coagulation stimulated through the addition of tissue factor and calcium 

chloride.  The time course of TAT complex formation over 25 minutes was assessed and the final 

concentration of formed TAT complexes determined.  In addition, the propagation rate of TAT 

complex formation was determined from the slope of the TAT complex formation curve from 5 

minutes to 15 minutes.  

The rate with which TAT complexes formed and the concentration of TAT complexes at 

the final time point were increased in samples as FVIII levels were elevated from 0% FVIII 

activity to 400% FVIII activity (Figure 2.1).  Elevation of FVIII levels above 0% FVIII activity 

resulted in significantly increased TAT complex propagation rates (P<.01, one-way ANOVA).  

The propagation rates with which TAT complexes formed did not significantly increase with the 

elevation of FVIII levels from 100% FVIII activity to 200% FVIII activity (32.0 ng/ml/min and 

40.9 ng/ml/min, respectively; P>.05 Tukey’s post test) and did not significantly increase with the 

elevation of FVIII levels from 200% FVIII activity to 400% FVIII activity (40.9 ng/ml/min and 
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64.1 ng/ml/min, respectively; P>.05 Tukey’s post test).  In contrast, samples with 400% FVIII 

activity had a significantly increased propagation rate when compared to samples with 100% 

FVIII activity (64.1 ng/ml/min versus 32.0 ng/ml/min; P<.05, Tukey’s post test).   

The TAT complex concentration determined at the final time point was significantly 

increased in the samples with 400% FVIII activity when compared to the TAT complex 

concentration in the samples with 100% FVIII activity (974.7 ng/ml And 726.175, respectively; 

P<.05, Tukey’s post test).  In samples with 200% FVIII activity, the TAT complex concentration 

at the final time point (840.919 ng/ml) was not significantly increased when compared to samples 

with 100% FVIII activity (P>.05, Tukey’s post test) and was not significantly decreased when 

compared to samples with 400% FVIII activity (P>.05, Tukey’s post test). 

 
Figure 2.1 Effect of elevated FVIII levels on the formation of TAT complexes. 
FVIII levels were elevated in C57Bl/6 FVIII-/- plasma through the addition of rhFVIII and 
coagulation stimulated through the addition of tissue factor and calcium chloride.  The 
concentration of formed TAT complexes was quantified through TAT complex ELISA.  The 
propagation rate, calculated from the slope between 5 minutes and 15 minutes of the TAT 
complex generation curve, was significantly increased in samples with 400% FVIII activity, when 
compared to samples with 100% FVIII activity (P<.05, Tukey’s post test).  The error bars are 
representative of the standard error of the mean of 6 experiments. 
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2.4.2 Thromboelastography Evaluation of Thrombogenic Effect of FVIII Elevations  

Thromboelastography (TEG), a global coagulation assay, was performed to examine the 

thrombogenicity of FVIII level elevations in FVIII deficient plasma.  Due to sample volume 

limitations, the thrombogenic effect of FVIII elevations in commercially available human FVIII 

deficient plasma (Precision Biologics) was assessed rather than in mouse plasma from C57Bl/6 

FVIII-/- mice.  

Two TEG parameters were assessed: R-value and α-angle.  The R-value, which is 

indicative of time to initial fibrin formation and time to clot initiation, was significantly decreased 

in the presence of FVIII, when compared to samples in which FVIII had not been elevated 

(Figure 2.2; P<.001, one way ANOVA).  In addition, elevation of FVIII to 200% FVIII activity 

resulted in a significant decrease in the R-value, when compared to samples in which FVIII had 

been elevated to 100% FVIII activity (P<.05, Tukey’s post test).  However, when compared to 

samples with 200% FVIII activity, samples with 300% and 400% FVIII activity did not have 

significantly decreased R-values (P>.05, Tukey’s post test). 

The α angle reflects the rate of fibrin formation and is an indirect measure of the rate 

with which clot formation occurs.  Elevation of FVIII levels resulted in significantly increased α 

angles and, thus, significantly increased clot formation rates, when compared to samples with 0% 

FVIII activity (Figure 2.2; P<.001, one way ANOVA).  Interestingly, elevation of FVIII levels 

from 100% FVIII activity to 200% FVIII activity and elevation of FVIII levels from 300% FVIII 

activity to 400% FVIII activity did not significantly increase the α angle (P>.05, Tukey’s post 

test), although there was a significant increase in α angle when FVIII levels were increased from 

200% FVIII activity to 300% FVIII activity (P<.001, Tukey’s post test). 
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Figure 2.2 Effect of elevated FVIII levels on the time to clot initiation and rate of clot 
formation. 
FVIII levels were elevated in human FVIII deficient plasma through the addition of rhFVIII.  
Coagulation was stimulated through the addition of tissue factor and calcium chloride and two 
TEG parameters examined: R-value and α angle.  (A) Time to clot initiation.  Elevated FVIII 
levels significantly decreased the R-value, which is indicative of time to clot initiation (P<.001, 
one way ANOVA).  Each symbol represents one sample.  (B) Rate of clot formation.  Elevated 
FVIII levels significantly increased the α angle, which is indicative of the rate of fibrin formation 
and an indirect measure of the rate of clot formation (P<.001, one way ANOVA).  Each symbol 
represents one sample. 

 

2.4.3 Thrombogenic Effect of Acute FVIII Elevations in vivo 

The in vivo thrombogenic effect of FVIII elevation was examined using a cremaster 

arteriolar injury model, in which real-time thrombus growth can be assessed.  Circulating FVIII 
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levels were increased in C57Bl/6 FVIII-/- male mice through FVIII protein (rhFVIII) infusion.  

Elevation of FVIII levels to approximately 100% FVIII activity was confirmed in a separate set 

of mice that did not undergo intravital microscopy.  The amount of rhFVIII required to elevate 

FVIII levels to approximately 200% and 400% FVIII activity was determined by doubling and 

quadrupling the amount of FVIII required to raise FVIII levels to 100% FVIII activity.   

Following ferric chloride induced injury of arterioles within the cremaster, the time to 

vessel occlusion was assessed (Figure 2.3).  Elevation of circulating FVIII levels resulted in 

significantly decreased times to occlusion (P<.01, one way ANOVA).  C57Bl/6 FVIII-/- mice with 

FVIII levels raised to 100% FVIII activity had a mean time to occlusion that was similar to 

normal C57Bl/6 mice (24.9±1.4 min and 23.9±1.2 min, respectively; P>.05, t test).  Elevation of 

circulating FVIII levels to 200% FVIII activity resulted in decreased times to vessel occlusion 

(21.9±0.7 min) that were not significantly decreased when compared to those mice with 

circulating FVIII levels of 100% (P>.05; Tukey’s post test).  When FVIII levels were elevated to 

400% FVIII activity, the mean time to occlusion (16.5±1.7 min) was significantly decreased 

when compared to mice with 100% FVIII activity and 200% FVIII activity (P<.01 and P<.05, 

respectively, Tukey’s post test). 

Fluorescence intensity analysis was performed at 5-minute intervals as a surrogate 

measure of platelet accumulation within the injured vessel.  Total fluorescence accumulation was 

determined, through the examination of the area under the fluorescence intensity curve.  

Elevation of circulating FVIII levels above 0% FVIII activity resulted in significantly increased 

platelet accumulation following vessel damage (Figure 2.3; P<.05, one-way ANOVA).  

Interestingly, elevation of circulating FVIII levels to levels of 200% FVIII activity and 400% 

FVIII activity resulted in an insignificant increase in the total platelet accumulation, when 
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compared to the total platelet accumulation seen in mice with 100% FVIII activity (P>.05, 

Tukey’s post test).  

 

 
Figure 2.3 Time to vessel occlusion and platelet accumulation at sites of endothelial damage 
in mice with acutely elevated circulating FVIII levels. 
Cremaster muscle arterioles (50-75 µm in diameter) were injured through the application of 10% 
ferric chloride.  Vessels were observed for 40 minutes.   (A) Time to vessel occlusion.  Mice with 
400% FVIII activity had vessels that occluded significantly more quickly than mice with 100% 
FVIII activity (P<.05, Tukey’s post test).  Each symbol represents one mouse.  (B) Total 
fluorescence accumulation.  The area under the curve of fluorescence intensity was determined as 
a surrogate measure of platelet accumulation.  Total fluorescent accumulation was not 
significantly increased in mice with 400% FVIII activity, when compared to mice with 100% 
FVIII activity (P>.05, Tukey’s post test).  The error bars are representative of the standard error 
of the mean of 6 experiments. 
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2.4.4 Thrombogenic Effect of Extended Elevation of FVIII Levels 

The circulating FVIII levels in C57Bl/6 normal mice were elevated through the 

hydrodynamic delivery of the pSC11-ET-mFviii plasmid, resulting in a significant increase in 

circulating FVIII levels (Figure 2.4).  Peak FVIII levels were observed at day 7 (536±77%).  

Mean FVIII levels on day 21, the time point at which the thrombogenic effect of the elevated 

FVIII levels were evaluated using intravital microscopy, were 315±30%. 

 

 
Figure 2.4 Time course of FVIII elevation 
FVIII levels were elevated through hydrodynamic injection of the pSC11-ET-mFviii plasmid and 
FVIII levels determined by one-stage clotting assay. The error bars are representative of the 
standard error of the mean (N=4 mice). 

 

The thrombogenic potential of the extended elevation of FVIII levels was assessed using 

ferric chloride-induced arteriolar injury.  The C57Bl/6 normal mice that had FVIII levels elevated 

to greater than 300% FVIII activity had a mean time to vessel occlusion that was similar to that 

seen in C57Bl/6 normal mice (Figure 2.5A; 24.5±2.8 min versus 23.9±1.2 min; P>.05, t test).  

Total fluorescence accumulation, determined from the area under the fluorescence intensity 

curve, revealed that platelet accumulation at the site of arteriolar damage in C57Bl/6 normal mice 
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with elevated FVIII levels was similar to the amount of platelet accumulation in C57Bl/6 normal 

mice (Figure 2.5B), as well as the mice that had FVIII levels acutely elevated to 200% activity 

(P>.05, one-way ANOVA). 

 

 
Figure 2.5 Time to vessel occlusion and platelet accumulation following endothelial damage 
in mice with extended elevation of circulating FVIII levels 
Injury of cremaster muscle arterioles (50-75 µm in diameter) was induced through the application 
of 10% ferric chloride soaked filter paper and injured arterioles observed for 40 minutes. (A) 
Time to vessel occlusion.  Extended elevation of FVIII levels did not significantly decrease time 
to vessel occlusion.  Each symbol represents one mouse. (B) Total fluorescence accumulation.  
Platelet accumulation was determined from the area under the fluorescence intensity curve.  Total 
platelet accumulation was not significantly increased in mice with elevated FVIII levels.  The 
error bars are representative of the standard error of the mean (N=4-6 mice). 
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2.5 Discussion 

Epidemiological studies have established that elevated FVIII levels are a strong risk 

factor for the development of venous thrombosis.  Associations between FVIII elevation and 

arterial thrombosis have also been established, although no causative role has been determined.  

In addition, no biological whole animal model examination of the thrombogenic potential of 

elevated FVIII levels has been evaluated.  Thus, we examined the thrombogenic potential of 

elevated FVIII levels in C57Bl/6 FVIII-/- mice and determined the response to ferric chloride-

induced arteriolar damage.  In addition, we examined the dose dependency of elevated FVIII 

levels in vitro, evaluating TAT complex formation and global coagulation. 

Two in vitro assays were performed to examine the effect of FVIII elevations: TAT 

complex formation and TEG.  Evaluation of TAT complex formation allows for the indirect 

assessment of coagulation activation and thrombin generation.  In contrast, TEG allows for the 

assessment of the global effect of elevated FVIII levels in the presence of normal levels of all 

other blood proteins, through the evaluation of viscoelastic changes that occur during coagulation.  

Although these two assays measure thrombogenicity under different conditions, the two assays 

have been shown to be complementary when used to assess whole blood.166  

Following the stimulation of coagulation through the addition of tissue factor and calcium 

chloride, the rate with which TAT complexes formed and the final TAT complex concentration 

were increased as FVIII levels were elevated.  Importantly, both the propagation rate and the final 

TAT complex concentrations were only significantly increased in samples with 400% FVIII 

activity when compared to samples with 100% FVIII activity.  The elevation of FVIII levels from 

100% to 200% FVIII activity and from 200% to 400% FVIII activity resulted in insignificant 

increases in TAT complex formation.  Similarly, in samples evaluated by TEG, the rate with 
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which fibrin formation occurred (α angle) was significantly increased when FVIII levels were 

elevated from 200% to 300% FVIII activity, but not when FVIII levels were elevated from 100% 

to 200% FVIII activity or from 300% to 400% FVIII activity.  Furthermore, the elevation of 

FVIII levels above 100% FVIII activity resulted in significantly decreased time to initial fibrin 

formation (R-value), whereas the elevation of FVIII levels above 200% FVIII activity did not 

significantly decrease the R-value.  Together, the in vitro results from the TAT complex 

formation assay and the TEG assays indicate that the thrombogenic potential of FVIII elevation 

likely does not increase in a linear manner.  Rather, from these results, it appears that the 

thrombogenic potential of FVIII elevation increases in a dose dependent manner, although large 

increases in circulating FVIII levels are required for significant increases in thrombotic potential.  

Due to sample volume limitations, commercially available human FVIII deficient plasma 

was used as a test substrate in the TEG assays, rather than C57Bl/6 FVIII-/- mouse plasma; 

however, assays of TAT complex formation in human FVIII deficient plasma gave similar results 

to both the TEG assays and the assays of TAT complex formation in mouse plasma (data not 

shown).  Importantly, both the TAT complex formation assay and the TEG assays performed in 

this study evaluated the thrombogenic effect of FVIII elevation in platelet poor plasma rather than 

whole blood or platelet rich plasma.  Thus, in these assays of the procoagulant potential, the 

contribution of platelets to thrombin and fibrin generation and on the propagation of the clot 

formation is absent.  Given that it has been shown that the hemostatic effect of FVIII is affected 

by FVIII activity measured in the plasma, as well as the interaction between coagulation and 

blood cells,170 it is likely that in whole blood the procoagulant potential of elevated FVIII levels 

would be further enhanced. 
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In order to examine the thrombogenic potential of elevated FVIII levels in the presence of 

platelets and flowing blood, intravital microscopy was performed and ferric chloride-induced 

cremaster arteriolar damage assessed.  As FVIII levels were elevated through infusion of FVIII, 

the time to arteriolar occlusion significantly decreased.  However, elevating FVIII levels from 

100% to 200% FVIII activity resulted in an insignificant decrease in time to occlusion.  

Interestingly, elevation of FVIII levels from 100% FVIII activity to 200% or 400% FVIII activity 

did not result in a significant increase in platelet accumulation, as measured by total fluorescence 

accumulation.  Thus, as circulating FVIII levels are elevated, thrombosis occurs more quickly, 

although the size of the thrombotic occlusions remain similar, despite the increasing levels of 

circulating FVIII. 

Although ferric chloride vessel injury provides a reproducible and quantifiable model for 

the examination of thrombosis formation, it, like all other established small animal in vivo 

thrombosis models, represents thrombosis in a non-physiological manner.  Ferric chloride 

induced injury of arterioles results in severe endothelial damage, through the denudation of the 

vessel wall.  This mechanism of arteriolar injury induces thrombosis in the vessel through the 

exposure of collagen within the subendothelial matrix.  VWF plays a major role in the initiation 

of platelet accumulation at sites of vascular damage.171  In contrast, laser-induced vessel wall 

injury does not result in the damage of the subendothelial damage and thrombus formation is 

mediated through tissue factor-mediated generation of thrombin and is VWF independent.164,171  

Thus, in order to fully examine the thrombogenic effect of acute elevations in FVIII levels, it 

would be necessary to complement the studies presented here with an evaluation of the response 

to laser-induced vessel damage. 
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In order to assess the thrombogenic potential of extended elevations of FVIII levels, 

hydrodynamic injections of a mouse FVIII expression plasmid were performed.  These injections 

resulted in significant increases in circulating FVIII activity in C57Bl/6 normal mice, although 

the three week period of FVIII level elevation was relatively short, as the thrombogenic potential 

of the increased FVIII levels was assessed three weeks after the hydrodynamic injections.  This 

relatively short period of FVIII level elevation did not result in a prothrombotic state: time to 

vessel occlusion and platelet accumulation at the site of injury were similar in the C57Bl/6 

normal mice with elevated FVIII levels and normal C57Bl/6 mice. 

Complementary in vitro and in vivo studies were performed to examine the thrombogenic 

potential of elevated FVIII levels.  Elevated FVIII levels act as a prothrombotic stimulus, 

although the thrombogenic propensity is not linear in nature; rather, the thrombogenic potential of 

elevated FVIII levels increases in a dose dependent manner.  Finally, it can be concluded that in 

therapeutic situations, concerns about the thrombogenic risk associated with elevation of FVIII 

levels to 200% FVIII activity are minimal, whereas elevation of FVIII levels to 400% FVIII 

activity pose additional concerns.  
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Chapter 3 

Mutation-Specific Hemostatic Variability in Mice Expressing Common 

Type 2B von Willebrand Disease Substitutions 

 

 

 

 

 

 

 

This chapter was published in Blood. 2010; 115(23) 4862-4869. 
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3.1 Summary 

Type 2B von Willebrand disease (2B VWD) results from von Willebrand factor (VWF) 

A1 mutations that enhance VWF-GPIbα binding.  These “gain of function” mutations lead to an 

increased affinity of the mutant VWF for platelets and the binding of mutant high-molecular-

weight (HMW) VWF multimers to platelets in vivo, resulting in an increase in clearance of both 

platelets and VWF.  Three common 2B VWD mutations (R1306W, V1316M, and R1341Q) were 

independently introduced into the mouse Vwf cDNA sequence and the expression vectors 

delivered to 8-10 week old C57Bl6 VWF-/- mice, using hydrodynamic injection.  The resultant 

phenotype was examined, and a ferric chloride-induced injury model was used to examine the 

thrombogenic effect of the 2B VWD variants in mice.  Reconstitution of only the plasma 

component of VWF resulted in the generation of the 2B VWD phenotype in mice.  Variable 

thrombocytopenia was observed in mice expressing 2B VWF, mimicking the severity seen in 2B 

VWD patients: mice expressing the V1316M mutation showed the most severe 

thrombocytopenia.  Ferric chloride-induced injury to cremaster arterioles showed a marked 

reduction in thrombus development and platelet adhesion in the presence of circulating 2B VWF.  

These defects were only partially rescued by normal platelet transfusions, thus emphasizing the 

key role of the abnormal plasma VWF environment in 2B VWD.  
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3.2 Introduction 

Type 2B von Willebrand disease (2B VWD) is a qualitative variant of VWD, in which 

there is an increased affinity of the mutant von Willebrand factor (VWF) for platelet glycoprotein 

Ibα (GPIbα).172  Inherited in an autosomal dominant manner, it arises as a result of missense 

mutations clustered within exon 28 of the VWF gene, the region that encodes the VWF A1 

protein domain involved in the binding of VWF to GPIbα.172,173  The gain of function phenotype 

appears to arise through the destabilization of the A1 domain, mimicking the structural changes 

seen when immobilized VWF is activated through shear stress and allowing the binding of VWF 

to GPIbα in the absence of vascular injury.115,174  The bleeding phenotype seen in 2B VWD 

patients probably arises through a multifactorial mechanism: (1) a decrease in plasma high-

molecular-weight (HMW) multimers; (2) the occurrence of thrombocytopenia; and (3) the 

inability of platelets to interact with immobilized VWF at the site of vascular damage.174  The 

thrombocytopenia and decrease in HMW multimers arise as a result of increased clearance of 

both platelets and VWF.174  In addition, 2B VWF is more susceptible to ADAMTS13-mediated 

cleavage.119 

The VWF mutation database lists more than 50 reports of 24 different mutations leading 

to 2B VWD.175  Of these, the mutations R1306W, V1316M, and R1341Q are the most common, 

having been reported 10, 9, and 7 times, respectively.175  The recent study of Federici et al176 of a 

cohort of 67 2B VWD patients showed a heterogeneous clinical presentation, dependent on the 

VWF A1 domain mutation.  Of the 11 mutations present in this cohort, the V1316M mutation 

resulted in the most significant thrombocytopenia, the highest bleeding scores, and the longest 

bleeding times.  The phenotype associated with the R1306W and R1341Q mutations was less 

severe than that seen with V1316M but significantly more severe than the phenotype seen with 
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P1266Q/L and R1308L.  Both R1306W and R1341Q showed complete loss of HMW multimers 

while V1316M showed the additional loss of intermediate MW multimers.  In contrast, the 

P1266Q/L and R1308L mutations showed normal plasma multimer patterns.176 

Although 2B VWD causes a bleeding phenotype, the presence of circulating platelet 

aggregates and the activation of circulating platelets by the hyperactive 2B VWF may contribute 

to an enhanced tendency for arterial thrombotic events.  However, both the rarity of 2B VWD and 

its presence in the context of heterogeneous human genetic backgrounds suggest that studies in 

inbred mouse models might provide useful answers to these questions.  Currently, there is no 

transgenic mouse model of 2B VWD.  There is a VWF knockout (VWF-/-) mouse model142 that 

has been used to create transient models of plasma-based VWD variants, through the introduction 

of mutant VWF plasmids via hydrodynamic tail vein injection.157   

Given the clinical variability of 2B VWD, we created mouse models of 2B VWD to 

examine the three most common 2B VWD mutations found in humans: R1306W, V1316M, and 

R1341Q.  Our goals were to determine whether the variable clinical phenotype documented in 2B 

VWD patients could be reproduced in the inbred mouse model and to evaluate the thrombogenic 

potential of the murine 2B VWD variants. Together, these studies provide novel insights into the 

unique gain-of-function phenotype observed in 2B VWD.  

3.3 Methods 

3.3.1 Animals  

C57Bl/6 normal and C57Bl/6 VWF knock-out142 mice, aged eight to ten weeks, were 

used in all experiments.  All mouse experiments were reviewed and approved by the Queen’s 

University Animal Care Committee.  
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3.3.2 Construction of Plasmids 

The full-length murine VWF cDNA (mVwf, kindly provided by Dr. Peter Lenting) was 

inserted into the pCIneo plasmid (Promega).177  Mutagenesis was performed using the 

Quikchange Site-Directed Mutagenesis Kit (Stratagene) to introduce the R1306W, V1316M, and 

R1341Q mutations.  Long-term in vivo transgene expression was obtained through the insertion 

of the wildtype or mutant mVwf into the pSC11 plasmid167 containing the synthetic, liver-specific 

ET promoter (kindly provided by Dr. Luigi Naldini).168 

3.3.3 Recombinant VWF Protein Production 

Calcium phosphate transient transfection was performed using HEK293T cells, as 

previously described.178  Recombinant mouse VWF (mVWF) was secreted into serum-free 

OptiMEM containing 100 U/ml penicillin, 100 µg/ml streptomycin, and 1 times 

insulin/selenium/transferrin G (Invitrogen), and the medium harvested 72 hours after transfection.  

mVWF was concentrated using Amicon Centricon-Plus 70 centrifugal filter units (Millipore). 

3.3.4 VWF Levels and Structure 

Plasma VWF was quantified through an enzyme-linked immunosorbent assay (ELISA), 

using a polyclonal rabbit anti-human VWF antibody and a horseradish peroxidase-conjugated 

polyclonal rabbit anti-human VWF antibody (Dako North America).142  Pooled plasma from 30 

C57Bl/6 normal mice was used as a reference. 

The multimeric structure of VWF was analyzed using a 1.4% separating sodium dodecyl 

sulfate agarose gel; polyclonal horseradish peroxidase-conjugated anti-human VWF antibody 

(Dako North America) was used to visualize the multimers through chemoluminescent-based 

imaging.179  Lanes were analyzed for migration distance using alphaeasefc, Version 3.1.2 (Alpha 
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Innotech) and low-molecular-weight (bands 1-5), intermediate-molecular-weight (bands 6-10) 

and high-molecular-weight (HMW; >10 bands) multimers were counted and the loss of multimer 

bands assessed. 

3.3.5 ADAMTS13 Digestion 

Recombinant murine ADAMTS13 (rADAMTS13, kindly provided by Dr. Friedrich 

Scheiflinger) was serially diluted in 5 mM Tris (tris(hydroxymethyl)aminomethane), pH 8.0, and 

activated with 10 mM BaCl2 for 5 minutes at 37°C.  A total of 25 µl of rADAMTS13 was added 

to 25 µl of rVWF (1 U/ml in 1.5M urea, 5mM tris) and incubated for 24 hours at 37°C.  The 

reactions were stopped through the addition of ethylenediaminetetraacetic acid (EDTA) at a final 

concentration of 50 mM.102  Samples were frozen at -80°C until multimer analysis.  Analysis of 

the relative multimer migration was analyzed as previously described.178 

3.3.6 Platelet Binding Assay 

Platelet binding was performed as described previously, with modifications.173  A total of 

25 mU/mL mVWF was incubated with and without formalin-fixed mouse platelets (1x109 

platelets/L in 100 mM Tris, pH 7.5, 150 mM NaCl, and 3% bovine serum albumin).  Freshly 

prepared botrocetin (Pentapharm) was added, and reactions were incubated at room temperature 

for 150 minutes.  The reactions were centrifuged for 5 minutes at 18000g, and the supernatant 

was used in a VWF ELISA to determine the amount of VWF removed from the supernatant.  

3.3.7 Hydrodynamic Injection 

Plasmid DNA (100 µg) was diluted in a volume of lactated Ringer solution equal to 10% 

of mouse bodyweight and injected into the tail vein of C57Bl/6 VWF-/- mice in six seconds.157  A 

27 gauge needle and a 3 mL syringe were used for the injections. 
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3.3.8 Blood Collection  

Mice were anaesthetized using isofluorane/oxygen.  Blood samples were obtained via the 

retro-orbital plexus using uncoated microhematocrit capillary tubes (Fisher Scientific) and mixed 

with one-tenth volume 3.2% sodium citrate.  Samples were centrifuged at 11000g at room 

temperature for 5 minutes, and the resulting platelet-poor plasma stored at -80°C until tested.  

Blood samples used to make blood smears were obtained in the same manner, with 

ethylenediaminetetraacetic acid (EDTA) as an anticoagulant. 

3.3.9 Ferric Chloride-Induced Thrombosis 

Intravital microscopy was performed using a trinocular Wild-Leitz ELR-intravital 

microscope (Leica Microsystems Canada) fitted with both transmitted (50 W halogen) and 

fluorescence (50 W mercury incidence) light accessories.  Images of thrombosis formation were 

captured by a Hamamatsu ORCA ER video camera with fluorescent light.  Analysis of the 

formed thrombi and the accumulated fluorescence intensity was performed using Image ProPlus, 

Version 6.0 (Media Cybernetics).  Rhodamine 6G (40 ng; Sigma-Aldrich) was injected to 

fluorescently label platelets in vivo and to facilitate visualization of the formation of the in situ 

thrombus. 

Ferric chloride injury was induced as described previously,162,180 with slight 

modifications.  Male mice were anaesthetized with an intraperitoneal injection of 

ketamine/xylazine/atropine.  The jugular vein was cannulated for injection of rhodamine 6G and 

the cremaster exteriorized.  Throughout the experiment, the muscle was superfused with 37°C 

saline solution.  Arterioles ranging in size from 50 to 75 µm were chosen, and injury was induced 

through the application of 10% ferric chloride-soaked filter paper (1 x 1 mm) for 3 minutes.  

After injury, the muscle was flushed with preheated saline and the injured area in a single 
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arteriole observed for 40 minutes.  The time to vessel occlusion with thrombus and accumulated 

fluorescence intensity from images captured at 5 minute intervals were examined. 

Washed platelets were obtained from normal C57Bl/6 mice.  VWF-/- mice and VWF-/- 

mice expressing V1316M VWF were infused with 5x107 normal platelets, 5 minutes before ferric 

chloride induced vascular damage.  Intravital microscopy was performed as described. 

3.3.10 Statistical Analysis 

Data are presented as mean values plus or minus SEM.  Statistical analyses were 

performed using the Student unpaired t test, one-way analysis of variance (ANOVA), or two-way 

ANOVA.  Occlusion times exceeding 40 minutes were recorded as 40 minutes. 

3.4 Results 

3.4.1 Platelet Binding Assay 

The platelet-binding ability of recombinant mouse VWF (mVWF) was examined (Figure 

3.1) using formalin-fixed, washed mouse platelets, mVWF expressing the 2B VWD mutations of 

interest, and botrocetin.  mVWF expressing the V1316M mutation was able to spontaneously 

bind platelets in the absence of botrocetin (36.6±8.1% bound VWF), whereas mVWF expressing 

the R1306W and R1341Q mutations showed a lesser degree of spontaneous platelet binding 

(12.7±4.7% and 16.3±3.1% bound VWF, respectively).  With the highest concentration of 

botrocetin (3 µg/mL), all 3 of the murine 2B VWD mutations showed significantly more platelet 

binding than the wildtype mVWF (P<.05, one-way ANOVA). 
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Figure 3.1 VWF-platelet binding assay to examine the enhanced binding of recombinant 
mouse type 2B VWF variants.   
Recombinant mVWF was incubated with formalin-fixed mouse platelets in the presence or 
absence of botrocetin.  The amount of bound VWF is expressed as a percentage of a control 
incubation that was composed of mVWF in the absence of platelets and botrocetin.  Data are 
mean ± SEM of 6 experiments. 

 

3.4.2 ADAMTS13 Cleavage 

In the absence of recombinant mADAMTS13, recombinant mVWF showed the full 

spectrum of multimers.  A total of 1 U/mL mVWF was incubated with a range of concentrations 

of recombinant mADAMTS13 for 24 hours at 37°C, and the concentration of mADAMTS13 

required to cause loss of 50% of multimer height was determined.  R1306W, V1316M, and 

wildtype mVWF were examined.  Wildtype mVWF showed 50% loss of multimers with 0.324 

U/mL mADAMTS13 (Figure 3.2).  mVWF expressing the R1306W mutation required 36.5% the 

amount of ADAMTS13 compared to wildtype (P<.001, t test),  with 50% loss of multimer height 

with 0.118 U/mL ADAMTS13.  Similarly, mVWF expressing the V1316M mutation also 

required a reduced concentration of mADAMTS13 to show 50% loss of multimers (0.097 U/mL; 

P<.001, t test, compared to WT mVWF).  Thus, both the mVWF 2B VWD mutants examined in 

this study showed an enhanced susceptibility for ADAMTS13-mediated cleavage, a phenomenon 

that recapitulates findings with human 2B VWD mutants.119    
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Figure 3.2 Analysis of recombinant mouse ADAMTS13 digestion of recombinant mouse 
VWF.   
A total of 1 U/mL mVWF was digested with various concentrations of recombinant 
mADAMTS13 for 24 hours at 37°C.  Distances were graphed using a 4-parameter curve, and the 
concentration of mADAMTS13 required to cause loss of 50% of multimer height was 
determined.  Data are mean ± SEM of 2 experiments. 

3.4.3 VWF Transgene Expression 

VWF:Ag was monitored in the mice injected with the mVWF expression plasmids.  Peak 

VWF levels were seen at day 3 (Figure 3.3). When the VWF:Ag dropped below 1.5 U/mL, 

intravital microscopy was performed on the male mice.  The mice expressing the V1316M 

mutation had mean VWF:Ag levels that were the first to drop below 1.5U/mL, with a mean 

VWF:Ag of 1.29±0.65 U/mL on day 14 (Figure 3.3B).  At the same time point, mice expressing 

wildtype VWF had a mean VWF:Ag of 7.83±3.10 U/mL, the R1306W mutation a VWF:Ag of 

2.30±0.66 U/mL, and the R1341Q mutation a VWF:Ag of 6.47±1.56 U/mL.  By day 21, the mice 

expressing wildtype VWF had a mean VWF:Ag of 4.02±1.21 U/mL, whereas the mean VWF:Ag 

levels in the type 2B VWD transgenic mice were significantly lower (P<.05, one-way ANOVA). 

R1306W had a mean VWF:Ag of 1.47±0.56 U/mL, V1316M had a mean VWF:Ag of 0.97±0.40 

U/mL, and R1341Q had a mean VWF:Ag of 2.67±0.78 U/mL (Figure 3.3B).  The differences in 

mean VWF:Ag between the VWF-/- mice expressing 2B VWF and the VWF-/- mice expressing 
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wildtype VWF do not arise as a result of biosynthetic defects, as expression of the 2B VWF 

following transient transfection of HEK293T cells is comparable to the expression of wildtype 

VWF following transient transfection.  

 

Figure 3.3 Plasma VWF levels after hydrodynamic injections.   
Plasma samples were obtained after hydrodynamic injections and VWF:Ag was determined using 
a VWF:Ag ELISA.  (A) Time course of plasma VWF:Ag.  Data are mean ± SEM.  (B) VWF:Ag 
at each time point.  Each symbol represents one mouse. 



 

58 

 

 

3.4.4 Platelet Count and Blood Smear Morphology 

The mice expressing the type 2B VWD mutations showed thrombocytopenia that 

fluctuated over time (Figure 3.4A-B).  At day 7, the mice expressing R1306W mutation were the 

most thrombocytopenic with a mean platelet count of 150±20x109/L.  Mice expressing wildtype 

VWF had a mean platelet count of 370±39 x109/L, while the other two type 2B variants, V1316M 

and R1341Q, were both associated with significantly lower mean platelet counts of 157±13 

x109/L and 194±24 x109/L, respectively, when compared to mice expressing wildtype VWF 

(P<.001, one-way ANOVA).  At day 21, the mice expressing the V1316M mutation had the 

lowest platelet count (180±36 x109/L; P<.01, t test), while the other two type 2B VWD mutations 

were also associated with lower mean platelet counts (Figure 3.4B): R1306W 201±37 x109/L 

(P<.05, t test) and R1341Q 303±47 x109/L (P=.22, t test).  

Blood smears were made using blood samples taken at day 7 to evaluate the presence of 

platelet aggregates and enlarged platelets.  As seen in Figure 3.4C, blood smears made from mice 

expressing the V1316M mutation showed many platelet aggregates containing some large 

platelets.  Platelet aggregates were not seen in blood smears from VWF-/- mice expressing 

wildtype VWF.  Blood smears made from mice expressing the R1306W and R1341Q mutations 

also showed small platelet aggregates; and, in the aggregates associated with the R1306W mutant 

protein, some large platelets were observed. 
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Figure 3.4 Platelet count and blood smear morphology.   
After hydrodynamic injection, mice were regularly sampled and complete blood counts were 
performed.  Seven days after hydrodynamic injections, samples were also obtained for blood 
smear examination.  (A) Platelet count at each time point.  Each symbol represents one mouse.  
(B) Time course of platelet count after hydrodynamic injection.  Data are mean ± SEM.  (C) 
Typical blood smear from a mouse expressing the V1316M mutation.  A large platelet aggregate 
is circled within which there are a number of enlarged platelets.  Blood smears were observed 
using an Olympus BX60 transmitted microscope fitted with a UPlanApo 40x oil objective.  
Microscopic images were captured using a Nikon DXM1200 camera and Nikon Act-1 software.  
Photoshop (Adobe) was used to annotate the blood smear images. 



 

60 

 

3.4.5 VWF Multimer Profile 

To determine whether mice expressing the 2B VWD variants showed loss of HMW 

multimers, plasma samples from multiple days were examined for the number of multimer bands, 

as shown in Figure 3.5A.  The expression of VWF from the liver rather than endothelial cells 

results in an altered multimer profile.  Single multimer bands with a slightly decreased molecular 

weight rather than the typical plasma VWF triplet structure are observed, and the multimer profile 

is skewed towards lower molecular weight multimers, in comparison to normal mouse plasma 

(Figure 3.5B).  There was some loss of HMW multimers in samples from mice expressing 

wildtype VWF, but the mice expressing the 2B VWD variants showed a greater extent of HMW 

multimer loss.  By day 7, mice expressing the 2B VWD variants showed complete loss of HMW 

multimers; and by day 14, mice expressing the V1316M and R1341Q mutations also showed loss 

of intermediate MW multimers (Figure 3.5A-B).   
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Figure 3.5 VWF multimer formation after hydrodynamic injection.   
Plasma samples were obtained at different time points after hydrodynamic injection and were 
analyzed for VWF multimer structure using 1.4% sodium dodecyl sulfate separating agarose gel 
electrophoresis.  (A) Time course of the decreasing number of multimer bands.  Data are mean ± 
SEM.  (B) Representative multimers of plasma samples obtained at day 14.  The HMW multimer 
bands (>10 bands) are those above the dotted line. 

 

3.4.6 Intravital Microscopy 

Intravital microscopy was performed on male mice with VWF:Ag levels less than 1.5 

U/mL.  After cremaster arteriolar damage with 10% ferric chloride for 3 minutes, the vessel was 

observed for 40 minutes.  During the 40-minute observation period, occlusive thrombi were not 
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documented in any of the mice expressing V1316M. One mouse expressing R1306W and one 

mouse expressing R1341Q showed occlusive clots (Figure 3.6A).  In both cases, the clots that 

formed were highly unstable and embolized after 3 minutes.  The rest of the mice expressing 

these two mutations did not show any occlusive clots.  None of the VWF-/- mice showed any 

occlusive clots (Figure 3.6A).  The VWF-/- mice expressing wildtype VWF had a mean time to 

vessel occlusion of 29.9±2.1 minutes (P<.001, one-way ANOVA). 

At 5-minute intervals after ferric chloride-induced vessel injury, accumulated 

fluorescence intensity was measured as a surrogate for platelet accumulation (Figure 3.6B).  At 

each time point examined, the mice expressing the 2B VWF variants showed significantly less 

platelet accumulation than both the VWF-/- mice and the VWF-/- mice expressing wildtype VWF 

(P<.001; two-way ANOVA).  Examination of the area under the accumulated fluorescence curve 

(Figure 3.6C) showed that the mice expressing V1316M had the least platelet accumulation, 

followed by the mice expressing R1306W and R1341Q.  In contrast, some platelet accumulation 

was seen with the VWF-/- mice, although significantly more platelets adhered to the site of injury 

in the VWF-/- mice expressing wildtype VWF (P<.05, one-way ANOVA). 
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Figure 3.6 Thrombus formation and platelet accumulation at sites of endothelial damage in 
hydrodynamically injected mice.  
A total of 10% ferric chloride was used to injure cremaster muscle arterioles (50-75 µm in 
diameter).  The vessels were observed for 40 minutes, and fluorescence intensity was measured 
every 5 minutes as a measure of platelet accumulation.  Hydrodynamically injected mice were 
examined when plasma VWF:Ag dropped below 1.5 U/mL.  Wildtype refers to VWF-/- mice 
hydrodynamically injected with wildtype VWF.  (A) Time to vessel occlusion.  Each symbol 
represents one mouse.  (B) Fluorescence intensity over time.  Data are mean ± SEM.  Type 2B 
data are the mean ± SEM of the 3 mutations.  (C) Total fluorescence accumulation, represented as 
the area under curve of fluorescence intensity 
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We finally evaluated the influence of platelets on the thrombogenic and platelet adhesive 

processes in the context of different plasma VWF environments.  Before ferric chloride-induced 

vascular damage, VWF-/- mice and mice expressing the V1316M mutation, with VWF:Ag levels 

below 1.5 U/mL, were transfused with platelets isolated from normal C57Bl/6 mice.  During the 

40-minute observation period, there was a significant decrease in the mean time to occlusion in 

both the transfused VWF-/- mice (mean time to occlusion, 25.0±3.1 minutes) and the V1316M 

mice (mean time to occlusion, 34.1±2.5 minutes) when compared to those that had not received 

platelet transfusions (P<.001, one way ANOVA).   

Fluorescence intensity was again used as a surrogate measure for platelet accumulation in 

these experiments.  Examination of the area under the accumulated fluorescence curve (Figure 

3.7B) showed that the mice expressing V1316M that had received a platelet transfusion 

experienced significantly more platelet accumulation than those that had not received a platelet 

transfusion (P<.05, Bonferonni post-test). After platelet transfusion, the platelet accumulation in 

the V1316M expressing mice was similar to that seen in the VWF-/- mice.   
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Figure 3.7 Thrombus formation and platelet accumulation at sites of endothelial damage in 
hydrodynamically injected mice after platelet transfusion.   
A total of 10% ferric chloride was used to injure cremaster muscle arterioles after transfusion 
with C57Bl/6 normal platelets.  The vessels were observed for 40 minutes; fluorescence intensity 
was assessed every 5 minutes as a surrogate measure for platelet accumulation.  (A) Time to 
vessel occlusion.  Each symbol represents one mouse.  (B) Total fluorescence accumulation, 
represented as the area under the curve of fluorescence intensity. 

 

3.5 Discussion 

The VWF A1 domain mutations evaluated in this study, R1306W, V1316M, and 

R1341Q, were chosen for 3 reasons.  First, of the 2B VWD causative mutations listed in the VWF 
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mutation database, these 3 mutations account for almost 50% of reports.175  Second, these 

mutations have been shown to result in variably severe phenotypes.176  Finally, the wildtype 

residues at each of these mutation sites are conserved between the human and mouse Vwf cDNA 

sequence, implying functional significance of these amino acids.  Thus, this study attempted to 

reproduce the variable clinical phenotype reported in 2B VWD patients in a mouse model in 

which the plasma VWF compartment was rescued with transgenic mutant VWF.  The second aim 

of the study was to use this mouse model to evaluate the thrombogenic potential of the murine 2B 

VWD variants. 

Type 2B VWD is characterized by the enhanced binding affinity of the mutant VWF to 

the platelet receptor GPIbα, an enhancement that varies in severity dependent on the causative 

mutation.172,176  In this study, the platelet binding ability of the recombinant mVWF was 

evaluated in the presence of botrocetin and shown to be mutation-dependent.  Botrocetin was 

selected as a modulator of the VWF-GP1bα interaction, rather than the more commonly used 

reagent ristocetin.  The ability of ristocetin to modulate the interaction of mouse platelets and 

mVWF has been questioned, probably due to amino acid differences at VWF residues thought to 

be critical for ristocetin binding.181,182  Botrocetin modulates VWF-GPIbα through a different 

mode of action; thus, species specificity is not an issue.92  At low concentrations of botrocetin, 

there was variability in the degree of VWF-platelet binding, depending on the mutation 

examined.  At the higher concentrations of botrocetin examined, all 3 mutations showed 

significantly more VWF-platelet binding than wildtype mVWF.  Similar examinations of 

recombinant human VWF show intermutation similarities in spontaneous and ristocetin-induced 

platelet-VWF binding.173  
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The 2B VWD patients show loss of plasma VWF HMW multimers, and recombinant 

human VWF expressing 2B VWD mutations shows increased proteolytic cleavage by 

recombinant ADAMTS13.119  Similarly, in our examination of the mVWF 2B mutants R1306W 

and V1316M, an increased sensitivity to recombinant mADAMTS13 proteolysis was seen.  Thus, 

in vitro, mVWF expressing 2B VWD mutations shows both increased platelet binding and 

ADAMTS13 proteolysis, confirming the proposal of Rayes et al that the loss of plasma HMW 

multimers seen in 2B VWD likely arises through a combination of enhanced platelet binding of 

mutant HMW multimers and increased proteolysis of the 2B VWF by ADAMTS13.119 

The variable phenotype seen in 2B VWD patients is dependent on the specific causative 

mutation.  Additionally, the variable “outbred” human genetic background, as well as 

environmental factors, such as stress and pregnancy, can exacerbate the 2B VWD phenotypic 

spectrum.183  The development of genetically inbred mouse models of 2B VWD allows for the 

evaluation of the phenotypic variability of the specific VWF mutations in the absence of these 

complicating factors.  The mice used in this study, C57Bl/6 VWF-/- mice, are a strain of highly 

inbred mice; thus, genetic variability is no longer a factor in the phenotypic differences seen with 

the expression of the 2B VWD variants in the mouse.  Furthermore, the Vwf cDNA sequence, 

which itself is highly polymorphic in humans, was consistent in all of the studies reported here. 

Hydrodynamic injection of our expression plasmids results in long-term transient 

expression of mVWF.157  The use of the synthetic, liver specific ET promoter,168 in combination 

with the bolus tail vein injection, results in mVWF expression from hepatocytes into the 

plasma.157  Importantly, there is no VWF expression in platelets (megakaryocytes), endothelial 

cells, or the subendothelium with this method of gene delivery.184   Strategies to target VWF 
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expression to these other compartments will require more complex, time consuming, and costly 

technologies.   

A dramatic increase in plasma VWF levels, which peaked at day 3, was seen after 

hydrodynamic injection of the wildtype and 2B variant VWF expression plasmids.  Depending on 

the expression plasmid injected, the VWF:Ag levels dropped to physiological levels of less than 

1.5U/mL between days 21 and 35 after injection.  Mice expressing the V1316M mutation 

experienced the quickest reduction in VWF:Ag levels, followed by mice expressing R1306W and 

mice expressing R1341Q, respectively.  In 2B VWD patients, similar differences in VWF:Ag are 

seen: patients with the V1316M mutation have the lowest mean VWF:Ag levels, followed by 

patients with the R1306W mutation.176 

Of the mutations examined, 2B VWD patients with the V1316M mutation show the most 

severe thrombocytopenia, followed by R1306W, then R1341Q.176  In mice expressing the 2B 

VWD variants, this thrombocytopenic trend was reproduced, with the V1316M mutation 

resulting in the lowest platelet counts.  Individual 2B VWD patients often show variable 

thrombocytopenia, with exacerbations occurring at the time of physiological stress when mutant 

protein levels are increased.  Mice expressing the 2B VWD variants also showed temporal 

variability in platelet counts.  Between each sampling time point, there was considerable 

variability in platelet counts in individual mice.  Interestingly, the variable thrombocytopenia 

occurred with a transgene promoter that probably does not show the acute-phase responsiveness 

of the native VWF promoter.   

The 2B VWD patients with the R1306W and R1341Q mutations typically have blood 

smears that show the presence of enlarged platelets but the absence of platelet aggregates, 
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whereas those with the V1316M mutation show platelet aggregates composed of many large 

platelets.176  Mice expressing the V1316M mutation had blood smears that recapitulated those 

seen in patients with this mutation.  Similarly, mice expressing the R1306W and R1341Q 

mutations showed morphologic changes that mimicked the human 2B VWD mutations.  As 

proposed by Nurden et al, in type 2B VWD, there may be enhanced binding of HMW VWF 

multimers to developing proplatelets that interferes with the normal maturation of platelets, 

accelerating platelet release and resulting in macrothrombocytopenia.185,186  The shorter lifespan 

of mouse platelets may exaggerate this phenomenon.185,187  Most noteworthy, the 

thrombocytopenia and blood smear platelet abnormalities seen in the 2B mice have developed in 

the presence of mutant VWF expressed only in the plasma compartment, suggesting that 

expression of the mutant protein in platelets is not required for these phenomena.   

Interestingly, the very recent description of the V1316M mutation in patients with the 

Montreal Platelet Syndrome (MPS)188 has shown that the original families described with this 

inherited macrothrombocytopenic trait are in fact 2B VWD patients.189  The phenotype of MPS 

was reproduced in the mice expressing the V1316M mutation, with the presence of both 

macrothrombocytopenia and platelet clumping on peripheral blood smears. 

Despite the inbred background of the mice used in these experiments, and the 

monomorphic Vwf cDNA sequence (apart from the 2B VWD mutations), there was variability in 

the observed phenotype within the 2B VWD variants.  In the absence of any obvious physiologic 

stressors, expression of the 2B VWD variants resulted in significant intermouse and intramouse 

variability in the observed VWF:Ag levels and platelet counts.  These findings suggest that 

relatively subtle environmental variances can influence the phenotypic spectrum and severity in 

2B VWD.   
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High molecular weight VWF multimers are seen after hydrodynamic injection of mVWF 

expression plasmids; and, in mice expressing the 2B VWF mutants, there is a significant loss of 

these multimers.  Further examination of the VWF multimer profile of mice expressing 

hydrodynamically delivered VWF shows a lack of the multimer triplets normally seen with 

endogenous plasma VWF.  During endogenous synthesis of VWF in endothelial cells and 

megakaryocytes, considerable post-translational modifications occurs, with the addition of 12 N-

linked and 10 O-linked glycosylation sites to mature monomers.190  In this study, VWF was 

expressed from the liver and probably undergoes different patterns of glycan modification to that 

encountered in the native cells of synthesis.  This differential processing probably affects the 

molecular weight of the multimer bands and alters the VWF multimer profile.  Furthermore, 

given the influence of glycosylation on ADAMTS13-mediated cleavage of VWF, the expression 

of transgenic VWF from the liver may also affect its processing by ADAMTS13.190  

Ferric chloride-induced cremaster arteriolar injury was used to evaluate the thrombogenic 

potential of murine 2B VWD variants.  The effect of vascular damage was examined in male 

mice with VWF:Ag levels below 1.5U/mL.  Initial studies with mice hydrodynamically injected 

with wildtype pSC11-ET-mVWF showed that supraphysiologic levels of circulating VWF in 

VWF-/- mice failed to result in occlusive thrombus formation; however, physiologic levels 

(VWF:Ag < 1.5U/mL) of transgenic wildtype mVWF were able to produce occlusive thrombi in 

these mice.191   

Contrary to our initial hypothesis that circulating 2B VWF might act as a thrombogenic 

stimulus, the mice expressing the 2B VWD variants showed a marked failure of platelet 

accumulation and little or no thrombus formation after vascular damage.  Most notably, less 

platelet adhesion was seen with the 2B VWD variants than was seen with VWF-/- mice.  The 
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cause for this enhanced deficiency in platelet adhesion, and thus, also the bleeding tendency in 

type 2B patients, is probably multifactorial and includes the following: (1) the thrombocytopenic 

phenotype seen with the 2B VWD variants; (2) the circulating platelet aggregates; (3) the absence 

of HMW VWF multimers and (4) the absence of platelet and subendothelial VWF in this animal 

model.  In addition, the GPIbα receptors of the circulating platelets may be occupied by soluble 

VWF, preventing the initial adhesion of these platelets at sites of damage, thus preventing the 

activation and further accumulation of platelets at sites of vascular damage.  Studies in which 

normal platelets were infused into mice expressing the V1316M mutation showed only a partial 

correction of the thrombogenic response, thus emphasizing the key role of the VWF plasma 

compartment in this condition. This observation, in the 2B VWD mouse model, suggests that the 

optimal therapeutic approach for this bleeding defect should probably first involve 

supplementation of the plasma VWF compartment (as is currently done with VWF concentrate 

infusions) and that platelet transfusions be used only in cases with severe thrombocytopenia or 

where bleeding is resistant to concentrate infusion.      

In conclusion, these studies have recapitulated, in a mouse model of the disease, the 

variable, mutation-specific phenotypes seen in 2B VWD.  This phenotypic variability was 

documented with mutant VWF present only in the plasma compartment.  Of particular note, in an 

arteriolar thrombosis model, thrombus development and platelet adhesion were markedly 

diminished with the 2B mutant proteins, with platelet adhesion that was significantly reduced to 

that seen in VWF-/- mice.  This latter finding suggests that the defect in platelet-dependent 

hemostasis in 2B VWD is highly significant.  
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Chapter 4 

Evaluation of the Relative Contributions of  

Enhanced GPIbα  Binding and ADAMTS13-Mediated Cleavage in the 

Type 2B von Willebrand Disease Phenotype 
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4.1 Summary 

Type 2B von Willebrand disease (2B VWD) is characterized by thrombocytopenia and 

loss of high molecular weight multimers (HMW) that arise as a result of both increased affinity of 

the mutant VWF for platelet glycoprotein Ibα (GPIbα) and increased susceptibility to 

ADAMTS13-mediated cleavage.  Three common type 2B VWD mutations (R1306W, V1316M, 

and R1341Q) were independently introduced into the mouse Vwf sequence containing the 

ADAMTS13 cleavage site knockout (CSKO) mutation, Y1605A/M1606A.  Expression vectors 

were hydrodynamically injected into 8 to 10 week old C57Bl/6 VWF-/- mice and the resultant 

phenotype examined.  Additionally, a ferric chloride induced injury model was used to examine 

the thrombogenic potential of the 2B/CSKO variants.  Mice expressing the V1316M/CSKO VWF 

showed thrombocytopenia and the loss of HMW multimers, similar to mice expressing only 

V1316M VWF and recapitulating the human 2B VWD phenotype.  In contrast, mice expressing 

the R1306W/CSKO and R1341Q/CSKO variants showed only a slight reduction in platelet count 

and increased HMW multimers.  Following ferric chloride-induced injury, the 2B/CSKO VWF 

did not provide a prothrombotic stimulus, but instead appeared to inhibit thrombogenicity, as 

none of the observed vessels occluded during the observation period.  This observation was 

supported by the fact that platelet accumulation was similar to that seen in injured arterioles of 

VWF-/- mice.  Thus, the 2B VWD phenotype arises as a result of variable contributions of 

enhanced GPIbα affinity and increased ADAMTS13-mediated cleavage that are dependent on the 

causative mutation. 
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4.2 Introduction 

von Willebrand factor (VWF) is a large, multimeric glycoprotein that plays a critical role 

in primary hemostasis through its interactions with components of the extracellular matrix and 

with platelet glycoproteins, as well as through its stabilization of factor VIII.31  VWF multimer 

size is controlled by ADAMTS13, the 13th member of a disintegrin-like and metalloprotease with 

thrombospondin type 1 repeats family, which cleaves VWF at amino acids Tyr1605-Met1606.192  

The ultra-large VWF multimers are more hemostatically active and have a higher binding affinity 

for platelet glycoprotein Ibα (GPIbα).104,193  Thus, ADAMTS13 plays a critical role in mediating 

the interaction between platelets and VWF. 

Type 2B von Willebrand disease (2B VWD), a qualitative subtype of VWD, is 

characterized by the increased affinity of the mutant VWF for GPIbα.172  In 2B VWD, the mutant 

VWF is synthesized correctly by endothelial cells; however, upon secretion, 2B VWF has 

enhanced platelet affinity and is cleared from the circulation more quickly.194  In addition, 2B 

VWF is able to bind GPIbα in the absence of vascular injury.174  The 2B VWD gain of function 

phenotype, caused by missense mutations clustered at the bottom face of the A1 domain, likely 

arises from the destabilization of the A1 domain, which mimics the structural changes seen 

following the activation of immobilized VWF by shear stress.115,174  Thrombocytopenia and a 

decrease in circulating HMW multimers are characteristic features of 2B VWD and likely arise as 

a result of  (a) the spontaneous binding of the mutant VWF to GPIbα; (b) the increased sensitivity 

of the mutant VWF to ADAMTS13 mediated cleavage; or (c) a combination of both increased 

spontaneous GPIbα binding and increased ADAMTS13 cleavage.119,174,176 



 

76 

 

It has been shown that the plasma of 2B VWD patients contains significant 

concentrations of proteolytic fragments of VWF.195  This may be due, in part, to enhanced 

binding of the mutant VWF A1 domain with GPIbα, which in turn, facilitates VWF cleavage by 

ADAMTS13, implying that the conformation of the A1 domain may, through an allosteric 

mechanism, regulate the accessibility of the ADAMTS13 cleavage site within the A2 domain.99  

In addition,  under conditions of high shear, ADAMTS13 regulates the size of platelet thrombi.68  

Given that circulating platelet aggregates are a common feature of 2B VWD, it has been 

suggested that ADAMTS13 may preferentially cleave the VWF within the platelet aggregates.119 

In order to ascertain whether the loss of HMW multimers seen in 2B VWD is due to an 

increase in ADAMTS13 susceptibility or due to an increase in GPIbα affinity of the HMW VWF 

multimers, we created a modified mouse model of 2B VWD.  Previously, we created transient 

mouse models of three common type 2B VWD mutations, R1306W, V1316M, and R1341Q, and 

were able to reproduce, in the mouse, the variable phenotype associated with 2B VWD in 

humans.155  By independently combining these three 2B VWD mutations with the ADAMTS13 

cleavage site knockout (CSKO) mutation Y1605A/M1606A, we were able to examine the effect 

of ADAMTS13 insensitive 2B VWF in the VWF-/- mouse to determine whether increased GPIbα 

affinity or increased ADAMTS13 sensitivity plays a greater role in the 2B VWD phenotype.  In 

addition, we evaluated the thrombogenic potential of the 2B/CSKO VWF in the mouse. 
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4.3 Methods 

4.3.1 Animals 

In all experiments, eight to ten week old C57Bl/6 wildtype and C57Bl/6 VWF knock-out 

(VWF-/-) mice142 were used.  The Queen’s University Animal Care Committee reviewed and 

approved all mouse protocols. 

4.3.2 Construction of Plasmids 

Full-length murine VWF cDNA (mVwf, provided by Dr. Peter Lenting) was inserted into 

the pCIneo plasmid (Promega).177  The Quikchange XL II Site-Directed Mutagenesis Kit 

(Stratagene) was used to introduce the R1306W/Y1605A/M1606A (R1306W/CSKO), 

V1316M/Y1605A/M1606A (V1316M/CSKO), and R1341Q/Y1605A/M1606A (R1341Q/CSKO) 

mutations.  The wildtype and mutant mVwf were inserted into the pSC11 plasmid,167 containing 

the synthetic, liver-specific enhanced transthyretin (ET) promoter (provided by Dr. Luigi 

Naldini),168 for extended in vivo transgene expression. 

4.3.3 Recombinant VWF Protein Production 

HEK293T cells were transiently transfected using calcium phosphate, as previously 

described.178  Recombinant mouse VWF (mVWF) was secreted into serum-free OptiMEM 

containing 100 U/ml penicillin, 100 µg/ml streptomycin, and 1X insulin/selenium/transferrin G 

(Invitrogen).  The medium was harvested 72 hours after transfection and the mVWF concentrated 

using Amicon Centricon-Plus 70 centrifugal filter units (Millipore). 

4.3.4 VWF Antigen, Propeptide, and Structure 

An enzyme-linked immunosorbent assay (ELISA), using a polyclonal rabbit anti-human 

VWF antibody and a horseradish peroxidase-conjugated polyclonal rabbit anti-human VWF 
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antibody (Dako North America), was used to quantify plasma VWF.142  VWF propeptide was 

quantified using anti-mouse VWF propeptide antibodies: the 349.3 capture antibody and the 

horseradish peroxidase-conjugated 349.2 detecting antibody (provided by Dr. Sandra 

Haberichter).  Pooled plasma from 30 C57Bl/6 normal mice was used as a reference. 

A 1.4% separating sodium dodecyl sulfate agarose gel was used to analyze the 

multimeric structure of VWF.  The multimers were visualized through chemoluminescent-based 

imaging, using a horseradish peroxidase-conjugated polyclonal rabbit anti-human VWF antibody 

(Dako North America).179  Lanes were analyzed for migration distance, using alphaeasefc, 

Version 3.1.2 (Alpha Innotech).  Low molecular weight (bands 1-5), intermediate molecular 

weight (bands 6-10), and high molecular weight (HMW; >10 bands) multimers were counted and 

the loss of multimer bands assessed. 

4.3.5 ADAMTS13 Digestion 

Recombinant murine ADAMTS13 (rADAMTS13, expression plasmid provided by Dr. 

Friedrich Scheiflinger) was serially diluted in 5 mM Tris (tris(hydroxymethyl)aminomethane), 

pH 8.0, and activated with 10 mM BaCl2 for 5 minutes at 37°C.  25 µl of rADAMTS13 was 

added to 25 µl of rVWF (1 U/ml in 1.5 M urea, 5 mM tris) and incubated for 24 hours at 37°C.  

EDTA (ethylenediaminetetraacetic acid), at a final concentration of 50 mM, was added to stop the 

reactions.  Samples were frozen at -80°C until multimer analysis, which was performed as 

previously described.178 

4.3.6 Platelet Binding Assay 

Platelet binding affinity was assessed as described previously, with modifications.173  

Briefly, 25 mU/ml mVWF was incubated with and without formalin-fixed mouse platelets (1x109 
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platelets/l in 100 mM tris, pH 7.5, 150 mM NaCl, and 3% bovine serum albumin).  Botrocetin 

(Pentapharm) was added and reactions incubated at room temperature for 150 minutes.  The 

reactions were centrifuged for 5 minutes at 18000g.  The supernatant was used in a VWF ELISA 

to determine the amount of VWF removed from the supernatant. 

4.3.7 Hydrodynamic Injections 

100 µg of plasmid DNA, diluted in a volume of lactated Ringer solution equal to 10% of 

mouse bodyweight, was injected into the tail vein of C57lBl/6 VWF-/- mice in six seconds.155 

4.3.8 Blood Collection 

Isofluorane/oxygen was used to anaesthetize mice.  Using uncoated microhematocrit 

capillary tubes (Fisher Scientific), blood samples were obtained via the retro-orbital plexus and 

mixed with one-tenth volume 3.2% sodium citrate.  Samples were centrifuged at 11000g at room 

temperature for five minutes; the resulting platelet-poor plasma was stored at -80°C until tested.  

Blood samples used to make blood smears were obtained in the same manner, using EDTA as an 

anticoagulant. 

4.3.9 Ferric Chloride-Induced Thrombosis 

A trinocular Wild-Leitz ELR-intravital microscope (Leica Microsystems Canada), fitted 

with both transmitted (50 W halogen) and fluorescence (50 W mercury incidence) light 

accessories, was used for intravital microscopy.  Images of thrombosis formation were captured 

by a Hamamatsu ORCA ER video camera with fluorescent light.  Image ProPlus, Version 6.0 

(Media Cybernetics), was used to analyze the formed thrombi and fluorescence intensity 

accumulation.  Rhodamine 6G (40 ng; Sigma-Aldrich) was injected to fluorescently label 

platelets in vivo and to facilitate visualization of the formation of the in situ thrombus. 
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Ferric chloride injury was induced as described previously,162,180 with slight 

modifications.  Briefly, male mice were anaesthetized with an intraperitoneal injection of 

ketamine/xylazine/atropine.  The jugular vein was cannulated and the cremaster exteriorized.  The 

muscle was superfused with 37°C saline solution and arterioles ranging in size from 50 to 75 µm 

were selected.  Injury was induced through the application of 10% ferric chloride soaked filter 

paper for 3 minutes.  Following vessel injury, the muscle was flushed with saline and the injured 

area in a single arteriole observed for 40 minutes.  The time to vessel occlusion with thrombus 

and accumulated fluorescence intensity at 5 minute intervals were examined. 

4.3.10 Statistical Analysis 

Data are presented as mean values plus or minus SEM.  Statistical analyses were 

performed using the Student unpaired t test, one-way analysis of variance (ANOVA), or two-way 

ANOVA.  Vessel occlusion times exceeding 40 minutes were recorded as 40 minutes. 

4.4 Results 

4.4.1 Characterization of 2B/CSKO Recombinant Protein 

Following transient transfection of HEK293T cells with the pCIneo-Vwf plasmids 

expressing the three 2B/CSKO mutations, retention and secretion of the mutant proteins were 

similar to that seen with wildtype VWF (data not shown).  In addition, the three mutant proteins 

showed a full range of multimers and the presence of ultra-large VWF multimers (data not 

shown). 

In the absence of recombinant mADAMTS13, recombinant 2B/CSKO mVWF showed 

the full spectrum of multimers.  Serially diluted mADAMTS13 was incubated with 1 U/ml 

mVWF at 37ºC for 24 hours; the concentration of mADAMTS13 required to cause loss of 50% 
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multimer height was determined.  Wildtype mVWF showed loss of 50% multimer height with 

0.324 U/ml mADAMTS13.  The R1306W/CSKO VWF required more than 32 U/ml 

mADAMTS13, the maximum concentration tested, to cause 50% loss of multimer height (P<.01, 

t test; Figure 4.1).  The V1316M/CSKO VWF and R1341Q/CSKO VWF showed a similar 

marked resistance to ADAMTS13 proteolysis. 

 

 
Figure 4.1 ADAMTS13 digestion of recombinant R1306W/CSKO mVWF. 
Serially diluted recombinant mADAMTS13 was incubated with 1 U/ml mVWF for 24 hours at 
37ºC.  Multimer graphs were graphed using a 4-parameter curve, and the concentration of 
mADAMTS13 required to cause the loss of 50% multimer height determined.  Data are mean ± 
SEM of 2 experiments. 

 
The platelet-binding ability of the 2B/CSKO mVWF variants was assessed using 

formalin-fixed, washed mouse platelets, mVWF, and botrocetin (Figure 4.2).  The 

R1306W/CSKO, the V1316M/CSKO, and the R1341Q/CSKO variant VWF all showed 

significantly enhanced binding to platelets in the absence of botrocetin (14.0%±2.8%, 

19.0%±3.0%, and 15.7%±4.1%, respectively) than wildtype mVWF (6.3%±2.1%; P<.05, one-

way ANOVA).  In the presence of 1 µg/ml botrocetin, both the V1316M/CSKO VWF and 

R1341Q/CSKO VWF showed significantly increased binding to platelets when compared to 
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wildtype VWF (24.9%±2.3% and 22.6±0.4%, respectively, versus 12.8±1.5%; P<.01, one-way 

ANOVA).  At the highest concentration of botrocetin examined (3 µg/ml), all three mutant VWF 

bound platelets with similar affinities as the wildtype VWF.  VWF expressing only the CSKO 

mutation showed platelet binding affinity that was similar to what was observed with wildtype 

VWF (data not shown). 

 
Figure 4.2 VWF-platelet binding affinity of recombinant 2B/CSKO mVWF. 
In the presence and absence of botrocetin, recombinant 2B/CSKO mVWF was incubated with 
formalin-fixed mouse platelets.  The amount of bound VWF is expressed as a percentage of a 
control incubation composed of mVWF but with no added platelets or botrocetin.  Data are mean 
± SEM of 5 experiments. 

 

4.4.2 VWF Transgene Expression 

VWF antigen (VWF:Ag) levels were examined in VWF-/- mice injected with the pSC11-

ET-Vwf 2B/CSKO plasmids.  The mice expressing the 2B/CSKO VWF had mean VWF:Ag 

levels that were significantly lower than those seen in the mice expressing wildtype VWF (days 7 

to 28; P<.001, two-way ANOVA; Figure 4.3A).  On day 7, the mice expressing R1341Q/CSKO 

variant had the highest mean VWF:Ag level (9.03±2.1 U/ml) of the variant proteins, followed by 

the mice expressing V1316M/CSKO VWF and the mice expressing R1306W/CSKO VWF 

(5.58±0.74 U/ml and 4.70±0.79 U/ml, respectively; Figure 4.3B).  The mice expressing 
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R1306W/CSKO and V1316M/CSKO VWF had mean VWF:Ag levels that dropped below 1.0 

U/ml by day 14 (0.91±0.23 U/ml and 0.72±0.21 U/ml, respectively), whereas the mice expressing 

the R1341Q/CSKO mutation had significantly higher mean VWF:Ag levels at the same time 

point (1.56±0.26 U/ml; P<.05, one-way ANOVA).  By day 21, the mice expressing 

R1341Q/CSKO had mean VWF:Ag levels that were below 1.0 U/ml (Figure 4.3B).  

 

Figure 4.3 Mouse plasma VWF levels following hydrodynamic injection of 2B/CSKO 
plasmids. 
Plasma samples were obtained from mice expressing wildtype VWF, R1306W/CSKO VWF, 
V1316M/CSKO VWF, and R1341Q/CSKO VWF (N≥10); VWF:Ag was determined using a 
VWF:Ag ELISA. (A) Time course of plasma VWF:Ag following hydrodynamic injection.  Data 
are mean ± SEM. (B) VWF:Ag by day for days 7, 14, 21, and 28.  Each symbol represents one 
mouse. 
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4.4.3 VWFpp/VWF:Ag Ratio Determination 

The VWF propeptide (VWFpp) to VWF:Ag ratio, a surrogate marker for VWF clearance, 

was examined in VWF-/- mice injected with the pSC11-ET-Vwf 2B/CSKO plasmids.  The 

VWFpp/VWF:Ag ratio for mice expressing wildtype VWF was normalized to a value of 1.0 

(Figure 4.4).   The mice expressing the 2B/CSKO variants had significantly higher 

VWFpp/VWF:Ag ratios than the mice expressing wildtype VWF (days 7 to 21; P<.001, two-way 

ANOVA).  From days 7 to 21, the mice expressing R1306W/CSKO VWF had a mean 

VWFpp/VWF:Ag ratio of 1.80, the mice expressing V1316M/CSKO VWF a mean ratio of 1.26, 

and the mice expressing R1341Q/CSKO a mean ratio of 1.60, indicating that all three mutant 

proteins show a mild degree of accelerated clearance from the plasma. 

 

 
Figure 4.4 VWFpp/VWF:Ag ratio determination. 
Hydrodynamically injected mice were regularly sampled and both VWF:Ag and VWFpp levels 
determined by ELISA.  Values were normalized to a mean VWFpp/VWF:Ag ratio of 1.0 for mice 
expressing wildtype VWF. 
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4.4.4 Platelet Count and Morphology 

Platelet counts were monitored in the mice injected with the pSC11-ET-Vwf 2B/CSKO 

plasmids to assess the degree of thrombocytopenia (Figure 4.5A).  At day 7, mice expressing the 

2B/CSKO VWF mutations had significantly decreased platelet counts when compared to mice 

expressing wildtype VWF (P<.001, one-way ANOVA; Figure 4.5B).  By day 14, only the mice 

expressing V1316M/CSKO VWF had significantly decreased platelet counts (172±28x109/l; 

P<.01, one-way ANOVA; Figure 4.5B).  On day 21, the mice expressing the V1316M/CSKO had 

the lowest platelet counts (181±40x109/l), although these mean platelet counts were not 

significantly reduced when compared to the mean platelet counts of the mice expressing 

R1306W/CSKO VWF (311±29x109/l), the mice expressing R1341Q/CSKO VWF 

(285±53x109/l), or the mice expressing wildtype VWF (404±71x109/l). 

Blood samples taken at day 14 were used to make blood smears for the evaluation of the 

presence of platelet aggregates and enlarged platelets.  Blood smear examination for all three 

2B/CSKO mutants showed the presence of platelet aggregates composed of some enlarged 

platelets.  
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Figure 4.5 Platelet count following hydrodynamic injection of 2B/CSKO plasmids. 
Following hydrodynamic injections of the 2B/SCKO plasmids, mice were regularly sampled and 
complete blood counts assessed (N≥10 per mutation).  (A) Time course of platelet count 
following hydrodynamic injection.  Data are mean ± SEM.  (B) Platelet count at days 7, 14, 21, 
and 28.  Each symbol represents one mouse. 

 

4.4.5 VWF Multimer Profile 

The multimer profile of the hydrodynamically-expressed 2B/CSKO VWF was assessed 

to determine if there was loss of HMW multimers.  The VWF produced from the liver following 
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hydrodynamic injection, both wildtype and mutant, had an altered multimer profile: single 

multimer bands with a slightly decreased molecular weight, rather than the typical plasma VWF 

triplet structure, were seen (Figure 4.6A).  In addition, the multimer profile of the liver-expressed 

VWF is skewed toward lower molecular weight multimers when compared to normal mouse 

plasma pool (Figure 4.6A).  

 
Figure 4.6 VWF multimer structure. 
Plasma samples obtained from regularly sampled hydrodynamically injected mice were analyzed 
for VWF multimer structure, using 1.4% sodium dodecyl sulfate separating agarose gel 
electrophoresis.  (A) Representative multimers of plasma samples obtained at day 14.  The HMW 
multimer bands (>10 bands) are those above the dotted white line.  (B) Time course of number of 
multimer bands.  The number of resolved multimer bands was counted for each sample (N≥5). 
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To quantify the variances in multimeric structure, plasma samples from multiple time 

points were assessed for the number of multimer bands (Figure 4.6B) and compared to plasma 

samples from VWF-/- mice expressing wildtype VWF.   Mice expressing the V1316M/CSKO 

VWF showed a loss of HMW and the partial loss of intermediate weight multimers (days 7 to 21; 

8.78±1.6 multimer bands).  In contrast, the mice expressing R1306W/CSKO and R1341Q/CSKO 

showed no loss of HMW multimers and, indeed, showed more HMW multimers than mice 

expressing wildtype VWF (13.2±1.1 and 13.6±0.82 multimer bands, respectively, versus 

10.8±0.39 multimer bands).  

4.4.6 In Vivo Analysis of Thrombogenesis 

Intravital microscopy was performed on male mice 12 days after hydrodynamic 

injections, at which point all had VWF:Ag between 0.5 and 1.5 U/ml.  Cremaster arterioles were 

damaged with 10% ferric chloride for three minutes and the vessel observed for 40 minutes.   No 

occlusive clots formed in the injured vessels of the mice expressing the 2B/CSKO variants during 

the observation period, whereas VWF-/- mice expressing wildtype VWF had a mean time to 

vessel occlusion of 29.9±2.1 minutes (P<.001, one-way ANOVA; Figure 4.7A). 

Fluorescence intensity analysis was assessed at five-minute intervals, as a surrogate 

measure of platelet accumulation within the injured vessel (Figure 4.7B).  During the 40 minute 

observation period following injury, mice expressing the 2B/CSKO variants showed significantly 

less platelet accumulation than VWF-/- mice expressing wildtype VWF (P<.01, two-way 

ANOVA) but similar levels of platelet accumulation as VWF-/- mice (P>.05, two way ANOVA).  

Total platelet accumulation, determined from the area under the fluorescence curve revealed that 

mice expressing the R1306W/CSKO variant showed the most platelet accumulation of the 
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2B/CSKO variants, although the total platelet accumulation for all three 2B/CSKO variants was 

similar to that seen with VWF-/- mice. 

 
Figure 4.7 Thrombus formation and platelet accumulation following ferric chloride-induced 
arteriolar damage. 
Cremaster muscle arterioles were injured through the application of 10% ferric chloride soaked 
filter paper.  The injured vessels were observed for 40 minutes and fluorescence intensity 
measured at five minute intervals as a surrogate measure of platelet accumulation within the 
vessel.  (A) Time to vessel occlusion.  Each symbol represents one mouse.  (B) Total platelet 
accumulation, represented as the area under the fluorescence intensity curve.  Data are mean 
±SEM. 

4.5 Discussion 

The individual contributions of increased GPIbα binding affinity and enhanced 

susceptibility to ADAMTS13-mediated proteolysis in the development of the 2B VWD 

phenotype are unknown.  Previously, we were able to reproduce the clinical phenotype associated 
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with 2B VWD in transient transgenic mouse models of three common 2B VWD mutations: 

R1306W, V1316M, and R1341Q.  In this study, we attempted to elucidate the individual 

contributions of GPIbα binding affinity and ADAMTS13 proteolytic susceptibility through the 

creation of modified transient transgenic mouse models of 2B VWD, in which the three common 

2B VWD mutations were combined with the ADAMTS13 cleavage site knock-out (CSKO) 

mutation (Y1605A/M1606A), resulting in the expression of VWF that shows the enhanced 

GPIbα binding affinity characteristic of 2B VWD but the absence of ADAMTS13-mediated 

cleavage.  In addition, we evaluated the thrombogenic potential of the murine 2B/CSKO in these 

models of modified 2B VWD.  

The combination of type 2B VWD mutations with the ADAMTS13 CSKO mutation 

resulted in the generation of mVWF variants that showed enhanced platelet binding ability.  This 

is most easily discernable in the absence of botrocetin.  The CSKO mutation (Y1605A/M1606A) 

has been shown to significantly decrease ADAMTS13 proteolysis in vitro, with no cleavage of 

the mutant VWF at the highest concentration of ADAMTS13 evaluated.178  Similarly, in our 

2B/CSKO variants, ADAMTS13 proteolysis was very significantly decreased.  Thus, our 

2B/CSKO VWF shows the enhanced GPIbα binding that is characteristic of 2B VWF but the 

absence of ADAMTS13 proteolysis. 

The relative contributions of enhanced platelet affinity and increased ADAMTS13 

proteolysis in the 2B VWD phenotype were evaluated in VWF-/- mice expressing ADAMTS13 

insensitive 2B VWF rather than in VWF-/-/ADAMTS13-/- mice expressing 2B VWF.  This 

strategy allowed for an examination of the phenotype of ADAMTS13 insensitivity in the 
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presence of ADAMTS13.  Thus, in this model, interactions between VWF and ADAMTS13 were 

still able to occur and only ADAMTS13-mediated cleavage of VWF was inhibited. 

Hydrodynamic injection of the pSC11-ET-Vwf 2B/CSKO expression plasmids resulted in 

long-term transient expression of mVWF, from hepatocytes into the plasma, with no VWF 

expression from platelets, endothelial cells, or the subendothelium.184  The VWF:Ag levels seen 

in the mice expressing 2B/CSKO VWF were significantly decreased when compared to those 

seen in VWF-/- mice expressing wildtype VWF.  The 2B/CSKO VWF:Ag levels fell to 

physiological levels of less than 1.5 U/ml more rapidly than wildtype VWF, with both the 

R1306W/CSKO and V1316M/CSKO VWF:Ag levels falling below 1.0 U/ml by day 14 and the 

R1341Q/CSKO VWF:Ag levels dropping below 1.5 U/ml by day 21.  The addition of the CSKO 

mutation to the 2B VWF plasmids resulted in a more severe, although statistically insignificant, 

reduction in VWF:Ag levels, when compared to the mice expressing 2B VWF lacking the CSKO 

mutation (data previously published).155  Interestingly, the presence of the CSKO mutation did 

not alter the relative severity of the mutations; in humans, the V1316M mutation is associated 

with the lowest VWF:Ag levels, followed by patients with the R1306W mutation and those with 

the R1341Q mutation.176  This pattern of severity is replicated in the 2B/CSKO mice. 

Clearance of the expressed 2B/CSKO variants was mildly increased, as determined by 

the quantification of the VWFpp/VWF:Ag ratio.  The VWFpp/VWF:Ag ratios for the 2B/CSKO 

variants ranged between 1.26 and 1.80. 

Following hydrodynamic injections of the 2B/CSKO plasmids, all three 2B/CSKO 

variants were associated with thrombocytopenia initially.  However, by day 14, only those mice 

expressing the V1316M/CSKO mutation maintained the thrombocytopenic phenotype; the mice 
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expressing the R1306W/CSKO and R1341Q/CSKO variants had platelet counts that did not 

differ significantly from those seen in mice expressing wildtype VWF.  In addition, the mice 

expressing the R1306W/CSKO and those expressing the R1341Q/CSKO variants had platelet 

counts that were significantly increased compared to mice expressing only the R1306W and 

R1341Q type 2B VWD mutations (data previously published).155  Interestingly, the expression of 

a different mutation at the same amino acid (R1306Q) in VWF-/-/ADAMTS13-/- mice resulted in 

platelet counts that did not differ from those seen with expression of R1306Q VWF in VWF-/- 

mice.159 

Mice expressing the V1316M/CSKO mutation had blood smears that showed the 

presence of small platelet aggregates, composed of enlarged platelets, similar to what is seen in 

blood smears from mice expressing only the V1316M mutation155 and in the blood smears of type 

2B VWD patients resulting from the V1316M mutation.176  In contrast, mice expressing the 

R1341Q/CSKO mutation had blood smears that showed the presence of large platelet aggregates. 

Expression of 2B/CSKO VWF in VWF-/- mice resulted in variable patterns of HMW 

multimers.  The mice expressing the R1306W/CSKO and R1341Q/CSKO variants showed 

minimal loss of HMW multimers.  Notably, the number of resolved multimer bands over the 

examination period for these two mutations was greater than the number of bands observed in 

mice expressing wildtype VWF and was similar to the number of bands observed in mice 

expressing the CSKO VWF alone.196  In marked contrast, mice expressing V1316M/CSKO VWF 

showed complete loss of HMW multimers and partial loss of intermediate molecular weight 

multimers, similar to what was observed in mice expressing only the V1316M 2B VWD 

mutation.155  Interestingly, and in contrast to our findings, expression of the V1316M mutation in 

VWF-/-/ADAMTS13-/- mice showed a full range of multimers.159 
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The thrombogenic potential of the 2B/CSKO variants was examined using a ferric 

chloride-induced arteriolar injury model.  It was hypothesized that the R1306W/CSKO and 

R1341Q/CSKO variants would act as prothrombotic stimuli, due to the increased presence of 

high molecular weight multimers with enhanced GPIbα binding affinity.  However, occlusive 

thrombi did not form in the vessels of the mice expressing the 2B/CSKO variants.  In these mice, 

total platelet accumulation, determined from the area under the fluorescence curve, was not 

significantly different from the platelet accumulation in VWF-/- mice.  Interestingly, the amount 

of platelet accumulation was significantly increased in the mice expressing the 2B/CSKO variants 

when compared to the mice expressing just the 2B mutations. 

Expression of V1316M/CSKO VWF in VWF-/- mice resulted in a thrombocytopenic 

phenotype, similar to that seen in VWF-/- mice expressing only the V1316M 2B mutation.  In 

addition, in mice expressing V1316M/CSKO VWF, there was a significant loss of HMW 

multimers and the partial loss of intermediate weight multimers, despite the blockade of 

ADAMTS13-mediated cleavage.  In contrast, expression of the R1306W/CSKO and the 

R1341Q/CSKO variants in VWF-/- mice resulted in minimally reduced platelet counts and the 

presence of increased HMW multimers, indicating that enhanced ADAMTS13 sensitivity must be 

the predominant mechanism through which the 2B VWD phenotype associated with the R1306W 

and R1341Q mutations arises.  The phenotype associated with the V1316M mutation must arise 

predominantly as a result of the increased affinity of the mutant VWF for GPIbα, with minimal 

contribution from increased ADAMTS13 sensitivity.   

Importantly, the relative contributions of GPIbα affinity and ADAMTS13 proteolysis in 

the 2B VWD phenotype assessed in this study examined the role of only plasma VWF.  
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Hydrodynamic injections result in the expression of the transgene from hepatocytes, rather than 

endothelial cells, so we were unable to examine platelet or subendothelial VWF.  It is possible 

that the relative contribution and importance of the ADAMTS13 proteolysis and GPIbα affinity 

may differ depending on the localization of the protein. 

In conclusion, these investigations indicate that the bleeding defect associated with the 

gain of function type 2B VWD mutations is the result of variable contributions from enhanced 

ADAMTS13 proteolysis and increased binding of HMW VWF to platelet GPIbα.  The relative 

contribution of these two mechanisms appears to be dependent upon the specific type 2B 

mutation. 
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Chapter 5 

Thesis Discussion 
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5.1 The Balance Between Thrombosis and Hemostasis 

The hemostatic system is in a delicate equilibrium that balances the procoagulant and 

anticoagulant processes in the blood to maintain blood fluidity and prevent inappropriate 

thrombus formation.  The coagulation and fibrinolytic systems, consisting of activators, 

zymogens, cofactors, and inhibitors, maintain this equilibrium and alterations to this delicate 

balance underlie the pathogenesis of thrombosis, as increases in procoagulant factors or decreases 

in fibrinolytic factors or natural inhibitors results in a prothrombotic state.  

Venous thromboembolic disease refers to the occurrence of deep vein thrombosis and 

pulmonary embolism.  Generally, deep vein thrombosis occurs in the large leg veins.  Pulmonary 

embolism arises as a result of the breaking away of a portion of a thrombus that becomes lodged 

in the pulmonary arterial vasculature and interrupts blood flow.131  The pathogenesis of venous 

thrombosis, originally postulated by the Virchow in 1856, arises as a result of changes in the 

vessel wall, changes in blood flow, or changes in blood composition.197  The combination of 

blood stasis and hypercoagulability play a critical role in the formation of venous thrombi, and 

the thrombi that form are fibrin and red blood cell rich.131,197 

Arterial thrombosis refers to coronary, cerebrovascular and peripheral vascular 

thrombotic disease.  It is most often a generalized disorder of the vascular tree and is manifested 

clinically as myocardial infarction, angina pectoris, stroke, transient ischemic attacks (TIA), and 

ischemic limb pain.130  Arterial thrombosis generally arises from exposure of the subendothelial 

matrix as a result of either atherosclerotic plaque rupture or endothelial damage or both.198 The 

pathophysiology of arterial thrombosis is complex and involves the interaction of multiple genetic 

and environmental factors.199  Platelets, which play a key role in primary hemostasis and 
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endothelial cell repair, also have a major role in the development of plaque formation and arterial 

thrombosis.  As a result, arterial thrombi are platelet-rich.131,197 

Thrombus formation occurs when the hemostatic equilibrium is disrupted as a result of 

increased procoagulant levels or activity or decreased anticoagulant activity.  Gain of function 

mutations in two procoagulant factors – factor V and prothrombin – are the most common 

thrombophilic genetic alterations associated with increased venous thrombosis risk.198,200  

Common in people of European descent, the factor V Leiden (Arg506Gln) mutation is a risk 

factor for venous thrombosis, as it results in a reduction in the inactivation rate of activated factor 

V.201-203  The prothrombin G20210A mutation, which is common in people of Southern European 

descent, is associated with increased circulating prothrombin levels.204  Recently, a gain of 

function mutation in factor IX (FIX Padua) was described that was found in a young deep vein 

thrombosis patient.205  Specifically, this gain of function mutation (R338L) results in normal 

levels of circulating FIX antigen but significantly increased FIX activity, through the enhanced 

efficiency of binding of the mutant FIX to its substrate, factor X.205  In contrast, deficiencies of 

anticoagulant factors are rare but much stronger risk factors for venous thrombosis, and 

deficiencies of antithrombin, protein C, or protein S are all associated with significant increases  

in venous thrombosis risk (5 to 20-fold increases).197,206,207  

The relationship of single genetic factors and the risk of arterial thrombosis incidence is a 

far more complex one than that of single genetic factors and the pathogenesis of venous 

thrombosis.  Deficiencies of protein C, protein S, and antithrombin have little or no effect on 

arterial thrombosis incidence, except possibly in select populations such as young women.197  The 

prothrombin G20210A and factor V Leiden mutations may act as minor risk factors for arterial 

thrombotic incidence, although the relationship is unclear, and those studies that have found 
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associations have done so in highly selected populations or have examined the interaction of the 

mutations in the context of environmental risk factors.203,204,208-212   

The unclear role of single genetic factors on arterial thrombosis incidence stems from the 

fact that the pathogenesis of arterial thrombosis is very clearly complex in nature and involves the 

interplay between many genetic and environmental influences. 

Given the complex nature of evaluating arterial thrombosis in a human population, we 

have attempted to evaluate the independent effect of quantitative and qualitative variation in 

FVIII and VWF in inbred mouse models.  The human genetic background is a highly 

heterogeneous one and the impact of environmental factors difficult to control for.  Using an 

inbred mouse model allows us to evaluate the role of these single genetic factors in a 

homogeneous genetic context and highly controlled environment.  In these studies, there is a 

uniform environment and the inbred mouse model minimizes the influence of other genetic 

modifiers.  Finally, the consistent use of one Vwf cDNA sequence also eliminates the influence of 

Vwf coding region polymorphisms.  Inevitably, the advantages of using an inbred mouse model to 

evaluate the role of single factors in the development of arterial thrombosis will not provide 

comprehensive information relating to the complex interplay of the genes and environment that 

contribute to the pathogenesis of this disease in normal organisms. 

5.2 The Role of FVIII in Arterial Thrombosis 

The role of FVIII in venous thrombosis development is well established.  Elevated FVIII 

levels are a strong risk factor for venous thrombosis incidence.132-137  The risk of a single venous 

thrombotic incident is increased by 10% for every 10 IU/dL elevation in FVIII level.133  Similar 
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incremental increases in FVIII level are an even stronger risk factor for recurring venous 

thrombosis incidents.133,137 

In contrast, the role of FVIII in arterial thrombosis is not a well-established risk factor, 

although associations between elevated FVIII levels and arterial thrombosis have been found.  

Hemophilia patients are protected from ischemic heart disease, even in the presence of additional 

cardiovascular risk factor, as mortality is decreased in the hemophilia population when compared 

to the general population.213  Examinations of a healthy elderly population in the Cardiovascular 

Health Study found that elevated FVIII levels were associated with incident stroke in women and 

incident coronary heart disease in men.139  In addition, the Northwick Park Heart Study found that 

elevated FVIII levels in a healthy middle-aged population were associated with a non-significant 

trend in increased atherothrombosis.140  Importantly, though, the relationship between FVIII 

elevation and arterial thrombosis has not been defined by specific incremental increases in FVIII. 

There are few mouse model examinations of the role of FVIII in arterial and venous 

thrombosis.  It has been established that FVIII is crucial in a mouse model of venous 

thrombosis.165  In addition, a single evaluation of the effect of elevated FVIII levels in a model of 

arterial thrombosis showed that elevated FVIII levels are associated with arterial thrombosis, 

although only one concentration of FVIII activity was examined.214  Therefore, we examined the 

effect of acutely raising circulating FVIII levels to both 200% and 400% FVIII activity, and also 

examined the effect of extended elevations of circulating FVIII. 

Acute elevations of FVIII activity to 400% FVIII activity significantly decreased the time 

to vessel occlusion following arteriolar endothelial injury, whereas elevation of FVIII levels to 

200% FVIII activity resulted in a decreased times to vessel occlusion that were not significantly 
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faster than mice with 100% FVIII activity (Figure 2.3).  These in vivo results, in combination 

with the results of TAT complex formation and the thromboelastography results in the presence 

of elevated FVIII activity, indicate that elevation of FVIII levels does not increase the 

thrombogenic potential of blood in a linear manner, but rather appears to increase the 

prothrombotic phenotype in a stepwise manner.  While elevated acute increases in FVIII level do 

increase the risk of arteriolar thrombotic tendency, it does not appear an increase in FVIII level 

between 100% and 200% FVIII activity results in a significant increase in arteriolar thrombotic 

risk, in contrast to what has been observed in epidemiological evaluations of venous thrombosis.   

Contrary to our initial hypothesis, extended elevation of circulating FVIII levels did not 

increase the time to occlusion following arteriolar endothelial damage.  However, it is possible 

that the length of FVIII level elevation was not sufficient to significantly increase the thrombotic 

potential of circulating FVIII. 

The evaluations of both acute and extended elevations of FVIII level did not result in the 

significant increased thrombogenic potential that was initially hypothesized.  Likely this is a 

result of evaluating the effect of elevated FVIII levels in the absence of additional genetic or 

environmental risk factors.  Given that arterial thrombosis often occurs following rupture of 

atherosclerotic plaques, the effect of elevated FVIII levels in the context of an atherosclerotic 

vascular environment may reveal more about a mechanism in which elevated FVIII levels act as a 

prothrombotic stimulus.  The laboratory mouse has limitations in terms of studying the natural 

history of atherosclerosis and, certainly, the cremaster arterioles do not represent a pathologically 

affected vascular bed.  Thus, the results obtained using this in vivo model system must be 

interpreted with some caution. 
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5.3 The Role of VWF in Thrombosis 

VWF plays a critical role in primary hemostasis through its interactions with platelet 

glycoproteins and components of the subendothelial matrix, as well as through its stabilization of 

factor VIII.215  Given its importance in primary hemostasis and its “supporting role” in the 

propagation phase of secondary hemostasis through its interactions with FVIII, it can be 

postulated that increases in VWF would be associated with increases in thrombus development.  

In reality, the thrombotic risk associated with VWF is not as clearly defined as for FVIII, 

although it has been established that elevated VWF:Ag is associated with an increased risk of re-

infarction in myocardial infarction survivors141 and that elevated VWF:Ag is a risk factor for 

venous thrombosis development.136 

The role of VWF in venous thrombosis has been examined in the mouse.  It has been 

established that VWF is required for stable venous thrombosis following ferric chloride induced 

injury to mesenteric venules,165 and, more specifically, that VWF plays an important role in the 

initiation of venous thrombosis, through its recruitment of platelets to the vessel wall.216  In 

contrast, little is known about the arterial thrombosis risk associated with VWF and few mouse 

models of arterial thrombosis have examined this relationship.  In particular, the arterial 

thrombotic risk associated with qualitative variation of VWF, as is seen in type 2B VWD, has not 

been examined.  

5.4 The Role of 2B VWF in Arterial Thrombosis 

Gain of function prothrombotic mutations, including factor V Leiden and prothrombin 

G20210A, have been shown to be significantly associated with an increased risk of venous 

thrombosis and have been variably associated with arterial thrombosis, although to a lesser 
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degree.203,209,210,212  In addition, the gain of function FIX Padua mutation, in which there is normal 

FIX antigen but significantly increased FIX activity, is also associated with the development of 

venous thrombosis.205 

Arising from gain of function mutations that increase the binding affinity of the mutant 

VWF for GPIbα, type 2B VWD is paradoxically a bleeding disorder.172  In the absence of 

vascular injury, the circulating mutant VWF binds GPIbα.174  In addition, patients with type 2B 

VWD show the presence of platelet aggregates on peripheral blood smears.176  We hypothesized 

that in a mouse model of type 2B VWD, the circulating 2B VWF would act as a prothrombotic 

stimulus due to both the increased affinity of the mutant VWF for GPIbα and the presence of 

“activated” circulating platelet aggregates.  Contrary to our hypothesis, we found that following 

ferric chloride induced vessel damage, no vessel occlusion occurred and less platelet 

accumulation was seen in the mice expressing 2B VWF than in VWF-/- mice (Figure 3.6). 

The absence of thrombosis in the mice expressing the 2B VWD mutations is likely 

multifactorial.  In the 2B VWD mouse models examined in this thesis, the mutant VWF is 

expressed only in the plasma; subendothelial and platelet VWF are absent.184  It is possible that 

expression of the mutant VWF in either the subendothelial matrix or from platelets could increase 

the thrombogenic potential of 2B VWF.  Initial platelet adhesion at sites of endothelial damage 

could also increase significantly with the presence of 2B VWF in the subendothelial matrix.  

Additionally, propagation of thrombus formation could be increased through platelet delivery of 

the 2B VWF to sites of endothelial damage.  Interestingly, platelet transfusions of normal 

platelets into mice expressing the V1316M mutation were not sufficient to fully correct the 

hemostatic defect in 2B VWD (Figure 3.7). 
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The thrombocytopenia associated with type 2B VWD may itself be sufficient to decrease 

the development of arterial thrombosis.  In addition, the absence of HMW multimers may also 

decrease the thrombotic potential of circulating 2B VWF, as the larger VWF multimers are those 

that are more hemostatically active and show increased affinity for GPIbα.104  The hydrodynamic 

delivery of the 2B VWF expression plasmids results in expression of the mutant VWF from 

hepatocytes. This likely results in the expression of 2B VWF with a significantly different 

glycosylation pattern than endogenously endothelial and megakaryocyte expressed VWF.190  

Whether this difference in post-translational modification of the mutant VWF also contributes to 

a differential effect on thrombogenicity is unclear. 

Finally, the circulating “activated” platelet aggregates that we initially hypothesized 

would act as prothrombotic stimuli may, in fact, act in the opposite manner.  Following 

endothelial damage, the circulating platelet aggregates could be prevented from adhering at sites 

of injury as the GPIbα receptors on these platelets may be occupied by soluble 2B VWF, 

minimizing the number of platelets available to adhere to sites of injury. 

As discussed above, the development of arterial thrombosis is dependent on the 

interaction of multiple genetic factors within the context of a supportive environment and with the 

contribution of other genetic modifiers.  Although 2B VWF did not prove to act as a 

thrombogenic stimulus in this situation, it is possible that in the context of other phenotypic 

modifiers, such as an atherosclerotic vascular bed, the 2B VWF could act in a prothrombotic 

manner.  Examination of the 2B VWD phenotype in the context of a different mouse background 

or on a mixed background may be sufficient to elucidate a mechanism through which 2B VWF 

could act as a prothrombotic stimulus, as the presence of genetic modifiers of the VWF locus may 

enhance the possible prothrombotic potential of the 2B VWF. 
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5.5 ADAMTS13 Insensitive 2B VWF and Arterial Thrombosis 

In examinations of a modified type 2B VWD mouse model in which 2B VWF shows 

enhanced GPIbα affinity and inhibition of ADAMTS13-mediated proteolysis, it was our initial 

hypothesis that the circulating 2B/CSKO VWF would act as a prothrombotic stimulus.  We 

documented that expression of the R1306W/CSKO and R1341Q/CSKO variants generated a 

phenotype in which the mice showed increased levels of HMW multimers (Figure 4.6) when 

compared to mice expressing wildtype VWF and postulated that these hyperfunctional forms of 

VWF, along with their increased GPIbα binding affinity, might result in an enhanced thrombotic 

tendency.   

Ultralarge VWF (ULVWF) is the most hemostatically active of the VWF multimers and 

has a higher binding affinity for platelet GPIbα, independent of additional type 2B VWF 

mutations.193  Under normal physiological conditions, the ULVWF is cleaved to smaller and less 

thrombogenic multimers by ADAMTS13, preventing the inappropriate interaction of VWF and 

platelets in the absence of endothelial injury.68  In our 2B/CSKO variants, the VWF was resistant 

to ADAMTS13 cleavage, resulting in the increased presence of the more thrombogenic ULVWF 

and HMW multimers in the circulation (Figure 4.1 and Figure 4.6).  In addition, the presence of 

the 2B VWD mutations resulted in an additional enhanced affinity of the mutant 2B/CSKO VWF 

for GPIbα (Figure 4.2).  Together, we reasoned that the enhanced platelet binding affinity and 

loss of ADAMTS13-mediated cleavage of ULVWF in the 2B/CSKO mice would result in VWF 

that had a markedly increased tendency for thrombogenesis. 

The absence of ADAMTS13 activity in humans, arising as a result of deficiency of 

ADAMTS13 or from the presence of inhibitory antibodies against ADAMTS13, is linked to 

development of the disease thrombotic thrombocytopenic purpura (TTP).97,217  In TTP patients, 
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the presence of ULVWF is associated with a thrombotic microangiopathy, with platelet rich 

thrombi being deposited in small caliber vascular beds in the kidneys, brain, and sometimes in a 

more widespread distribution.218  Importantly, the development of TTP is dependent on the 

absence of ADAMTS13 but that alone is not sufficient for the pathogenesis of TTP.  Indeed, 

additional genetic factors, such as those associated with the regulation of coagulation, VWF or 

platelet function, and/or environmental factors, such as pregnancy, infections, or surgery, are 

required for the pathogenesis of TTP.219 

Mouse models of ADAMTS13 deficiency have been created220,221 that reproduce the 

clinical features of TTP.  In particular, the requirement of additional genetic and environmental 

factors necessary for the development of TTP are recapitulated in the mouse model.  The absence 

of ADAMTS13 in these mice is, in contrast to what is seen in humans, sufficient to act as a 

prothrombotic stimulus, but the full spectrum of phenotypic changes seen in TTP requires 

additional insults such as endothelial cell perturbation secondary to the delivery of shiga toxin.220  

Importantly, using the ADAMTS13-/- mouse model, VWF has been shown to play an important 

role in the pathogenesis of TTP.222  

Rather than evaluating the effect of our 2B VWD mutations in the context of 

ADAMTS13 deficiency, we examined the effect of inhibited cleavage of the mutant VWF in the 

VWF-/- mouse.  This allowed for the evaluation of the effect of ADAMTS13 cleavage in the 

presence of ADAMTS13 that can interact with the mutant 2B VWF but is unable to cleave the 

protein.  Surprisingly, despite the prothrombotic nature of the variant VWF proteins studied in 

these experiments, we did not observe a prothrombotic tendency (Figure 4.7).  Similar to what is 

seen in the mouse model of TTP, the inhibition of ADAMTS13-mediated cleavage was 

insufficient for the development of a prothrombotic phenotype.  It is nevertheless, somewhat 
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surprising, that the enhanced GPIbα affinity of the mutant VWF did not provide a sufficient 

impetus as a secondary procoagulant factor to generate a prothrombotic phenotype.   

5.6  Conclusions and Future Directions 

The assays of the thrombogenic potential of quantitative and qualitative variability of 

FVIII and VWF examined in this thesis revealed that our initial hypothesis that these variations 

would act as strong prothrombotic stimuli turned out to be incorrect.  While acute elevations of 

FVIII elevation did act as prothrombotic stimuli in our mouse models, the relationship was not as 

strong as we imagined and did not follow a straightforward dose-dependent pattern.  In addition, 

the circulating platelet aggregates associated with type 2B VWD and the ADAMTS13 insensitive 

2B VWF did not result in the thrombogenic stimulus that we had envisaged.   

This thesis, while attempting to elucidate the mechanisms of arterial thrombosis risk 

associated with qualitative variability in VWF, allowed us to generate transient transgenic mouse 

models of type 2B VWD, resulting in a greater understanding of the 2B VWD phenotype.  In 

particular, we showed that the type 2B VWD phenotype, resulting from solely mutant plasma 

VWF, is dependent on not just the enhanced GPIbα affinity.  In fact, ADAMTS13-mediated 

proteolysis may play an important role as well.  These studies have also shown us that expression 

of the mutant VWF only in the plasma compartment can recapitulate the pathologic phenotype 

seen in human type 2B VWD. 

To further understand the role of VWF and FVIII variability as risk factors of arterial 

thrombosis, it will be necessary to examine the quantitative and qualitative variations in the 

context of a more complex genetic and environmental system.  Evaluations of the effects of the 

variants in the presence of other single genetic factors, such as in the presence of an additional 
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prothrombotic mutation such as factor V Leiden or in the context of an environment such as 

atherosclerotic vascular disease, may prove to be sufficient to determine the thrombotic risk 

associated with either FVIII or VWF variability.  Likely, an examination of the FVIII and VWF 

variants in an outbred mouse model will be required to fully elucidate the arterial thrombotic risk 

associated with either quantitative FVIII or qualitative VWF variability. 
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Appendix A 
Thesis Protocols 

A.1  Thrombin-Antithrombin Generation 

1. Blood collected from mice into buffered citrate with EACA.  Blood centrifuged for 7 

minutes at 10000 rpm to generate platelet-poor plasma. 

2. FVIII levels elevated through the addition of recombinant human FVIII to plasma. 

3. Plasma aliquoted into six 50 µl aliquots, remainder frozen for future determination of FVIII 

activity.  Plasma aliquots placed in 37°C water bath. 

4. At 10 second intervals, 1.67 µl of tissue factor (Innovin) added to samples. 

5. After 2 minute incubation, 2.89 µl of CaCl2 (0.2M) added to samples at same time intervals. 

6. At specific time points, 400 µl of quenching solution (QS) added to samples.  Samples then 

vortexed for 10 seconds and centrifuged for 3 minutes at 14000 rpm. 

7. Supernatant removed and frozen in -80º freeze for future TAT ELISA. 

Buffers: 
Quenching Diluent 

0.5 ml 0.5M EDTA 

60.5 mg L-benzamadine 

45 ml HEPES-NaCl 

pH 7.4 

PPACK Solution 

495.5 µl 0.01N HCl 

4.5 µl PPACK 

Quenching Solution (QS) 

1.5 µl PPACK Solution 

398.5 µl Quenching Diluent 
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A.2  Thrombin-Antithrombin ELISA  

1. Capture antibody diluted 1/100 in coating buffer and 100 µl immediately added to every 

well.  Plate incubated overnight at 2-8°C. 

2. Contents of plate emptied and 150 µl of blocking buffer added to every well.  Plate 

incubated for 90 minutes at 22°C. 

3. Plate washed three times with wash buffer. 

4. Test samples and reference standards prepared.  100 µl applied per well and plate incubated 

at 22°C for 120 minutes. 

5. Plate washed three times with wash buffer. 

6. Detecting antibody diluted 1/100 in conjugate diluent and 100 µl of applied to each well.  

Plate incubated at 22°C for 60 minutes. 

7. Plate washed three times with wash buffer. 

8. 100 µl of OPD substrate applied to each well.  Colour allowed to develop for 10-15 minutes 

then colour reaction stopped with addition of 50 µl per well of 2.5M H2SO4. 

Buffers: 
Coating Buffer 

1.59g Na2CO3 
2.93g NaHCO3 
1L H20 
pH 9.6 

PBS 

8.0g NaCl 
1.15g Na2HPO4 
0.2g KH2PO4 
0.2g KCl 
1L H20 
pH 7.4 

Wash Buffer 

1L PBS 
1.0mL Tween-20 
pH 7.4 

Blocking Buffer 

5.0g BSA 
250mL PBS 
pH 7.4 

Sample Diluent 

5.95g HEPES 
1.46g NaCl 
2.5g BSA 
250ml H20 
0.25ml Tween-20 
pH 7.2 

Substrate Buffer 

2.6g Citric Acid 
6.9g Na2HPO4 
500 mL H20 
pH 5.0 

OPD Substrate 

5mg OPD 
12ml substrate buffer 
12 µl of H2O2 

Stop Solution 

13.9 ml 18M H2SO4 
86 ml H20 
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A.3  Thromboelastography 

1. Turn on TEG machine and open up software.  Put cups and pins in place. 

2. Run Level I or Level II controls in both cups. 

3. Pipette 320 µL of plasma into TEG cup, minimizing bubble formation.  Sample incubated 

for 2 minutes. 

4. Add 20 µL of diluted (1:1000) tissue factor (Innovin; final dilution 1:30000), directly into 

plasma, and gently pipette up and down THREE times to mix, minimizing bubble formation.  

Sample incubated for 2 minutes. 

5. Add 20 µL of calcium chloride (0.2M) directly into sample and gently pipette up and down 

THREE times to mix. 

6. Immediately push lever to test position and hit F10 to start recording. 

7. Continue running until all four variables have been finalized. 
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A.4  Mouse VWF Antigen ELISA 

1. Dilute coating antibody (rabbit anti-human von Willebrand factor DAKO A0082, 3.1µg/µl) 

in buffer A to 10 µg/ml.  Add 100 µl/well (Immulon 4 HBX plate).  Apply plate sealer and 

store at 4ºC overnight.  

2. Wash plate three times with >250 µl buffer B.  Let sit 3 minutes, invert, tap hard until dry. 

3. Dilute samples with buffer B.  Prepare standard curves with reference plasma, starting 

dilutions at 1:5 with mouse plasma.  Add 100 µl diluted samples/well.  Cover plate with 

plate sealer and let sit at room temperature for at least two hours. 

4. Wash plate as above, three times. 

5. Dilute detecting antibody (rabbit anti-human von Willebrand factor HRP DAKO P0226, 1.1 

µg/µl) in buffer B to 5 µg/µl.  Add 100 µl/well.  Apply plate sealer and let sit at room 

temperature for at least one hour. 

6. Wash plate as above, three times. 

7. Prepare buffer D.  Add 100 µl/well.  Cover plate and incubate 12-30 minutes, until standard 

curve is apparent.  Stop reaction with 100 µl buffer E.  Read plate at 492 nm. 

 

Buffers: 
Buffer A 

0.71 g Na2HPO4 
4.238 g NaCl 
500 ml H2O 
pH 7.2 

Buffer B 

0.71 g Na2HPO4 
14.61 g NaCl 
0.5 ml Tween 20 
500 ml H2O 
pH 7.2 

10X Buffer B 

8.52 g Na2HPO4 
175.32 g NaCl 
6 ml Tween 20 
600 ml H2O 
pH 6.15 

Buffer C 

3.34 g Citric Acid 
4.73 g Na2HPO4 
500 ml H2O 
pH 5.0 

Buffer D 

7.5 ml Buffer C 
5 mg OPD 
3.1 µl 30% H2O2 
 

Buffer E (Stop Solution) 

5.56 ml 95% H2SO4 
94.44 ml H2O 
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A.5  Mouse VWF Propeptide ELISA 

1. Dilute coating antibody (349.3 mouse VWFpp antibody, provided by Dr. Haberichter, 1.3 

mg/ml) in carbonate buffer to 2 µg/ml.  Add 100 µl/well.  Apply plate sealer and incubate 

overnight at 4ºC. 

2. Wash plate three times with >250 µl ELISA wash buffer. 

3. Block plate with ELISA block, 200 µl/well.  Incubate at room temperature for 1 hour. 

4. Wash plate three times as above. 

5. Dilute samples in buffer B.  Prepare standard curves with reference plasma, starting dilutions 

at 1:5 with mouse plasma.  Add 100 µl diluted samples/well.  Cover plate with plate sealer 

and let sit at room temperature for at least two hours. 

6. Wash plate three times as above. 

7. Dilute detecting antibody (349.2 HRP VWFpp antibody, provided by Dr. Haberichter and 

HRP labeled in house, 0.5 mg/ml) in ELISA block to 1.0 µg/ml (1:500).  Add 100 µl/well.  

Cover plate with plate sealer and incubate at room temperature for 2 hours. 

8. Wash plate three times as above. 

9. Add 100 µl/well of ultra TMB solution (34028).  Incubate 15-30 minutes, until standard 

curve apparent.  Stop reaction with 100 µl/well 1 M H2SO4.  Read plate at 450 nm. 

Buffers: 
Carbonate Buffer 

2.93 g NaHCO3 
1.59 g Na2CO3 
1 L H2O 
pH 9.6 

PBS 

32 g NaCl 
0.8 g KCl 
5.76 g Na2HPO4 
0.96 g KH2PO4 
4 L H2O 
pH 7.4 

ELISA Wash Buffer 

1 L PBS 
1 ml Tween-20 

ELISA Block Buffer 

1 L PBS 
0.5 ml Tween-20 
10 g BSA 
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A.6  Intravital Microscopy 

A.6.1 Mouse Preparation 
1. Mouse anaesthetized using ketamine/xylazine injectable anaesthetic. 

2. Mouse taped down on Styrofoam board, with head towards the person performing the 

surgery. 

3. A small triangle of skin cut above the jugular.  Jugular blunt dissected. 

4. Two ligatures placed under the vessel and the jugular ligated cranially. 

5. Under a microscope, vessel freed from fat and tissue. 

6. A hole punctured in the vessel wall using a 30g angled needle.  Needle left in place.  Tubing 

fed into vessel towards heart. 

7. Once tubing securely in place (~1 cm deep in vessel), the needle is withdrawn and the 

jugular ligated caudally.  Vessel flushed to keep patent. 

8. Animal moved to cremaster board and legs double tied securely in spread-eagle position. 

9. Saline applied to groin hair and surface of the board.  Small flap cut off sac. 

10. Using swab stick, roll from the xiphoid process down to push out epididymis. 

11. #7 curved forceps used to pull out the tip of epididymis.  Forceps locked. 

12. Suture double-tied at the end of the forceps, so that tie will slip off and catch tip of 

epididymis.  Forceps released. 

13. Fat and connective tissue dissected off, with suture being used to pull muscle taut. 

14. Muscle pulled straight down (apply light pressure) and secured with tape. 

15. A hole put in tip of muscle using cautery tool.  Forceps fed into hole on the top of the 

epididymis and the cautery tool used to open the muscle. 
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16. The epididymis grabbed and lifted up.  The connective tissue anchor between the muscle and 

epididymis cauterized. 

17. One side of the muscle grabbed and ligated as described above.  Suture taped down securely. 

18. Teste rolled back up into mouse. 

19. Three ties tied on the muscle. 

20. Following surgery, mouse moved to scope and perfusion line taped in place. 

A.6.2 Microscopy 
1. Mouse placed on scope and allowed to “recover” from surgery for 5 minutes.  Suffusion 

turned on to allow for constant suffusion of muscle with 37°C saline.  Control set of images 

acquired in brightfield. 

2. Protein infused (if needed) and allowed to “incubate” for 10 minutes.  Two sets of control 

images acquired in brightfield: one 5 minutes after infusion and one 10 minutes after 

infusion. 

3. 40 ng of rhodamine 6G infused.  Control set of images acquired in fluorescence.  

4. Vessel injured for 3 minutes with 10% ferric chloride soaked filter paper (surgicutt). 

5. Following removal of filter paper, vessel observed for 40 minutes.  Sets of images acquired: 

2 min post 12 min post 22 min post 32 min post 
4 min post 14 min post 24 min post 34 min post 
5 min post 15 min post 25 min post 35 min post 
6 min post 16 min post 26 min post 36 min post 
8 min post 18 min post 28 min post 38 min post 
10 min post 20 min post 30 min post 40 min post 

 

6. Following conclusion of experiment, mouse euthanized by anaesthetic overdose followed by 

cervical dislocation. 


