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ABSTRACT 

The effect of direction thrombin inhibition on acute deep vein thrombosis (DVT) 

stability has not been defined and could contribute to pulmonary embolism (PE) risk. 

Direct thrombin inhibitors (DTIs) effectively inhibit free and clot-bound thrombin, which 

could potentiate thrombus instability through disruption of platelet, fibrin, and FXIIIa 

stabilizing mechanisms. This could manifest as increased thrombus embolization. A 

clinically relevant mouse model of DVT stability could further our understanding of 

venous thrombosis pathophysiology and define the effect of direct thrombin inhibition on 

PE. We hypothesized that acute DTI administration would decrease acute DVT stability 

and potentially increase PE risk. Platelets were labeled in vivo, femoral vein thrombosis 

was induced using FeCl3, and lepirudin (8U/g) was administered after clot formation. 

Using intravital videomicroscopy (IVM), real time embolization was quantified as a 

measurement of thrombus stability. Thrombus stability increased in the control group 

and decreased in the lepirudin-treated group over two hours. The decrease in α2-

antiplasmin (α2-AP) content within lepirudin-treated thrombi, compared to control 

thrombi, could possibly contribute to the observed decrease in thrombus stability. 

Continued growth and embolization established the dynamic nature of formed thrombi. 

In both groups, emboli were detected in the pulmonary artery circulation. Therefore, we 

successfully developed a mouse model of venous thrombus stability, which imitated the 

clinical progression of DVT to PE. DTI administration in the acute DVT setting could 

decrease thrombus stability, demonstrated through increased embolization and PE. This 

model could be useful in examining the effect of other antithrombotics and risk factors 

settings on DVT stability.  
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1.0 INTRODUCTION 

1.1. Overview of Hemostasis 

 Hemostasis is a complex physiological process that maintains the integrity of the 

vascular system (1). Following vessel wall damage, localized platelet thrombus 

formation and fibrin generation occur simultaneously to seal the injury site (1,2).  

 TF initiates coagulation in vivo resulting in thrombin generation (3). TF-bearing 

cells are exposed following vessel wall injury. TF is a high-affinity receptor for factor (F) 

VII and activated FVII (FVIIa), which circulate in the plasma (2). The TF-FVIIa complex, 

or extrinsic tenase, activates both FX and FIX. Thrombin activates FV (5) and FXa 

complexes with FVa, on the TF-bearing cell surface, to form the prothrombinase 

complex. Other cellular proteases can also activate FV (6). FXa is rapidly inhibited by TF 

pathway inhibitor (TFPI) and antithrombin (AT) and so remains localized to the TF-

bearing cell surface (2). The prothrombinase complex generates trace amounts of 

thrombin, which amplifies the initial procoagulant signal.  

Thrombin activates platelets by cleaving protease-activated receptors (PARs) (3), 

and is localized to the platelet surface through association with GPIb (7). Thrombin also 

activates coagulation cofactors V and VIII, as well as FXI (2). Activated platelets release 

partially activated FV. FVIII is bound to von Willebrand factor (vWF) in the plasma. It is 

cleaved by thrombin to FVIIIa and then dissociates from vWF (8).  

Factor IXa diffuses from the TF-bearing cell and complexes with its cofactor, 

FVIIIa, on the activated platelet surface to form the intrinsic tenase complex. Factor IXa 
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can move through the fluid phase to the activated platelet surface, as it is not inhibited 

by TFPI and is slowly inhibited by AT (9). Activation of FXIa, by thrombin, also generates 

additional FIXa on the platelet surface and acts as a booster mechanism. The intrinsic 

tenase complex activates FX. FXa rapidly binds to FVa, and is subsequently protected 

from inhibition by TFPI and AT (9). The prothrombinase complex, on the activated 

platelet surface, generates a burst of thrombin that cleaves fibrinogen to form a fibrin 

clot (2) (Fig. 1).  

1.2. Thrombin 

Thrombin is a serine protease and consists of two polypeptide chains linked by a 

disulfide bond (10). Thrombin contains a centrally located active site, and two exosites: 

exosite 1 facilitates thrombin’s interactions with various substrates, while exosite 2 acts 

as a cofactor-binding site (10).  

As the central effector of the coagulation cascade, thrombin has procoagulant, 

anti-fibrinolytic and anticoagulant roles (11). In its procoagulant and anti-fibrinolytic role, 

thrombin cleaves fibrinogen to fibrin; activates FXIII to stabilize the thrombus; activates 

cofactors FV and FVIII; activates thrombin activated fibrinolysis inhibitor (TAFI); 

activates platelets; and is adsorbed onto the fibrin clot (12).  

 Fibrinogen consists of three pairs of polypeptide chains - Aα, Bβ, and γ - linked by 

three disulfide bonds. Thrombin cleaves fibrinopeptide A (FpA) from the Aα-chain and 

FpB from the Bβ-chain (12). Cleavage of FpA is rapid and results in spontaneous 

formation of protofibrils from fibrin monomers (12); cleavage of FpB is slower, and 
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allows for further polymerization and fibrin fibers to form (12). Exosite 1 facilitates the 

interaction of fibrinogen with thrombin (10). The concentration of thrombin influences 

thrombus formation, structure and stability (13). Low thrombin concentrations result in 

thick fibrin fibers and highly permeable clots, which are less dense and stable; high 

thrombin concentrations produce impermeable clots consisting of thin fibrin fibers.  

 FXIII is activated by thrombin in the presence of Ca2+ to FXIIIa, an activate 

transglutaminase. Fibrin enhances activation of FXIII by 80–100 fold (14). FXIIIa forms 

covalent bonds between γ-chains, α-chains and α- and γ-chains of fibrin (15). This 

stabilizes the formed fibrin clot, enhances its elasticity, and decreases binding of 

plasminogen to fibrin and subsequent activation to plasmin by tissue-type plasminogen 

activator (tPA) (14). FXIIIa rapidly cross-links α2-AP to fibrin α-chains, thereby localizing 

the main physiological inhibitor of plasmin (15,16) and enhancing the antifibrinolytic 

properties of the clot (14). The effect of FXIIIa-mediated fibrin cross-linking on clot 

stability is debatable. While it has been shown that both α2-AP cross-linking and α-chain 

polymerization are involved in fibrinolysis regulation, Fraser et al. have conversely 

concluded that the antifibrinolytic function of FXIIIa is expressed principally through α2-

AP cross-linking (17). In addition, cross-linking of fibrin by FXIIIa in vitro has been shown 

to down-regulate platelet accumulation on the fibrin surface (18). Therefore, FXIIIa could 

also have an antithrombotic role in thrombus formation.  

 To activate platelets, thrombin cleaves PAR-1 and PAR-4 in humans and PAR-4 

and PAR-3 in mice (19). PARs are G-protein coupled receptors, and have an atypical 
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signaling mechanism. Cleavage at the N-terminal extracellular domain by thrombin 

exposes the receptor’s ligand (20). This tethered ligand binds intramolecularly to the 

receptor and activates the coupled G proteins, which initiate intracellular signaling (21). 

PAR activation is irreversible. Activated receptors are internalized, while new ones are 

translocated to the plasma membrane (21). At low thrombin concentrations, platelets are 

activated through human PAR-1; at high protease concentrations PAR-4 is also cleaved 

(10).  

In its anticoagulant role, thrombin binds to thrombomodulin (TM), through exosite 

1 (22), and activates protein C (23). The thrombin-TM complex enhances the generation 

of activated protein C (APC) and TAFIa by approximately 1000 fold, compared to free 

thrombin (22,24).  

1.3. Platelets  

Vascular damage also exposes subendothelial components, which mediate 

platelet adhesion and activation. Initial platelet adhesion is mediated by vWF (25). vWF, 

anchored to collagen, interacts with platelet receptor GPIb-V-IX establishing initial 

contacts. This slows down the flow of platelets and initiates formation of the platelet 

plug. Platelet activation is initiated when platelet receptor GPVI binds to collagen (26). 

Activation of platelets is characterized by platelet shape change, aggregation, and 

release of contents from α- and dense granules (27). This further propagates platelet 

thrombus formation.  
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Activated platelets express phosphatidylserine (PS), a negatively charged 

phospholipid, through a “flip flop” reaction (27). PS moves from the inner platelet 

membrane to the outer membrane, providing a surface for coagulation complex 

assembly. Vitamin-K (VK) dependent proteins are synthesized in the liver and have an 

affinity for the negatively charged membrane. This is facilitated by the exposure of a 

membrane-binding site by interaction of Ca2+ with γ-carboxylated glutamic acid residues 

(Gla domain) on these proteins (28).  

GPIIbIIIa is the most abundant platelet receptor, with approximately 60,000 to 

80,000 copies on the platelet surface (29). It mediates platelet aggregation through vWF 

and fibrinogen (30). Unstimulated platelets do not bind fibrinogen; however, upon 

activation by platelet agonists, GPIIbIIIa moves from a resting to an active state. 

Activation of GPIIbIIIa through “inside-out” signaling, results in high affinity binding of 

fibrinogen and platelet aggregation (26,29).   

1.4. Regulation of Hemostasis 

The coagulation process is regulated by the antithrombotic properties of the 

endothelium, endogenous anticoagulant mechanisms, and the fibrinolytic system. The 

vascular endothelium, a confluent monolayer of cells, maintains vascular patency (1). 

Endothelial cells (ECs) prevent platelet adherence and induce vasodilation by 

synthesizing prostacyclin and nitric oxide (1). tPA is also released and converts 

plasminogen to plasmin, the key component of the fibrinolytic system. ECs further 

express heparan sulfate (HS), a glycosaminoglycan (GAG), TM, and endothelial cell 



 

	   6	  

protein C receptor (EPCR). TM and EPCR are major components of the protein C 

pathway (31).   

AT is a potent inhibitor of thrombin, FXa, and other coagulation proteases (11). 

AT is a serine protease inhibitor (serpin) and inhibits its target enzymes by forming a 1:1 

stoichiometric covalent complex. This induces a conformational change in AT, and the 

specific protease is “trapped” and inactivated. HS catalyzes the inhibition of AT, which is 

relatively slow under physiological conditions (31). Thrombin is also specifically inhibited 

by the serpin, heparin cofactor II (HCII). Dermatan sulfate is a cofactor for the 

inactivation of thrombin by HCII (32).  

The protein C pathway inhibits cofactors Va and VIIIa (33). The thrombin-TM 

complex on the EC surface rapidly forms APC (34). When protein C is bound to EPCR, 

APC generation is enhanced approximately 20-fold, due to close association between 

protein C and the thrombin-TM complex (23). APC dissociates from the complex and, 

with its cofactor Protein S, inactivates FVa and FVIIIa (34), thereby suppressing 

thrombin generation.  

TFPI inhibits the TF-FVIIa complex through an FXa-dependent mechanism to 

prevent further production of FXa and FIXa (11). TFPI first binds to and inactivates FXa, 

forming a 1:1 stoichiometric complex, which then inhibits the TF-FVIIa complex (35).  

The fibrinolytic system prevents excessive fibrin formation and degrades the fibrin 

clot. Plasminogen is a single chain GP with fibrin and α2-AP binding sites. Plasminogen 

is activated by tPA and urokinase plasminogen activator (uPA) to plasmin. Plasmin 
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dissolves the fibrin clot by cleaving fibrin and generating fibrin degradation products. 

Additionally, plasmin cleaves plasminogen, producing truncated versions with a higher 

affinity for tPA and uPA. Plasminogen and tPA can form a ternary complex with fibrin 

that enhances plasminogen’s rate of activation by approximately 1000 fold (36). 

Plasminogen activator inhibitor (PAI)-1 complexes with and inhibits tPA and uPA. The 

tPA-PAI-1 complex competes with free tPA for fibrin binding sites (37). 90% of PAI-1 is 

stored in platelet α-granules and is released upon platelet activation. Fibrinolysis is also 

regulated by TAFI, which prevents plasminogen binding to fibrin (38), and α2-AP and α2-

macroglobulin (α2-MG), which inhibit plasmin (39). α2-MG additionally inhibits thrombin 

(40) and down regulates its generation by inhibiting protein S (41).  

1.4.1. α 2-Antiplasmin 

 α2-AP is the primary inhibitor of plasmin-mediated fibrinolysis (42). It belongs to 

the α1-proteinase inhibitor class of serpins. α2-AP rapidly inactivates plasmin by forming 

a 1:1 molar irreversible complex with plasmin. The serpin competitively inhibits fibrin 

binding, which prevents localization of plasmin (41). α2-AP inhibits fibrin-bound plasmin 

at a rate 10-fold slower than free plasmin (43), as plasmin(ogen) binds to fibrin and α2-

AP at the same binding site (44). Additionally, α2-AP is an efficient substrate of FXIIIa 

(45). FXIIIa cross-links α2-AP to fibrin and fibrinogen, which further increases the 

resistance of the clot to lysis (43).   

1.5. Venous Thromboembolism 
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Venous thromboembolism (VTE) presents as deep vein thrombosis (DVT) and 

pulmonary embolism (PE), and is the third leading cause of cardiovascular-related death 

after myocardial infarction and stroke (46). VTE affects approximately one to three in 

every 1000 persons (47). Venous thrombosis results when natural anticoagulant 

mechanisms are overwhelmed by thrombogenic stimuli, disrupting the hemostatic 

balance (48) and generating excessive thrombin. The disease pathology of VTE remains 

largely undefined, except through Virchow’s triad, which was postulated over 150 years 

ago. Virchow’s triad relates the development of venous thrombosis to three risk factors: 

vascular injury, venous stasis, and hypercoagulability (49).   

The endothelium undergoes a phenotypic switch, following vascular damage, and 

becomes procoagulant (50). Thrombus formation might also be triggered by the 

exposure of subendothelial components: TF initiates the coagulation cascade, while 

either collagen or thrombin can predominate platelet activation depending on the 

pathological setting (51). Systemic factors of immobility and increased blood viscosity, 

and local factors of vessel dilatation and venous obstruction, lead to venous stasis (52). 

These factors result in localization and concentration of coagulation proteins, and 

generate a hypoxic, inflammatory environment that predisposes to thrombosis. An 

imbalance between procoagulant and anticoagulant mechanisms can produce a 

hypercoagulable state (53). Typically, natural anticoagulant pathways are compromised, 

resulting in excessive thrombin generation. Hypercoagulability can further stem from 

elevated coagulation factor levels and impaired fibrinolysis.  
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1.5.1. Risk Factors 

Risk factors for VTE are either acquired or inherited. 80% of VTE patients present 

with at least one risk factor that affect at least one of the mechanisms of Virchow’s triad 

(27). Multiple risk factors usually contribute to VTE development: approximately 50% of 

patients present with both an inherited and acquired risk factor (54) and over 56% 

patients, in a population-based study, had three or more acquired risk factors present at 

the time of VTE (55). Combinations of acquired and inherited risk factors influence VTE 

incidence in a synergistic manner (56).  

Acquired risk factors of VTE include immobilization, surgery, cancer, and aging.  

15% of patients who were confined to bed for more than one week had venous 

thrombosis at autopsy, a number that increased to 80% with more prolonged bed rest 

time (57). Surgery and trauma are associated with a strong risk for VTE development, 

although manifestation depends on the type of surgery performed. The incidence of VTE 

in general medical and surgical patients is 10–40%, and 40–60% in orthopedic surgery 

patients (58). VTE is a frequent complication of cancer and its treatment (59). Patients 

with cancer, who develop VTE, have a threefold higher risk of death than patients with 

VTE in the absence of cancer (60). It is uncommon for patients younger than 20 years to 

develop VTE. However, the incidence of VTE increases with age – the incidence 

doubles with each additional decade after the age of 40 years (58).  

Inherited risk factors can result in a hypercoagulable state. The most prevalent 

are Factor V Leiden (FVL) and the prothrombin gene mutation, which occur in 50-60% 
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patients with inherited thrombophilia. FVL confers APC resistance by substitution of 

glutamine for arginine at amino acid 506, a key site of FVa cleavage for inhibition by 

APC (61). The prothrombin gene mutation causes a guanine to adenine transition at 

nucleotide 20210 (49), and is associated with a 2.8 fold increase in thrombosis (62). 

However, these gene mutations are not considered strong risk factors for VTE. 

Deficiencies in AT, protein C, and protein S are strong risk factors for VTE development; 

yet occur infrequently (57). Elevated levels of coagulation factors and chemokines are 

also associated with venous thrombosis.  

1.5.2. Deep Vein Thrombosis and Pulmonary Embolism 

VTE is a dynamic disease process, and manifests as two separate entities: DVT 

and PE (63). Currently, the primary blood test to assess for thrombosis is plasma D-

dimer levels; the primary imaging test for DVT is venous ultrasonography; and the 

primary diagnostic test for PE is chest computed tomography (CT) with intravenous 

contrast. DVT is characterized by thrombus formation in the deep veins, typically in the 

lower extremities (58). DVT is classified as distal when the thrombus is located in the 

calf veins, and proximal when the thrombus forms in the popliteal vein or a more 

proximal vein (64). Venous thrombi mainly consist of interspersed red blood cells 

(RBCs), fibrin and platelets (50,65). Venous valves are areas prone to stasis and 

hypoxia, and are typical sites of DVT formation (66).  

A frequent complication of DVT is post-thrombotic syndrome (PTS). PTS presents 

as chronic, persistent pain, and swelling in the affected limb (67). Approximately 20–
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50% of patients with symptomatic DVT develop PTS, with severe PTS occurring in 5-

10% (67).  

PE is the major complication of DVT and develops when the thrombus, or part of 

the thrombus, embolizes and obstructs the pulmonary artery circulation (58). Over 90% 

of acute PE cases arise from proximal DVT (68). Additionally, silent PE occurs in 

approximately one third of proximal DVT patients (69). Symptomatic PE patients 

typically present with dyspnea, syncope, pleuritic pain, and hemoptysis. While the risk of 

PE varies greatly, it can be potentially fatal. The International Cooperative Pulmonary 

Embolism Registry found the three-month mortality rate of acute PE to be greater than 

15% (70). Early death among symptomatic PE patients is 18-fold higher compared to 

patients presenting with only DVT. Therefore, while DVT and PE are classified under the 

same disease state, and are generally treated as one disease, survival following PE is 

much worse than after DVT alone (48). However, patients with fatal PE often have 

underlying chronic illnesses that can cause and contribute to mortality (71). Moreover, 

risk of PE is dependent upon the risk factor setting, which could influence DVT stability.  

1.6. DVT Stability  

 The structure of fibrin associated with the clot directly affects clot stability through 

its fibrinolytic properties (72). Fibrin clot formation is diverse and dependent on 

hemostatic conditions. Clots with a tight network are less susceptible to lysis than clots 

with a loosely formed fibrin meshwork (73). Fibrin also regulates fibrinolysis through 

opposing mechanisms, as it both increases plasminogen activation and complexes with 
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α2-AP (73). Plasmin bound to fibrin is relatively protected from inactivation, and 

facilitates fibrinolysis. However, α2-AP cross-linked to fibrin inactivates free plasmin 

within the thrombus environment (43).  

 The main role of FXIIIa is to enhance the mechanical strength of the clot and 

increase its resistance to fibrinolysis (15). This is achieved by cross-linking the α- and γ-

chains of fibrin, in addition to cross-linking α2-AP to the α-chain of fibrin and fibrinogen 

(15). The effect of FXIIIa-mediated fibrin cross-linking on clot stability is debatable. While 

it has been shown that both α2-AP cross-linking and α-chain polymerization are involved 

in fibrinolysis regulation, Fraser et al. have conversely concluded that the antifibrinolytic 

function of FXIIIa is expressed principally through α2-AP cross-linking (17). In addition, 

cross-linking of fibrin by FXIIIa in vitro has been shown to down-regulate platelet 

accumulation on the fibrin surface (18). Therefore, FXIIIa could also have an 

antithrombotic role in thrombus formation.  

 Platelet aggregation is primarily mediated through GPIIbIIIa (74). Therefore, 

thrombus stability could also be reliant on signaling between aggregated platelets, 

resulting in clot retraction and subsequent protection from fibrinolysis.  

1.7. Anticoagulant Treatment 

 Anticoagulants are administered as the standard of care for DVT. The objective of 

anticoagulant treatment is to prevent clot extension, recurrence of thrombosis, and 

progression of DVT to PE (75). Therefore, one of the main goals of anticoagulation is 
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thrombus stabilization. Thrombus propagation and PE are indicators of anticoagulation 

failure.  

 For many decades, the mainstay of anticoagulant therapy has been parenteral 

administration of unfractionated heparin (UFH) followed by an oral vitamin K antagonist, 

typically warfarin (76). This treatment course decreases the risk of DVT complications to 

approximately 5% (77). Throughout the years, the intent of streamlining VTE treatment 

has led to the development of low molecular weight heparins (LMWHs), direct thrombin 

inhibitors (DTIs) and FXa inhibitors (78) (Table 1). This objective could be realized with 

the recent approval of an oral FXa inhibitor for treatment of acute DVT.  

1.7.1. Unfractionated heparin  

 UFH binds to AT and induces a conformational change that promotes the serpin’s 

ability to inhibit thrombin, FXa, FIXa, and FXIIa (79). UFH is a heterogeneous mixture of 

carbohydrate chains with a mean molecular weight of 15,000 Daltons (79). Only one 

third of UFH molecules possess the high-affinity AT-binding pentasaccharide, which 

alone is sufficient to promote the inactivation of FXa by AT. However, to inactivate 

thrombin, the formation of a ternary complex between AT, UFH and thrombin is 

necessary, which requires at least 13 additional saccharide units. Formation of this 

complex enhances thrombin inhibition by greater than 1000 fold (10). However, clot-

bound thrombin is protected from rapid inhibition by AT in the presence of heparin 

(80,81).  
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 As UFH is administered parenterally, it is not suitable for long-term anticoagulant 

therapy. It has a variable anticoagulant response as it binds various plasma proteins 

other than AT (82). UFH is cleared through both saturable and nonsaturable 

mechanisms, and has a dose-dependent half-life (82). In addition, UFH has well-known 

bleeding complications and is associated with heparin-induced osteoporosis, as well as 

heparin-induced thrombocytopenia (HIT) (83). 

Effectiveness of UFH in the treatment of VTE was established following Barritt 

and Jordan’s landmark trial (84), where treatment with UFH was found to prevent 

mortality in a patient population of clinically diagnosed PE. Early anticoagulation with 

UFH has also been shown to reduce mortality in patients with acute PE (85).  

1.7.2. Warfarin 

Warfarin, a VK antagonist, inhibits the VK conversion cycle and prevents γ-

carboxylation of VK-dependent coagulation factors (FII, FVII, FIX, and FX), thereby 

reducing their procoagulant activity (86). Warfarin simultaneously prevents γ-

carboxylation of protein C and protein S (86), additionally acting as a procoagulant.   

While warfarin is an effective oral anticoagulant, and is hence approved for long-

term therapeutic use, it has many associated limitations: delayed onset of action, 

necessitating overlap with heparin; various food and drug interactions; bleeding 

complications; and a narrow therapeutic range (87). To improve the consistency and 

predictability of the anticoagulant response was the impetus for the development of new 

oral anticoagulants.  



 

	   15	  

1.7.3. Direct Thrombin Inhibitors  

 Thrombin is an attractive anticoagulant target due to its central role in the 

coagulation cascade. Unlike UFH and warfarin, which target multiple coagulation 

factors, DTIs specifically inhibit thrombin (88). As AT is not required as a cofactor, DTIs 

can inactivate thrombin bound to fibrin or fibrin degradation products (88). Univalent 

DTIs bind only to thrombin’s active site, whereas bivalent inhibitors target thrombin’s 

exosite 1 as well. Dabigatran and argatroban are examples of univalent DTIs, whereas 

native hirudin and its recombinant forms are bivalent inhibitors. In comparison to 

heparins, DTIs are advantageous as they do not bind other plasma proteins, and they 

have an anti-platelet effect through thrombin inhibition (89).  

Lepirudin 

Hirudin, a natural occurring anticoagulant, is isolated from the salivary glands of 

the medicinal leech, Hirudo medicinalis (90). It has a characteristic structure of a single 

polypeptide chain consisting of 65 amino acids with a compact hydrophobic N-terminal 

core, containing three disulfide bridges, and a sulfated Tyr residue at its C-terminal (91).  

Lepirudin, a recombinant hirudin (r-hirudin), is expressed in transfected yeast 

cells. It lacks a sulfate group on Tyr63, which reduces its affinity for thrombin by 

approximately 10-fold compared to native hirudin (92). Lepirudin has a molecular weight 

of approximately 7 kDa (93). As a DTI, lepirudin binds specifically and irreversibly to free 

and clot-bound thrombin (80,93). It directly inhibits thrombin via a bivalent mechanism 

resulting in a non-covalent 1:1 stoichiometric complex (93). Lepirudin binds to exosite 1 
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of thrombin, preventing interaction with fibrinogen. It also binds to thrombin’s apolar 

binding site, preventing access of other substrates to thrombin’s active site (93). 

Based on two prospective studies, Heparin-Associated Thrombocytopenia (HAT)-

1 and HAT-2, lepirudin is indicated for treatment of patients with immune heparin-

induced thrombocytopenia (HIT) (94). Its efficacy in treatment of HIT patients with 

thromboembolic complications was further confirmed by the HAT-3 trial.  

In comparing subcutaneous r-hirudin with intravenous sodium heparin 

administration in patients with acute lower limb DVT, there were significantly fewer new 

ventilation/perfusion abnormalities in the r-hirudin treatment group (95). While lepirudin 

is not approved for this clinical indication, desirudin is administered as prophylaxis for 

VTE in patients undergoing hip replacement (96).   

1.7.4. FXa Inhibition 

 FXa is also an attractive target for an anticoagulant, as it is situated at the 

convergence of the intrinsic and extrinsic pathways of coagulation. In addition, it is 

central to the amplification phase of coagulation as one FXa molecule can produce 

approximately 1000 thrombin molecules (97). Therefore, FXa inhibitors attenuate 

thrombin formation (98). Direct FXa inhibitors bind directly to FXa and may inhibit free 

and prothrombinase-bound FXa. Indirect inhibitors catalyze AT’s anticoagulant ability, 

and only affect free FXa (98).  

Fondaparinux  
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 Fondparinux is a synthetic version of the UFH pentasaccharide that binds to AT 

with high-affinity (99). It induces a conformational change in AT that increases the 

inhibition rate of FXa. Following FXa inhibition, fondaparinux then dissociates from AT 

and can be reutilized (99). Fondaparinux has high bioavailability, a 17-hour half-life, and 

is excreted unchanged in the urine (100). The MATISSE studies have shown that 

treatment with fondaparinux is at least as effective and safe as LMWH for the initial 

treatment of symptomatic DVT and as UFH in the initial treatment of PE (101,102).  

Rivaroxaban 

Rivaroxaban is an oral, direct, competitive inhibitor of FXa (103). As a small 

molecule, it reversibly inhibits free FXa and has the ability to inhibit prothrombinase- and 

clot-bound FXa (104). Rivaroxaban limits thrombin generation by both the intrinsic and 

extrinsic coagulation pathways. Compared to other serine proteases, rivaroxaban 

selectively binds FXa by greater than 10,000 fold (105). Rivaroxaban has a rapid onset 

of action (2-4 hours), high bioavailability (80%), and a short half-life (approximately 9 

hours). It has a dual mode of elimination, where two-thirds is metabolized in the liver and 

the remainder is excreted unchanged in urine (106). The EINSTEIN program 

demonstrated non-inferiority of rivaroxaban alone compared to LMWH followed by VKA 

in treating acute, symptomatic DVT and PE (107,108). Based on these studies, 

rivaroxaban is approved for treatment of DVT in the acute setting.  

1.7.5. ATH 
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 The antithrombin-heparin complex (ATH) was produced to address associated 

limitations of UFH therapy. It is generated by prolonged incubation of unmodified human 

AT with UFH, which results in a covalent complex and the inability of heparin to 

dissociate from AT (109). ATH inhibits free and fibrin-bound thrombin (110,111), as well 

as free and prothrombinase-associated FXa (112). In addition, it can catalyze AT’s 

inhibition of free thrombin and FXa. ATH has been shown to have a longer half-life than 

UFH, and higher anti-FXa and anti-thrombin activity compared to non-covalent mixtures 

of AT and UFH in vivo (110). However, while rigorously tested in several in vivo models, 

ATH is not currently approved for use in any clinical setting.  

1.7.6. Abciximab  

 Abciximab is a human-murine chimeric monoclonal antibody fragment designed 

to target the activated GPIIbIIIa receptor and attenuate platelet aggregation (113). 

However, abciximab binds non-selectively, as its structure corresponds to the binding 

domain of GPIIbIIIa, as well as other integrin receptors (113). In the plasma, abciximab 

is cleared within minutes through the reticuloendothelial system; however once platelet-

bound, the drug can persist for up to one week (114). Abciximab was the first GPIIbIIIa 

inhibitor approved for clinical use. It is currently clinically indicated for treatment of high-

risk patients undergoing percutaneous coronary intervention (PCI) and in patient 

settings requiring rapid platelet inhibition (114). It is intended for concomitant use with 

aspirin and heparin, as clinical studies have only investigated its use in those treatment 

settings (113).  
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1.8. Anticoagulants and DVT Thrombus Stability  

 Anticoagulants are administered to stabilize the deep vein thrombus with the goal 

of preventing PE-associated mortality. However, limited research has been conducted 

into the role of thrombus stability in the progression of DVT to PE. In a comparison of 

acute DVT to chronic DVT using ultrasonic tissue characterization, it was concluded that 

greater thrombus instability was associated with acute DVT, possibly related to thrombi 

composition (115). Additionally, assessment of acute DVT, using serial venous duplex 

scans, found higher than expected levels of thrombus extension following anticoagulant 

treatment (116). This could suggest that acute DVT might be associated with early 

thrombus instability, which acute administration of anticoagulants could initially 

perpetuate.  

1.9. Mouse Models of DVT and PE   

 A better understanding of VTE disease mechanisms and relevant treatments has 

been achieved through the development of various animal models. Murine models are 

often used to study thrombosis, as mice are easy to breed, cost effective, and genetic 

manipulations are technically feasible (117). While only small amounts of experimental 

agents are needed to test their effect in vivo, the mouse’s tiny vascular system can be 

challenging to manipulate (117). Additionally, the clinical nature of human thrombotic 

disorders is difficult to replicate in mice, as mice do not spontaneously develop DVT. An 

ideal mouse model of thrombosis should simulate clinically relevant thrombus formation 
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in an anatomically comparable vessel; produce consistent quantitative data; and 

characterize thrombosis dynamics (118).  

 As mice do not develop spontaneous DVT, various mechanisms are used to 

induce thrombus formation, usually through manipulating an aspect of Virchow’s triad. 

Common murine models of large vein thrombosis are the inferior vena cava (IVC) 

ligation model, IVC stenosis model, electrolytic model, and ferric chloride (FeCl3) injury 

model.  

 In the IVC ligation model, side branches of the IVC are ligated and posterior 

branches are cauterized (119). Ligation produces a hemostatic environment of complete 

stasis, resulting in vessel wall damage and increased TF expression. While reproducible 

thrombi are produced, they are completely occlusive (120). The lack of blood flow in this 

model would prevent systemically injected agents from reaching the occluded segment 

(120) and thrombus embolization cannot occur.  

 The stenosis model involves external compression of the IVC to reduce blood 

flow, which induces thrombus formation (121). This model is currently used to study 

acute and chronic DVT; however, there is large variation in thrombus size (120).   

 The electrolytic vein model uses an electric current to generate venous 

thrombosis. A needle attached to a silver-coated copper wire is inserted into the 

subcutaneous tissue and IVC and a current is applied (122). This results in EC damage 

and activation, and produces thrombi of a consistent size that are non-occlusive in 

nature (122). Studying the effect of experimental agents is possible using this model. 



 

	   21	  

However, initial insertion of the needle can damage the vein wall and the operation time 

is much longer compared to other models (120).  

The FeCl3-injury model was first used to simulate thrombus formation in the IVC 

of rabbits (123), and then adapted by Kurz et al. to induce arterial thrombosis in rats 

(124). This model has since been applied to induce DVT in large murine veins. While 

thrombi reliably form minutes after injury, the speed of formation and resultant thrombus 

size is dependent on the concentration and exposure time of FeCl3. A disadvantage of 

this model is that FeCl3 induces transmural damage to the vessel wall, a scenario that is 

rarely seen in humans with DVT (120). Topical application of FeCl3 causes generation of 

free radicals and lipid peroxidation (125), resulting in EC denudation and thrombus 

formation (126). There is a time-dependent increase in EC damage following FeCl3 

application (125). However, the mechanism and extent of EC denudation remains 

unclear (127). Endothelial-derived spheres containing FeCl3 have been detected in the 

lumen and observed to interact with platelets and fibrin fibers. This could be a possible 

mechanism of thrombus initiation (125). FeCl3 has also been shown to penetrate the 

internal elastic lamina though an endocytic/exocytic mechanism (128). Additionally, an 

ex vivo model demonstrated RBC lysis and hemoglobin oxidation following FeCl3-injury 

that could potentially perpetuate EC denudation (129). While typically thought to induce 

platelet-rich thrombi, it has been shown that application of FeCl3 to the femoral vein also 

results in fibrin-rich thrombus formation (130), which is characteristic of clinical venous 

thrombosis.  
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2.0 EXPERIMENTAL OBJECTIVES AND HYPOTHESIS  

2.1. Rationale 

The effect of antithrombotic treatment on venous thrombus stability remains 

largely undefined. As the standard of care of DVT, anticoagulants are administered to 

limit thrombus extension (99), prevent reoccurrence of thrombosis (131), and decrease 

mortality associated with PE (132). If untreated, PE is estimated to occur in 

approximately 50% of patients with symptomatic proximal DVT, often within a few days 

or week (133,134). Therefore, anticoagulant treatment should stabilize the preexisting 

thrombus by reducing embolization, and potential PE.  

While acute DVT has been examined a few days after anticoagulant treatment 

(116,135,136), thrombus embolization has not been studied in the same setting. 

Examination of deep vein thrombus stability, during the acute phase of therapy, reported 

higher than expected levels of asymptomatic thrombus extension (116). This suggests 

that anticoagulant treatment, in the acute setting, might initially impair thrombus 

stabilization. However, early anticoagulation of patients with acute, symptomatic PE has 

been shown to be associated with reduced mortality (85).  

Thrombin, as the central effector of coagulation, is a logical anticoagulant target 

(137). As DTIs have been shown to effectively inhibit clot-bound thrombin (80), the 

resulting decrease in clot-bound thrombin concentration and activity could potentiate 

thrombus instability, which could manifest as increased embolization. While studies 

have explored the administration of anticoagulants following arterial thrombus formation 
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(138) and IVC ligation induced thrombus formation (139), the effect of direct thrombin 

inhibition on an existing deep vein thrombus has not been examined. This could provide 

crucial insight into the DVT to PE relationship.   

The goal of this project is to evaluate the impact of an acutely administered DTI, 

specifically lepirudin, on a mouse model of DVT stability in the acute setting. The impact 

of other antithrombotic treatments on thrombus stability can then be explored.  

2.2. Hypothesis  

We hypothesize that acute administration of a DTI will decrease the stability of 

the thrombus in the acute DVT setting. We further hypothesize that a decrease in 

thrombus stability will result in increased embolization, and potential PE. 

2.3. Primary Objectives  

2.1.1. Develop and characterize a novel mouse model that can assess DVT stability.  

2.1.2. Investigate the effect of direct thrombin inhibition on thrombus stability in this 

model.  

2.4. Secondary Objective  

2.3.1. Investigate the effect of other antithrombotic treatments on thrombus stability in 

our DVT model.  
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3.0 MATERIALS AND METHODS 

3.1 Animal Handling  

 McMaster University Research Ethics Board approved all animal procedures 

(AUP #10-05-37). Female C57BL/6 mice (Charles River, Sherbrooke, Quebec, Canada), 

approximately 20g, were used because of availability and to possibly assess the effect 

of estrogen later. Mice were anaesthetized with an intraperitoneal injection of ketamine 

(0.125mg/g mouse body weight (mbw)), xylazine (0.0125mg/g mbw), and atropine 

sulfate (0.0025mg/g mbw) mixture.  

3.2 Fluorescent Labels  

3.2.1. Labeling Platelets  

Using Pierce Fab Preparation Kit #44985 (Thermo Scientific, Waltham, MA, 

USA), Fab fragments were prepared from rat anti-mouse integrin αIIbβ3 clone: 

MWReg30 (CD41) (Emfret Analytics GmbH & Co. KG, Eibelstadt, Germamy), a 

monoclonal antibody directed against platelet-specific receptor GPIIbIIIa. Generated 

CD41 Fab fragments were then fluorescently labeled using either Molecular Probes 

Alexa Fluor (AF) 488 Labeling Kit (Invitrogen, Grand Island, USA) or Molecular Probes 

AF 647 Labeling Kit (Invitrogen, Grand Island, USA).  

To label platelets in vivo, prepared CD41 Fab fragments conjugated to AF 488 

were injected at a concentration of 1µg/g mbw, and CD41 Fab fragments conjugated to 

Alex Fluor 647 were injected at a concentration of 0.5µg/g mbw (140).  

3.2.2. Labeling Fibrin  
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 Synthesized anti-fibrin peptide (CGLIIQKNEC) (141) was conjugated to 

fluorescein isothiocyanate (FITC) (LifeTein, NJ, USA) and reconstituted with 0.05M 

carbonate buffer to a 2mg/mL stock solution. To label fibrin in vivo, 50µg of prepared 

FITC-labeled anti-fibrin peptide, diluted in saline, was administered.  

3.3 Testing Fibrin Antibody Specificity  

3.3.1. Carotid Artery Blood Collection  

The mouse was anaesthetized as described, and its fore limbs were taped on a 

heating pad, maintained at 40°C. A patch of skin, approximately 1cm in diameter, was 

removed from the neck. The carotid artery was exposed through blunt dissection and 

blood flow occluded by placement of an artery clip proximal to the body. The carotid 

artery was then cannulated using PE 10 polyethylene tubing. The cannulus was 

stabilized using a 5-‐‑0 silk surgical suture and the artery clip removed so blood flow could 

resume. The cannulus was used to draw approximately 0.6mL of whole blood from the 

mouse carotid artery into 10% sodium citrate (BD, Franklin Lakes, NJ, USA), 1:10 

dilution. Platelet rich plasma (PRP) was obtained by spinning the collected blood at 150 

x g for 6 minutes (x 2). The platelet rich supernatants were collected and combined.  

3.3.2. PRP Clots To Test Fibrin Peptide Specificity  

 Blood was drawn through the carotid artery blood collection method outlined (N = 

1). Two Eppendorf tubes of 100µL PRP were incubated with 40µg FITC-labeled anti-

fibrin peptide. Background fluorescence of the FITC-labeled anti-fibrin peptide was 

assessed using the TyphoonTM 9400 laser scanner (GE Healthcare, Cooksville, ON, 
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Canada). The following parameters were used: 50µm resolution, with normal sensitivity, 

and a 488nm laser. A 16-bit per channel image was generated. Clotting was then 

initiated in one tube with 1M CaCl2 (final concentration, 20mM CaCl2). The resultant clot 

was washed extensively with PBS and imaged, and then washed extensively a second 

time and imaged again. Fluorescence of control and clot tubes was then assessed. 

Fluorescence of the FITC-labeled anti-fibrin peptide should be confined within the PRP 

clot if specific (Fig. 2).  

3.4. Mouse Model Surgical Preparation  

3.4.1. Femoral Vein Isolation 

The mouse was anaesthetized as described, and its hind limbs were taped on a 

heating pad, maintained at 40°C. A patch of skin, approximately 1 cm in diameter, was 

removed from the right pelvic region. The femoral vein was exposed by blunt dissection 

and isolated using a 5-‐‑0 silk surgical suture (Surgical Specialties Corporation, Reading, 

PA, USA). 

3.4.2. Tracheotomy 

Following isolation of the femoral vein, the mouse was rotated 180°, and its front 

limbs taped on the heating pad. A patch of skin, approximately 1 cm in diameter, was 

removed from the neck. The trachea was exposed by blunt dissection and cannulated 

with PE 100 polyethylene tubing (VWR, Mississauga, ON, Canada). The catheter was 

stabilized with a 5-0 silk surgical suture and assisted the mouse's breathing for the 

duration of the experiment. 



 

	   27	  

3.4.3. Jugular Vein Cannulation  

The jugular vein was exposed through blunt dissection and cannulated using PE 

10 polyethylene tubing (VWR, Mississauga, ON, Canada). It was similarly stabilized 

using a 5-‐‑0 silk suture. The cannulus was used to inject sodium pentobarbital (0.05mg/g 

mbw, Ceva Sante Animale, Rutherford, NJ, USA) -‐‑ to maintain sedation -‐‑ and 

experimental reagents. 

3.5. Mouse Model of DVT Stability  

3.5.1. FeCl3-Induced Femoral Vein Thrombosis 

 To induce thrombus formation, a 1 x 2 mm strip of Whatman filter paper (VWR, 

Mississauga, ON, Canada), soaked in freshly diluted 4% FeCl3 solution from a stock 

solution of 45% FeCl3 (Sigma-Alridch, St. Louis, MO, USA), was applied to the medial 

side of the right femoral vein for 5 minutes. Following filter paper removal, the vein was 

washed twice with sterile saline.  

3.5.2. Femoral Vein Thrombus Histology 

Tissue Excision and Dehydration 

Paraffin sections:  

Femoral vein thrombosis was induced as described previously. After 10 minutes, 

one hour and two hours (N = 3 per group), the femoral vein was ligated, using a 5-0 silk 

surgical suture on either side of the formed thrombus, excised and fixed in 10% formalin 

(Sigma-Aldrich, St. Louis, MO, USA), in a 24 well plate, for > 48 hours. 
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To prevent loss of the femoral vein thrombus, tissue samples were dehydrated 

manually following fixation in 10% formalin: 30 minutes in 70% ethanol (x 3), 30 minutes 

in 85% ethanol (x 3), 30 minutes in 100% ethanol (x 3), 45 minutes in xylene (x 3), and 

stored overnight in paraffin. Samples were embedded in paraffin blocks the following 

day. 

Frozen sections: 

Femoral vein thrombosis was induced by FeCl3-injury as described. After one 

hour and two hours (N = 3 per group), the femoral vein was ligated on either side of the 

formed thrombus, excised, embedded in cyro-embedding media (OCT), snap-frozen in 

liquid nitrogen, and stored at -80°C.  

Sectioning 

For paraffin sections:   

Paraffin blocks were sectioned to 5µm thickness using a Leica RM 2125RT 

Microtome (Leica Microsystems Inc., Concord, ON, Canada). Hematoxylin and Eosin 

(H&E) stain kit (Sigma-Aldrich, St. Louis, MO, USA) and Carstairs’ stain kit (Electron 

Microscopy Sciences, Hatfield, PA, USA).   

For frozen sections: 

Frozen tissue blocks were sectioned using a Leica CM 1900 cryostat. Frozen 

sections, 10µm thick, were obtained for immunohistochemistry (IHC). Slides were stored 

at -80°C. 

Staining 
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For paraffin sections:  

H & E Staining 

 Paraffin sections were hydrated to water. Sections were stained with Mayer’s 

hematoxylin for 5 minutes, rinsed in tap water, and stained with eosin for 2 minutes, and 

rinsed in tap water. Slides were then dehydrated, cleared and mounted for visualization 

using an Olympus series upright microscope with a 10X 0.3 NA dry objective.  

Carstairs’ Staining 

 A modified version of the Carstairs’ stain method(142) to detect fibrin (red), 

platelets (navy blue) and RBCs (yellow-brown) was used. Paraffin sections were 

hydrated to water. Sections were stained with 5% ferric alum for 5 minutes, washed in 

tap water; Mayer’s hematoxylin for 5 minutes and washed in tap water; picric acid-

orange G solution (20mL saturated aqueous picric acid, 80mL saturated picric acid in 

isopropanol, 0.2g orange G) for 1 hour and rinsed in distilled water; ponceau-fuchsin 

solution (0.5g acid fuchsin, 0.5g ponceau 2R, 1mL acetic acid, distilled water, final 

volume 100mL) for 5 minutes and rinsed in distilled water; 1% phosphotungstic acid for 

5 minutes and rinsed once in distilled water; and aniline blue solution (1g aniline blue in 

100mL 1% acetic acid) for 10 minutes, followed by several changes of distilled water. 

Slides were dehydrated, cleared, and coverslipped. The exact colour of fibrin and 

platelets is dependent on fixation time (143). Slides were visualized using an Olympus 

series upright microscope with a 10X 0.3 NA dry objective. 

For frozen sections:  
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H&E Staining  

Frozen tissue slides were thawed at RT and fixed in ice-cold methanol (pre-

cooled at -20°C for 30 minutes) for 10 minutes. Slides were rehydrated in PBS (pH 7.4) 

for 3 minutes (x 4) and rinsed in tap water. Sections were stained with Mayer’s 

hematoxylin for 5 minutes, rinsed in tap water, stained with eosin for 2 minutes and 

rinsed in tap water. Slides were then washed in PBS for 3 minutes (x 4), and mounted. 

Slides were visualized using an Olympus series upright microscope with a 10X 0.3 NA 

dry objective.  

IHC for α2-AP  

 Frozen tissue slides were thawed at RT and fixed in ice-cold methanol (pre-

cooled at -20°C for 30 minutes) for 10 minutes. Slides were rehydrated in PBS (pH 7.4) 

for 3 minutes (x 4). Using a Dako Pen (Dako, Burlington, Ontario), a hydrophobic barrier 

was drawn around the sections. Slides were incubated in blocking buffer of 10% goat 

serum (Jackson ImmunoResearch, West Grove, PA, USA) for 30 minutes at RT to block 

non-specific staining between the primary antibody and the vein tissue. Sections on the 

slide were covered with goat anti-mouse serpin F2/α2-AP antigen affinity-purified 

polyclonal antibody (5µg/mL, R&D Systems, Minneapolis, MN, USA) diluted in PBS, or 

with PBS as control, and incubated at 4°C overnight in a humidified chamber. Slides 

were rinsed in PBS for 3 minutes (x 4). Sections on the slide were covered with AF 488 

donkey anti-goat IgG antibody (5µg/mL, Life Technologies Inc., Burlington, ON) or AF 

647 donkey anti-goat IgG antibody (5µg/mL, Life Technologies Inc., Burlington, ON), 
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diluted in PBS, and incubated for 30 minutes at RT. The slides were then rinsed in PBS 

for 3 minutes (x 4). Diluted DAPI solution was added to each slide and incubated for 2 

minutes at RT. Slides were rinsed in PBS for 3 minutes (x 4), and mounted. The slides 

were visualized using an Olympus series fluorescence microscope with a 10X 0.3 NA 

dry objective. Analysis of fibrin content in the femoral vein, and α2-AP content within the 

thrombus was performed using ImageJ Software (Bethesda, Maryland, USA).  

3.5.3. Infusion of Detecting Antibodies  

 Following surgical preparation of the mouse, fluorescently labeled antibodies 

were infused before FeCl3 injury to visualize the induced thrombus using intravital 

videomicroscopy (IVM).   

3.5.4. Intravital videomicroscopy 

The femoral vein thrombus was visualized using IVM on an Olympus BX series 

microscope. A xenon lamp provided fluorescent illumination, and a DG-4 (Sutter 

Instrument Company, Novato, CA, USA) with specific excitation filters was used to 

control the fluorescent excitation beam. Platelets labeled with CD41 Fab fragments 

conjugated to AF 488 and fibrin labeled with anti-fibrin peptide conjugated to FITC were 

excited at a 488nm wavelength; and platelets labeled with CD41 Fab fragments 

conjugated to AF 647 were excited at a 633nm wavelength. Digital images were 

captured with a 640 X 480 format CCD camera (Hamamatsu Digital Camera C9300-

201, NJ, USA). Embolization data was obtained with a 20X 0.5 numerical aperture (NA) 

water immersion objective, with the camera set to 4 x 4 binning and 10ms exposure 
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time. Thrombus size data was obtained with a 10X 0.3 NA water immersion objective; 

the camera was set to 1 x 1 binning and 100ms exposure time. The intensifier gain of 

the VSI Image Intensifier (Video Scope International, Ltd., Dulles, VA, USA) was set at 

43,900-foot lamberts per foot-candle for both objectives. The camera and illumination 

were controlled, and the images analyzed, using Slidebook 5 (Intelligent Imaging 

Innovations, Denver, CO, USA).  

3.5.5. Quantification of Embolization  

 Thrombus embolization was established at one hour (N = 12) and at two hours (N 

= 5) by quantifying the average number of embolic events per minute (EE), the 

fluorescent intensity of EE, and the average number of large embolic events per minute 

(large EE, defined below). Embolization was observed in a limited region of interest 

defined downstream of the thrombus (area measured in pixels) (Fig. 3). The region was 

captured for a time lapse of 5000 frames, which was equivalent to approximately one 

minute.  

Number of embolic events 

An embolic event was defined as visible fluorescence of platelets breaking off 

from the thrombus, moving downstream, and passing through the region of interest. 

Visible emboli were manually counted.  

Five minutes after thrombus formation, and before treatment was administered, a 

baseline value of EE was established. Control mice were administered saline to later 

compare the effect of various antithrombotic treatments. Saline, as control treatment, 
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was administered 12 minutes after FeCl3-induced thrombus formation. Time of treatment 

administration was set to time 0, and embolization was assessed at various time points 

afterwards. For the one-hour model, EE were quantified at 3, 18, 33, and 48 minutes 

following treatment administration. For the two-hour model, EE were quantified at 3, 18, 

33, 48, 63, 78, 93, and 108 minutes following treatment administration. 

Fluorescent intensity of embolic events 

 As a measurement of EE size, the visible fluorescence of embolic events was 

quantified in arbitrary units (AU). To standardize this measurement, the quantified 

fluorescence was multiplied by area in pixels of the defined region of interest. As 

outlined for EE, a baseline value of fluorescent intensity of EE was established at 5 

minutes after thrombus formation. For the one-hour model, fluorescent intensity of EE 

was quantified at 3, 18, 33, and 48 minutes following treatment. For the two-hour model, 

fluorescent intensity of EE was quantified at 3, 18, 33, 48, 63, 78, 93, and 108 minutes 

following treatment.  

Number of large embolic events  

 Large embolic events were identified among counted embolic events. An embolic 

event was defined as large if its fluorescent intensity was greater than 4 standard 

deviations (SD) above the average fluorescent intensity of EE for that time point. For the 

one-hour model, large EE were quantified at baseline, and then at 3, 18, 33, and 48 

minutes after treatment administration. For the two-hour model, large EE were quantified 
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at baseline, and then at 3, 18, 33, 48, 63, 78, 93, and 108 minutes following treatment 

administration.  

Outliers 

 Outliers were identified, by baseline EE, to normalize saline-treated controls and 

subsequent treatment groups. An outlier was defined as having a baseline EE outside 

the range of control baseline EE ± 1 SD. Following outlier identification, N = 11 for the 

one-hour model and N = 5 for the two-hour model in the control group. 

3.5.6. Quantification of Thrombus Size  

Thrombus size was quantified by the sum of fluorescently labeled platelets within 

the thrombus in saline-treated mice (Fig. 4). The thrombus was visualized for 500 

frames, which was equivalent to approximately one minute. A baseline value of 

thrombus size was quantified, before treatment administration, at 10 minutes after 

thrombus formation. Treatment was administered 12 minutes after FeCl3-induced 

thrombus formation. The time of treatment administration was set to time 0. For the one-

hour model (N = 11), thrombus size was quantified at 8, 28, and 38 minutes following 

treatment administration. For the two-hour model (N = 5), thrombus size was quantified 

at 8, 28, 38, 58, 68, 88, 98, and 113 minutes following treatment administration (Table 

2).  

3.5.7. Percentage of Embolizing Thrombus 

The percentage of the embolizing thrombus was calculated by subtracting 

fluorescent intensity of EE from thrombus size in the one-hour and two-hour models. To 
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normalize IVM parameter differences used to quantify thrombus size and fluorescent 

intensity of EE in the control group, fluorescent intensity of EE values were divided by 

1.6. Normalization was necessary as fluorescent intensity of EE was quantified using 

10ms exposure and 4 x 4 binning, whereas thrombus size was measured using 100ms 

exposure and 1 x 1 binning.  

For the one-hour model, these values were multiplied by 60 to determine 

fluorescent intensity of EE over one hour and averaged. Dividing average fluorescent 

intensity of EE over one hour by average thrombus size and multiplying by 100 

calculated percentage of thrombus embolization.   

1) IVM-adjusted fluorescent intensity of EE = 

 

 

 

2) Average (avg) fluorescent intensity of EE over one hour =  

IVM adjusted fluorescent intensity of EE x 60 

3) Percentage of thrombus embolization =  

 

 

  

For the two-hour model, the values were multiplied by 120 to determine the 

fluorescent intensity of EE over two hours, and then averaged. Dividing average 

Fluorescent intensity of EE 
1.6 

Avg fluorescent intensity of EE over one hour 
Avg thrombus size 

x 100 
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fluorescent intensity of EE over two hours by average thrombus size and multiplying by 

100, calculated the percentage of the embolizing thrombus.  

3.5.8. Fibrin Content in Large Emboli  

 To assess fibrin content in large emboli over two hours, fibrin and platelets were 

both fluorescently labeled. The defined region of interest was captured for 1000 frames, 

equivalent to approximately one minute, and the camera set to 4 x 4 binning. 633nm and 

488nm wavelengths were alternated for fluorescence excitation, with an exposure time 

of 10ms. As previously outlined, an embolic event was defined as large if its fluorescent 

intensity was greater than 4SD above the average fluorescent intensity of EE for that 

time point. Large embolic events containing fibrin were manually counted at 3, 18, 33, 

48, 63, 78, 93, and 108 minutes following treatment. 

3.5.9. Lung Histology 

 Femoral vein thrombosis was induced as described previously. After two hours (N 

= 3), the mouse was euthanized and the left and right lungs were excised separately 

and fixed in 10% formalin, in 24 well plates, for >48 hours. Lung tissue was dehydrated 

using a Tissue Tek VIP Vacuum Infiltration Processor (Sakura Finetek USA Inc., CA, 

USA) and embedded in paraffin.  

 As previously described, paraffin blocks were sectioned to 5µm thickness, 

rehydrated and stained using H & E and Carstairs’ stain. Slides were then dehydrated, 

coverslipped, and visualized using an Olympus series upright microscope with a 10X 0.3 

NA dry objective. 
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3.6. Effect of Lepirudin on Thrombin Generation Over Time 

3.6.1. Thrombin Generation Assay (TGA) of Lepirudin  

Lepirudin, 8U/g mbw, was administered to the mouse via a jugular vein catheter, 

and blood collected immediately, 1 hour, and 2 hours after injection (N = 3 per group). 

40µL of citrated PRP was added to a clear round-bottom plate, and clotting initiated with 

50µL HBS, 141nM fluorogenic thrombin substrate, SN-20 (Haematologic Technologies, 

Inc., Vermont, USA), and 20mM CaCl2 was added for a final volume of 90µL. The 

470nm wavelength emission was read at one minute intervals for one hour at 37°C. 

3.7. Effect of Lepirudin on DVT Stability  

 Lepirudin was administered, at 8U/g mbw (144), via the jugular vein cannulus in 

50uL of sterile saline, 12 minutes after FeCl3-induced injury.  

3.7.1. Effect on Femoral Vein Thrombus Histology  

Following administration of lepirudin the femoral vein was excised for paraffin 

sections after one hour and after two hours (N = 3 per group), and for frozen sections 

after one hour and after two hours (N = 3 per group). As previously described, femoral 

vein sections were stained and visualized.  

3.7.2. Effect on Embolization 

 In the lepirudin-treated group, the EE, fluorescent intensity of EE, and large EE 

were quantified as outlined previously in the control group. Following outlier 

identification, N = 11 for the one-hour model, and N = 5 for the two-hour model.  

3.7.3. Effect of Delayed Treatment on Embolization   
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Lepirudin was administered 72 minutes after thrombus formation (N = 5). EE, 

fluorescent intensity of EE, and large EE were then quantified (as outlined previously) at 

3, 18, 33 and 48 minutes following treatment administration.  

3.7.4. Effect on Thrombus Size  

Thrombus size was quantified as previously outlined in lepirudin-treated mice 

over one hour (N = 11) and two hours (N = 5).  

3.7.5. Effect on Percentage of Embolizing Thrombus 

As previously outlined, the percentage of embolizing thrombus was calculated in 

lepirudin-treated mice over one and two hours.  

3.7.6. Effect of Lepirudin on Fibrin Content in Large Emboli  

 After lepirudin administration, fibrin content in large emboli was assessed over 

two hours as previously described.  

3.7.7. Effect on Lung Histology  

Two hours after lepirudin administration the lungs were excised for paraffin 

sections (N = 3). As previously described, the lungs were dehydrated, sectioned and 

stained. 

3.8. Effect of Rivaroxaban on Thrombin Generation Over Time  

3.8.1. TGA of Rivaroxaban 

Rivaroxaban, 3µg/g mbw, was administered to the mouse via a jugular vein 

catheter, and blood collected immediately and 1 hour after injection. TGA, as outlined 

above, was performed on citrated PRP.  
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3.9. Effects of Other Antithrombotics on Embolization  

Antithrombotics were administered via the jugular vein cannulus in 50uL of sterile 

saline. Rivaroxaban (Suzhou Howsine Biological Technology Co., Ltd., Suzhou, China) 

was given as a dose of 3µg/g mbw (145). Fondaparinux (GlaxoSmithKline, Mississauga, 

ON, Canada) was given at 0.1µg/g mbw. Heparin (LEO Pharma A/S, Ballerup, 

Denmark) was administered at a dose of 0.1U/g mbw (146). ATH, a kind gift from Dr. 

Anthony Chan, was given at a dose of 0.08U/g mbw, which was equivalent to anti-FXa 

activity of UFH dose. Anti-GPIIbIIIa (clone Leo.H4, Emfret Analytics GmbH & Co. KG, 

Eibelstadt, Germany) was administered at a dose of 1.46µg/g mbw (147).  

 These compounds were administered 12 minutes following FeCl3-induced injury. 

The time of treatment administration was set to time 0, and EE and large EE assessed 

at baseline, and then at 3, 18, 33, and 48 minutes following treatment administration (N 

= 12 per group).  

 Following outlier identification, N = 9 for the rivaroxaban, fondaparinux and anti-

GPIIbIIIa groups, and N = 11 for the UFH and ATH groups.  

3.10. Statistical Analysis  

Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad 

Software Inc.; La Jolla, CA), except for the power calculation for fibrin in large EE, which 

was performed using G*Power 3.1.3 (Institut Für Experimentelle Psychologie, 

Düsseldorf, Germany). Only EE and large EE over time in control and lepirudin-treated 

groups were analyzed using a Kruskal-Wallis test; only fluorescent over time in control 
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and lepirudin-treated groups were analyzed using one-way ANOVA. Only changes in 

embolization and percentage of embolizing thrombus, over two hours, were assessed by 

repeated measures ANOVA. Only fibrin in large emboli in control and lepirudin-treated 

groups were analyzed using Fischer’s exact test. All remaining data was analyzed using 

Student’s t tests (parametric) and Mann-Whitney tests (non-parametric). Identified 

outliers were excluded from data analysis. A P value less than 0.05 (p < 0.05) was 

considered significant. Values are expressed as mean ± standard error of the mean 

(SEM). 
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4.0 RESULTS 

4.1 Establishment Of A Novel Mouse Model Of DVT Stability 

4.1.1. FeCl3-Induced Thrombi Composition  

Following a pilot study, application of 4% FeCl3 for 5 minutes on the medial side 

of the femoral vein was determined to be optimal to induce consistent, non-occlusive 

thrombus formation in our model (data not shown).  

To determine general tissue morphology, H & E stain was used (data not shown). 

To characterize the composition of FeCl3-induced thrombi, and to determine the 

contribution of fibrin and platelets, Carstairs’ stain was used. At 10 minutes, dense fibrin 

formation was observed with few interspersed platelets (Fig. 5A and 5B); following one 

hour and up to two hours, it appeared that there was a substantial increase in platelets 

within the thrombus (Fig. 5C and 5D; Fig. 5E and 5F). There was no significant 

difference between fibrin content in the femoral vein at one and two hours (one hour = 

18.3 ± 6.3%; two hours = 21.7 ± 4.3%; p = 0.69; N = 3 per group). Quantification of α2-

AP in vivo and in vitro has been well established as a measurement of FXIIIa activity 

(17,148,149). Therefore, to measure FXIIIa activity, IHC staining was used to determine 

α2-AP content in the femoral vein thrombus at one hour (Fig. 6A). 56.3 ± 3.6% of the 

thrombus contained α2-AP at one hour. These results indicate that FeCl3-injury results in 

a thrombus that is characteristic of DVT and contains α2-AP.  

4.1.2. Embolization Decreases Over One Hour 
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To assess thrombus stability, embolization was visualized and quantified over the 

time period of one hour. Thrombus embolization was observed as early as it was sought 

i.e. 5 minutes after injury. Over the next hour, EE gradually decreased (p = 0.55, Fig. 

7A), while fluorescent intensity of EE peaked shortly after thrombus formation, and then 

decreased (p = 0.46, Fig. 7B). Large EE was greatest very early after thrombus 

formation (baseline), and then a statistically significant decrease in events was observed 

(Fig. 7C). To allow for comparisons with future antithrombotic treatments, times after 

saline injection were pooled. When analyzed this way, there was a non-significant 

decrease in EE (p = 0.18, Fig. 7D) and fluorescent EE (p = 0.46, Fig. 7E), and a 

statistically significant decrease in large EE (Fig. 7F). These data have shown that 

embolization decreases over time, which could indicate an increase in thrombus 

stability.  

4.1.3. Embolization Decreases in the 2nd Hour compared to the 1st Hour  

To confirm the decrease in embolization observed over one hour, we extended 

the duration of the model to two hours. Compared to the 1st hour, there was a 

statistically significant decrease in EE (Fig. 8A) and in the fluorescent intensity of these 

events (Fig. 8B) in the 2nd hour. There was also an observed decrease in large EE 

occurring in the 2nd hour compared to the 1st hour (p = 0.39, Fig. 8C), although not 

statistically significant. These data confirm the observation of decreased embolization 

over one hour, and indicate increased thrombus stability over the time period of two 

hours.  



 

	   43	  

4.1.4. Dynamic Thrombus Formation 

 To assess thrombus dynamics, thrombus size and percentage of thrombus 

embolization were quantified at specific time points following injury. Over one hour, even 

though 3.7% ± 0.4% of the thrombus embolized, a statistically significant increase in 

thrombus size was observed (Fig. 9A). 8.9 ± 2.8% of the thrombus embolized over two 

hours, and thrombus size significantly decreased in the 2nd hour compared to the 1st 

hour (Fig. 9B). Between the 1st and 2nd hours, there was a statistically significant 

decrease in thrombus embolization from 14.7 ± 3.7% to 3.1 ± 0.4%. As continued and 

non-consistent changes in thrombus size and embolization were observed over two 

hours, these data indicate the dynamic nature of the formed thrombus in vivo.  

4.1.5. Fibrin in Large Emboli 

To determine fibrin presence in large emboli, fibrin was labeled fluorescently and 

large EE were visualized using IVM. 42.1 ± 11.7% of large EE were observed to contain 

fibrin.  

4.1.6. Emboli in Lungs 

 To determine if DVT emboli progressed to the pulmonary artery circulation, as is 

characteristic of the clinical setting, representative sections of lung tissue were 

histologically examined for fibrin, platelets and RBCs using Carstairs’ stain. After two 

hours, we observed emboli in the pulmonary arteries of one out of three mice. These 

emboli contained platelets and RBCs (Fig. 10A and 10B); however fibrin was not 
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detected (N = 3). Additionally, infarction and inflammation of the lung tissue was 

observed (Fig. 10C), which was not present in lungs from mice without DVT (Fig. 10D). 

4.2. Direct Thrombin Inhibition Decreases Thrombin Generation Over Time 

 To assess the effect of administered lepirudin on thrombin generation over time, 

PRP was collected from control mice and from lepirudin-treated mice at different time 

points (0 hours, one hour and two hours). The area under the curve (AUC), as a 

measurement of thrombin generation, was compared between groups. Compared to the 

control group, there was a significant decrease in the AUC at 0 hours and 1 hour after 

lepirudin administration (Fig. 11). At two hours, while there was a decrease in AUC 

compared to the control group, it was not statistically significant (p = 0.21, Fig. 8). These 

data indicate continued suppression of thrombin generation up to two hours after direct 

thrombin inhibition.  

4.3. Direct Thrombin Inhibition Decreases DVT Stability  

4.3.1. FeCl3-Induced Thrombi Composition  

To assess the impact of direct thrombin inhibition on thrombus composition, 

Carstairs’ stain was used on representative paraffin sections following lepirudin 

treatment at one and two hours (Fig. 12A and 12B; and Fig. 12C and 12D). Compared 

to the control group, there was no difference in the percentage of fibrin in one-hour old 

thrombi (Control group = 18.3 ± 6.3%; Lepirudin group = 16.8 ± 7.6%; p = 0.89; N = 3 

per group, Fig. 13A). At two hours, there was a decrease in the percentage of fibrin in 

the femoral vein of the lepirudin group compared to the control group, however this was 
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not statistically significant (Control group = 21.7 ± 4.3%; Lepirudin group = 9.8 ± 5.7%; p 

= 0.19; N = 3 per group; Fig. 13B).  

To assess the effect of direct thrombin inhibition on FXIIIa activity after one hour, 

α2–AP in lepirudin-treated thrombi was detected using IHC (Fig. 14A). The percentage 

of α2–AP was 17.8 ± 8.8% after one hour (Fig. 15). Treatment with lepirudin resulted in a 

decease of α2–AP content within the thrombus compared to the control group at one 

hour (p = 0.056, Fig. 15). This finding could indicate decreased cross-linking of α2–AP by 

FXIIIa following lepirudin administration.  

4.3.2. Embolization Increases Over One Hour After Lepirudin Treatment 

To assess the effect of direct thrombin inhibition on thrombus stability, 

embolization was observed over one hour. Early embolization of the thrombus was also 

observed at baseline. Over the next hour, following lepirudin administration, there were 

gradual non-significant increases in EE (p = 0.52, Fig. 16A) and fluorescent intensity of 

EE (p = 0.47, Fig. 16B). Large EE gradually increased and peaked at 33 minutes after 

treatment administration, after which there was a decrease (p = 0.64, Fig. 16C). Embolic 

events occurring after treatment administration were pooled and compared to events 

occurring before treatment. When analyzed this way, there were non-significant 

increases in EE (p = 0.35, Fig. 16D), fluorescent intensity of EE (p = 0.08, Fig. 16E), and 

large EE (p = 0.23, Fig. 16F).  

To assess the effect of direct thrombin inhibition compared to the control group, 

embolic events were pooled after treatment administration. In the lepirudin-treated group 
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there was an increase in EE (p = 0.18, Fig. 17A) and fluorescent intensity of EE 

compared to the control group (p = 0.062, Fig. 17B), although not significant. However, 

there was a statistically significant increase in large EE occurring in the lepirudin group 

compared to the control group (Fig. 17C). Collectively, these data indicate a decrease in 

thrombus stability after lepirudin treatment over one hour.  

4.3.3. Embolization Increases Over Two Hours After Lepirudin Treatment 

To confirm the observed increase in embolization following direct thrombin 

inhibition over one hour, the duration of the model was extended to two hours. The 

events occurring in the 1st and 2nd hour were pooled and compared. There was a 

statistically significant increase in EE in the 2nd hour compared to the 1st hour after 

lepirudin treatment (Fig. 18A). In addition, there was a trend of increasing fluorescent 

intensity of EE and large EE in the 2nd hour compared to the 1st hour (p = 0.47, Fig. 18B 

and p = 0.34, Fig. 18C). 

To determine the effect of DTI treatment versus no treatment over two hours, the 

embolic events occurring in the 1st and 2nd hour of the control and lepirudin-treated 

groups were compared. In the control group there was a decrease in EE (Fig. 19A), 

fluorescent intensity of EE (Fig. 19B), and large EE (Fig. 19C) between the 1st and 2nd 

hour. The opposite was observed in the lepirudin-treated group. Analysis using repeated 

measures ANOVA confirmed that the control and lepirudin groups were significantly 

different for EE, fluorescent intensity of EE, and large EE (Fig. 19A, 19B, and 19C).  

4.3.4. Embolization Increases After Delayed Lepirudin Treatment 
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 To confirm the increase in embolization observed after direct thrombin inhibition, 

lepirudin was administered one hour after thrombus formation. Following delayed 

lepirudin treatment, there was a statistically significant increase in EE compared to the 

control group (Fig. 20A). There was also an increase in the fluorescent intensity of EE (p 

= 0.073, Fig. 20B) and in large EE (p = 0.64, Fig. 20C) compared to the control group, 

although not statistically significant. These data are consistent with increased 

embolization observed over one hour and two hours in the lepirudin-treated group.  

4.3.5. Dynamic Thrombus Formation  

To assess the impact of direct thrombin inhibition on thrombus dynamics, the 

percentage of thrombus embolization and thrombus size were quantified before and 

after lepirudin administration. 34.6 ± 5.5% and 35.2 ± 7.0% of the thrombus embolized 

over one and two hours, respectively (Fig. 21A and 21B). Compared to the control group 

there was a statistically significant increase in the percentage of the thrombus 

embolizing over one and two hours (Fig. 21A and 21B). While there was a decrease in 

the percentage of the thrombus embolizing between the 1st and 2nd hour of the control 

group, there was an increase in thrombus embolization from 28.0 ± 9.8% to 42.4 ± 

10.0% in the 2nd hour in the lepirudin group. Therefore, as a result of treatment, both 

groups were significantly different, when comparing the 1st and 2nd hour of percentage of 

thrombus embolization (Fig. 21C).    

There was a significant increase in thrombus size observed over one hour 

following lepirudin treatment (Fig. 22A). An increase in thrombus size was also seen 
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when comparing the 1st and 2nd hour after lepirudin treatment in the two-hour group (p = 

0.12, Fig. 22B). These data indicate that the dynamic nature of the thrombus is 

exacerbated by direct inhibition of thrombin. 

4.3.6. Fibrin in Large Emboli 

To determine fibrin presence in large emboli, fibrin was labeled fluorescently and 

large EE were visualized using IVM following lepirudin administration. 33.1 ± 2.6% of 

large EE were observed to contain fibrin compared to 42.1 ± 11.7% in the control group 

(Fig. 23). Use of Fisher’s exact test to compare the control and lepirudin-treated group 

showed no difference in the percentage of large EE observed to contain fibrin (p = 1.00). 

Using a power calculation, it was determined that a sample size of 1322 large embolic 

events would be needed to reach significance of this parameter. 

4.3.7. Emboli in Lungs 

 After two hours, emboli consisting of platelets and RBCs were also observed in 

representative sections of all mouse lungs in the lepirudin group (Fig. 24A and 24B, N = 

3). Infarction and inflammation of the lung tissue was also observed (Fig. 24C), 

compared to lung tissue from mice with no DVT (Fig. 24D).  

4.4. Direct FXa Inhibition Decreases Thrombin Generation Over Time 

To assess the effect of administered rivaroxaban on thrombin generation over 

time, PRP was collected from control and rivaroxaban-treated mice at 0 hours and one 

hour after administration. Compared to the control group there was a significant 

decrease in AUC at 0 hours and 1 hour after rivaroxaban treatment (Fig. 25). This data 
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indicates that direct FXa inhibition by this dose of rivaroxaban can suppress thrombin 

generation over one hour.  

4.5. Other Antithrombotics affect DVT Stability  

4.5.1. Embolization Increases after Direct FXa Inhibition and Decreases after 

Indirect FXa Inhibition 

To assess the impact of direct and indirect FXa inhibition on embolization, 

rivaroxaban and fondaparinux were administered respectively. Embolic events occurring 

after treatment administration were pooled and compared to the control group. There 

was no observed difference between the control and rivaroxaban-treated group in EE (p 

= 0.66, Fig. 26A); however there was a statistically significant decrease in EE following 

fondaparinux treatment compared to the control group (Fig. 26A). On the other hand, 

there was a statistically significant increase in large EE in the rivaroxaban group, while 

no difference was observed in the fondaparinux group when compared to the control 

group (Fig. 26B). These data could indicate that indirect FXa inhibition could result in 

greater thrombus stability over time through decreased embolization.  

4.5.2. Embolization Increases after UFH and ATH 

 UFH and ATH were administered in our model to assess the effect of 

simultaneous thrombin and FXa inhibition. Compared to the control group, there was an 

increase in EE following treatment with UFH (p = 0.95, Fig. 27A) and an even greater 

increase after ATH treatment (p = 0.22, Fig. 27A), although non-significant. However, in 

both groups there was a statistically significant increase in large EE compared to the 
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control group (Fig. 27B). It would appear that inhibition of both thrombin and FXa could 

decrease thrombus stability through increased large embolic events.  

4.5.3. Embolization Decreases after GPIIbIIIa Inhibition 

To assess the impact of GPIIbIIIa inhibition, given the central role of the receptor 

in platelet aggregation, Leo.H4 was administered. Following treatment with the 

GPIIbIIIa-antagonist, there was a statistically significant decrease in EE compared to the 

control group (Fig. 28A). However, there was no statistically significant difference 

between the anti-GPIIbIIIa group and the control group in large EE (p = 0.47, Fig. 28B). 

This observed decrease in embolization over time was unexpected and could indicate 

that Leo.H4 competes with the fluorescently labeled CD41 Fab fragments to bind 

GPIIbIIIa.  
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5.0 DISCUSSION 

As the effect of antithrombotic therapy on venous thrombus stability remains 

poorly defined, we established an acute DVT stability model to better understand this 

relationship. Our mouse model was characterized by early embolization and 

spontaneous thrombus stabilization over time. While similar to other FeCl3-injury murine 

models (130,150,151), we used a novel approach by administering treatment after 

thrombus formation to assess the effect on thrombus stability. DTI treatment increased 

embolization and large embolic events, which suggested significant disruption of DVT 

stability. Less α2–AP was found within the lepirudin-treated thrombi compared to 

controls, suggestive of decreased FXIIIa activity, and emboli rich in platelets and RBCs 

were found in the pulmonary artery circulation of both groups. The effect of direct and 

indirect FXa inhibitors, and indirect FXa and thrombin inhibition was also examined.  

Therefore, using in vivo imaging we have assessed the effect of early DTI treatment on 

acute DVT stability in a model representative of the clinical nature of VTE, and set the 

stage for further characterization of thrombin and FXa inhibition on this relationship.   

5.1. Characterizing a Novel Mouse Model of DVT Stability 

5.1.1. Quantifying Thrombus Stability  

Thrombus stability was related to the amount of embolization per minute and 

visualized in real time using IVM. This allowed us to quantify EE, fluorescent intensity of 

EE, and large EE as measurements of thrombus stability. We expected an increase in 

thrombus stability to be indicated by a decrease in EE, fluorescent intensity of EE, and 
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large EE. We rationalized that reduced embolization (i.e. decreases in EE and large EE) 

and emboli size (i.e. decreases in fluorescent intensity of EE and large EE) should be 

consistent with greater DVT stability, and decreased potential for PE over time. 

Assessment of thrombus stability was confined to the stability of the venous thrombus, 

and not the clot’s interaction with the vessel wall. All thrombi were adherent to the vessel 

wall for the duration of the model; no thrombi were observed to entirely embolize.  

5.1.2. FeCl3-induced Thrombi Contain Fibrin, Platelets, and α2-AP 

Thrombus formation was induced in the femoral vein by topical application of 4% 

FeCl3. Use of FeCl3 is traditionally thought to induce platelet-rich thrombi (152). 

However, histological examination has shown FeCl3-induced thrombi to be rich in fibrin, 

platelets and RBCs (129,130,153,154). We examined the composition of formed thrombi 

in our model using Carstairs’ stain. This confirmed the presence of fibrin, platelets, and 

RBCs at 10 minutes, one hour, and two hours after thrombus formation. As alternating 

layers of fibrin, RBCs and platelets typically characterize venous thrombi (50,65) we 

determined the composition of thrombi in our model to be representative of DVT. We 

also found a substantial presence of α2-AP within one-hour old thrombi, which could be 

representative of FXIIIa activity.  

5.1.3. Early Embolization and Increasing Thrombus Stability  

Embolization was observed immediately after thrombus formation, which implied 

early thrombus instability. However, over one hour there was a decrease in 

embolization, which was also observed in the 2nd hour compared to the 1st hour.  A 
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decrease in the percentage turnover of the thrombus over two hours was also observed. 

As spontaneous embolization gradually decreased, as well as the size of embolic 

events, these data collectively indicate increased thrombus stability over time. This 

could imply that PE risk is greatest during early stages of thrombus formation, when the 

thrombus is least stable. Older thrombi have been shown to be more resistant to lysis 

both in vitro and in vivo (155). Therefore, as the thrombus matures PE risk could 

decrease due to various stabilizing mechanisms. However, the duration of our model 

was only two hours, and thrombus embolization remains unknown beyond this time 

point.  

FXIIIa primarily expresses its antifibrinolytic function through cross-linking α2-AP 

to fibrin and fibrinogen (17). Therefore, the finding of substantial α2-AP within thrombi 

could imply that FXIIIa promotes thrombus stability in our model. Mechanical 

stabilization of the clot by FXIIIa and the protective effect of localized α2-AP against lysis 

(151) could potentially result in the observed increase in thrombus stability over time. 

This is consistent with the finding that FXIIIa-mediated cross-linking of α2-AP to fibrin 

and fibrin chains reduced endogenous and tPA-induced fibrinolysis in an experimental 

model of pulmonary emboli (156). This reasoning could be confirmed by administering 

an FXIIIa inhibitor after thrombus formation.  

Fibrin structure and platelet stabilizing mechanisms likely also contribute to 

thrombus stability over time. The contribution of these mechanisms towards DVT 

stability in our model could be ascertained in the future.  
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5.1.4. Dynamic Thrombus Formation 

We observed thrombus formation to be a dynamic process. Over one hour there 

was a significant increase in thrombus size despite continuous thrombus embolization. 

However, over two hours we observed a significant decrease in thrombus size, which 

was consistent with a greater overall percentage turnover of the thrombus. Conversely, 

over two hours there was also a significant decrease in the percentage of thrombus 

embolization. This dynamic nature of the thrombus is consistent with the clinical setting 

(157-159). The growth and dissolution of the venous thrombus could be influenced by a 

complex interplay of prothrombotic stimuli and natural anticoagulant mechanisms (160).  

The sustained growth of the thrombus observed in our model could be attributed 

to continuous vascular damage perpetuated by FeCl3 application. Lysed RBCs were 

observed in histological slides of control thrombi, which could imply that the RBC 

hemolysis/Hb oxidation cycle could cause continued EC damage and expose 

subendothelial molecules (129). This could perpetuate platelet aggregation and fibrin 

formation. However, this mechanism of action has not been demonstrated in vivo. 

Accumulation of Fe3+-rich endocytic-exocytic particles in the vascular lumen (128) and 

formation of FeCl3-filled spheres, which facilitate platelet and fibrin fiber adherence 

(125), could also contribute to continued vascular damage. The eventual decrease in 

thrombus size, observed in the 2nd hour, could result from contact-dependent 

interactions between platelets that facilitate clot retraction and prevent the fibrinolytic 

action of plasmin (161). 
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5.1.5. Pulmonary Emboli  

It is estimated that 40–50% of proximal DVT patients develop PE (162). 

Therefore, a clinically relevant mouse model of DVT should imitate the clinical nature of 

the disease, and emboli should be detectable in the pulmonary artery circulation.  

 The principal diagnostic method to evaluate suspected PE is chest CT with 

intravenous contrast (163). Therefore, we first used micro-CT imaging to detect 

pulmonary artery thrombi, induced by injection of thromboplastin into the jugular vein, 

through contrast filling deficits. Unfortunately, desired resolution to visualize induced 

thrombi conclusively and consistently was difficult to achieve (data not shown). Using 

histology, we were able to detect emboli in the mouse’s pulmonary artery circulation 

after two hours. Infarction and inflammation of the pulmonary tissue was also observed, 

which is often clinically associated with PE (164). These findings suggest the clinical 

relevance of our DVT stability model, as it is representative of the clinical nature of VTE.   

 Observed emboli were rich in platelets and RBCs, with no fibrin visualized using 

our staining techniques. The lack of discernable fibrin presence was an unexpected 

result given the composition of FeCl3-induced thrombi and the ability to fluorescently 

label fibrin within the thrombus in vivo. Determination of emboli composition was 

dependent on visualization of representative lung sections; therefore, it is not possible to 

discount fibrin content within emboli. While we have shown that femoral vein thrombi 

embolize into the pulmonary artery circulation, we have yet to correlate DVT stability 

with PE. This would be integral in determining potential PE risk.  
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5.1.6. Mouse Model Limitations 

While animal models have advanced our understanding of venous thrombosis 

under various parameters, it is challenging to mimic the spontaneous development of 

DVT as seen in humans (120). Animal models are unable to imitate certain physical 

aspects of humans, such as the spontaneous onset of DVT, upright posture and the calf 

muscle pump, which play an important role in the dynamics of venous blood flow (165). 

Therefore, developed animal models will have associated limitations.  

Firstly, in our mouse model, a potential limitation is the use of FeCl3 to induce 

thrombus formation. Human venous thrombi are rarely initiated by vein injury, unless 

associated with surgery or trauma. Vessel damage is a hallmark of several DVT mouse 

models, and can result in formed thrombi that differ from most human venous thrombi 

(66). While the FeCl3 model is technically simple and results in a thrombus of reliable 

size, it does not parallel the initiation of most clinical thrombi (118). Alternatively, DVT 

could be initiated using a transient direct-current electrical injury. This is a well-

characterized model, which has been shown to induce non-occlusive fibrin-rich 

thrombus formation in the femoral vein (166). Use of an IVC ligation model of venous 

stasis could also be explored; however, thrombus formation could be less consistent 

and more characteristic of DVT in a chronic setting. IVC branches could determine the 

flow dynamic within the IVC, and possibly limit thrombus size (120). The main 

disadvantage of this model is the lack of blood flow (167), which could limit the effect of 
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systemically administered treatments on thrombus stability, as well as the ability to 

measure emboli.   

Secondly, DVT was initiated in a proximal vein in our model. Clinical DVT usually 

initiate distally and extend proximally (133). However, certain clinical settings, such as 

pregnancy (168) and hip arthroplasty (169) are often complicated by DVT initiated 

proximally. Most clinically significant PE manifest from proximal DVTs (170), as 

embolization is more common (171). Therefore, inducing femoral vein thrombosis in our 

model is consistent with the finding that most significant DVT are associated with the 

proximal vein thrombi as opposed to calf vein thrombi (172).  

Finally, while our model sought to reflect the clinical setting of DVT’s progression 

to PE, we used a standardized approach of intravenous bolus infusion to administer 

treatment. Clinically, fondaparinux is administered subcutaneously (173) and 

rivaroxaban is an oral anticoagulant (174). The impact of these drugs on thrombus 

stability observed in our model could be influenced by the parenteral mode of 

administration, as their time to action could be enhanced.  Additionally, not all tested 

drugs are indicated for treatment of VTE. Lepirudin is only approved for treatment of HIT 

patients (175) and ATH has not been tested or approved in the clinical setting. While 

aspirin has been shown to be efficacious in the prevention of recurrent VTE (176), 

GPIIbIIIa inhibitors are currently only indicated for use in high-risk patients, or patients 

not on P2Y12 blockers, undergoing PCI(177). However, the effect of these 

antithrombotics on acute DVT stability can be used to make mechanistic inferences.  
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5.2. Direct Thrombin Inhibition 

Lepirudin was chosen as the administered DTI, as it is a parenteral anticoagulant 

that has been extensively studied in other mouse models (144,178). The chosen dose 

(8U/g mbw) has been shown to block fibrin generation and to impair platelet adherence 

and aggregation, when administered before thrombus formation in vivo (144).  

There was a significant suppression of thrombin generation immediately and at 

one hour after lepirudin administration. At two hours, a decrease in thrombin generation 

was still observed, although to a lesser extent. This coincided with the half-life of 

lepirudin, which is approximately 80 minutes in healthy patients (179). This effect on 

thrombin generation could result in the significant increase in thrombus embolization 

observed after DTI treatment in our model.  

As a bivalent inhibitor, lepirudin complexed with thrombin would prevent 

thrombin’s interaction with fibrin (180). This contrasts with univalent inhibitors, such as 

dabigatran, which only bind to thrombin’s catalytic active site and do not interfere with 

this interaction (181). In addition, dabigatran is a reversible inhibitor (181), whereas 

lepirudin binds thrombin irreversibly. While we have shown a significant increase in 

thrombus embolization over time after direct thrombin inhibition, extrapolating these 

results to other DTIs would have to take into consideration their mechanism of action. 

This could influence the effect on thrombus stability observed in our model.  

5.2.1. Decreased Thrombus Stability after Direct Thrombin Inhibition 
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Lepirudin administration increased embolization and embolic event size over one 

hour compared to the control group, which suggested decreased thrombus stability. This 

effect of lepirudin was confirmed when significant interactions were observed for all 

parameters between both groups in comparing the 1st and 2nd hour. This implied that 

DTI treatment decreased thrombus stability, as the control showed decreased 

embolization between the 1st and 2nd hour. In addition, following delayed lepirudin 

treatment, increased embolization compared to controls was also observed. Moreover, 

in comparison to the control group, the lepirudin group had a significant increase in the 

percentage turnover of the thrombus over two hours as a result of treatment.  

Collectively, these results support our hypothesis that acute administration of 

DTIs could decrease acute DVT stability through increased embolization. DTI treatment 

could, therefore, be associated with an increase in PE over time in our model. Since 

thrombin is integral to the promotion and stabilization of thrombi under venous shear 

rates (161), the increase in embolization could result from impaired thrombin activity 

within the thrombus. Given thrombin’s extensive role in coagulation, this could affect 

various mechanisms that contribute to thrombus stability.  

The susceptibility of formed thrombi to fibrinolysis could also result from reduced 

thrombin-induced FXIIIa activity (182). The substantial decrease in α2-AP content 

observed within the DTI-treated thrombi could indicate suppressed FXIIIa antifibrinolytic 

activity. Use of an FXIII inhibitor (155,183) in our model could confirm our reasoning, 

and use of a fluorescently labeled substrate peptide based on the N-terminal sequence 
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of α2-AP might be useful in further assessing FXIIIa activity real time in vivo (184).  

Impairment of thrombin generation over time by DTI administration would most 

likely result in decreased thrombin concentration and activity within the thrombus. The 

density of the fibrin clot and thickness of associated fibrin fibers are influenced by 

thrombin concentration (13). Permeable thrombi, consisting of thick, loosely woven fibrin 

fibers, tend to be characteristic of low thrombin concentration (13). tPA binds more 

efficiently to thick-stranded fibrin than to thin fibrin fibers (185). Therefore the increased 

amount of embolization observed could be attributed to the effect of lepirudin on newly 

formed fibrin within the clot. DTI treatment could result in a more porous thrombus 

compared to the control group, which would facilitate interactions between fibrin and 

plasmin. To confirm fibrin structure within the thrombus, we could use scanning electron 

microscopy. Platelet-platelet interactions within the thrombus could also be affected by 

DTI treatment, resulting in enhanced clot lysis. This would be consistent with the 

increase in observed embolization.  

Hirudin competitively binds to exosite 1 on thrombin, releasing it from the 

thrombin-TM complex (186), which could affect both APC and TAFIa activation. Direct 

thrombin inhibition has also been shown to impair EC-mediated APC generation (187). 

This would decrease APC-dependent inactivation of FVa and FVIIIa, which are 

important cofactors in amplifying thrombin generation. However, clinically, the 

anticoagulant effect of lepirudin has been shown to override the prothrombotic effect of 

APC suppression (186). Clot-bound thrombin is thought to have an important role in 
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fibrinolysis, through localization of TAFIa production (188). Use of heparin to enhance 

clot lysis through TAFIa suppression was unsuccessful; however use of hirudin in the 

same setting increased fibrinolysis (188). Since hirudin has been shown to inhibit TAFIa 

functionality (189) a reduction in TAFIa activity could contribute to the increased 

embolization observed in our model.   

5.2.2. Dynamic Thrombus Formation  

Lepirudin treatment resulted in a significant increase in thrombus embolization 

compared to the control group. The percentage turnover lepirudin-treated thrombi 

significantly increased over the course of two hours, implying decreased thrombus 

stability. This was significantly different to the control group, which demonstrated 

decreased thrombus embolization over time. Despite increased percentage turnover of 

the thrombus, consistent growth of lepirudin-treated thrombi was also observed. 

Therefore, administration of a DTI appeared to perpetuate the dynamic nature of 

thrombus formation.  

This result was unexpected as a decrease in thrombus formation and clot size 

with lepirudin treatment has been demonstrated in other animal models (144,190,191). 

Agnelli et al. found decreased fibrin accretion on a pre-existing jugular vein thrombus in 

rabbits after infusion of hirudin over three hours (185,186). Dubois et al. administered 

lepirudin before thrombus induction and observed a decrease in platelet accumulation 

and fibrin generation (137). However, in previous models lepirudin was administered 

before thrombus formation. With the exception of our murine model, the influence of 
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direct thrombin inhibition on size and embolization of a pre-formed clot has not been 

examined in the acute setting.  

The increase in observed thrombus size could be possibly explained by 

continuous injury from FeCl3 use; release of soluble agonists from activated platelets 

within the thrombus that could perpetuate platelet aggregation; and release of fibrin-

bound thrombin upon lysis (13). The contribution of various factors towards the dynamic 

nature of the thrombus is difficult to ascertain, and remains to be further explored. 

However, our finding is congruent with demonstrated thrombus extension in the acute 

phase of treatment (116), and increased recurrent VTE observed initially following DTI 

treatment compared to LMWH treatment observed by the THRIVE Study Investigators 

(192).  

5.2.3. Pulmonary Emboli  

 Emboli were likewise observed in the pulmonary artery circulation two hours after 

lepirudin treatment. These emboli also consisted of platelets and RBCs, with no visible 

fibrin. However, unlike the control group, emboli were found in all of the lepirudin-treated 

mice. Pulmonary emboli were expected to be more extensive and larger in size, 

compared to those in the control group, as large EE increased after DTI treatment. In 

contrast, emboli appeared to be smaller in size, although this observation is presently 

inconclusive. Identifying the correlation between direct thrombin inhibition and PE would 

be useful in determining the associated risk.  

 Interestingly, in a two-hour model of PE, there was decreased mortality in α2-AP 
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deficient mice compared to wild type mice (193). As we observed a substantial decrease 

in α2-AP in the lepirudin-treated group compared to the control group, this could have a 

protective effect in our model and decrease PE risk. Simulating our model of DVT 

stability in α2-AP deficient mice could provide a better understanding of the plasmin 

inhibitor’s role in relation to emboli development.  

5.3. Other Antithrombotics 

 Having established a reliable mouse model of DVT stability and examined the 

effect of direct thrombin inhibition, we then decided to explore the effect of FXa 

inhibition, simultaneous FXa and thrombin inhibition, and GPIIbIIIa inhibition on 

thrombus stability.   

5.3.1. FXa Inhibition and Thrombus Stability  

To explore the impact of direct FXa and indirect FXa inhibition, we administered 

rivaroxaban and fondaparinux, respectively. We have shown that direct inhibition of FXa 

could decrease thrombus stability possibly by increasing large EE. In contrast, 

decreased embolization was observed in the fondaparinux treated group, which could 

indicate increased DVT stability.  

 As a direct FXa inhibitor, rivaroxaban specifically targets free and clot-bound FXa 

(194). Thrombin generation is almost completely attenuated at high concentrations of 

rivaroxaban in vitro (195), and we have additionally shown significant suppression of 

thrombin generation one hour after treatment. Therefore, rivaroxaban could reduce 

thrombin concentration within the thrombus possibly through inhibition of 



 

	   64	  

prothrombinase-associated FXa.  

 On the other hand, fondaparinux only targets free FXa. FXa within 

prothrombinase is protected from inhibition by the AT-pentasaccharide complex (196) - 

AT is most likely ineffective at competing with prothrombin for FXa’s catalytic center 

(195). Continued thrombin generation within the thrombus, supported by 

prothrombinase, could contribute to thrombus stabilization.  

 In comparing rivaroxaban and fondaparinux treatment groups, the contrast in 

thrombus stability most likely arises from opposing effects on platelet-platelet 

interactions, FV and FVIII activation, FXIII activation, TAFI activation, and fibrin 

formation.  

5.3.2. FXa and Thrombin Inhibitors and DVT Stability  

To explore the impact of simultaneous FXa and thrombin inhibition, UFH and 

ATH were administered. We have shown that both compounds could decrease 

thrombus stability, possibly through an increase in large EE.  

UFH indirectly inhibits thrombin and FXa through an AT-dependent mechanism 

(197). However, there are many associated limitations with UFH treatment that prevent 

attaining therapeutic anticoagulation (79). Non-specific binding of UFH to plasma 

proteins reduces its anti-FXa activity (198) and results in a variable anti-thrombin 

response (199). The increase in embolization following UFH administration could result 

mainly from the indirect inhibition of free thrombin, as indirect inhibition of FXa in our 

model appears to decrease embolization. A decrease in protein C activation is 
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associated with heparin administration, as well as a decrease in TAFI activation (188). 

However, heparin does not inhibit clot-bound thrombin (80) and this could contribute to 

TAFI activation within the thrombus.  

ATH is a covalent compound that inhibits thrombin and FXa through both direct 

and indirect mechanisms (112,200,201). ATH inhibits free thrombin approximately 4-fold 

faster than UFH and AT (202). This results in a decrease in thrombin-TM complex 

formation, and a subsequent down-regulation of protein C activation (202). ATH 

additionally enhances cleavage of FVa (202). It is thought that the decrease in thrombin-

TM would also decrease TAFI activation. In addition, ATH inhibits fibrin-bound thrombin 

(111), which could decrease thrombin activity within the thrombus. Based on our results, 

it is thought that ATH effects thrombus stability through direct and indirect thrombin 

inhibition, as well as direct FXa inhibition. However, the sole impact of indirect thrombin 

inhibition in our model remains unknown.  

While it appears that over one hour both UFH and ATH could decrease thrombus 

stability, it is difficult to determine whether inhibition of thrombin or FXa had a more 

significant impact. As both thrombin and FXa are simultaneously inhibited, a synergistic 

effect on increasing embolization would be expected. However, the interaction of the 

endogenous anticoagulant and antifibrinolytic mechanisms, in relation to DVT stability in 

our model, remains unknown.   

5.3.3. GPIIbIIIa Inhibition and Thrombus Stability  

The GPIIbIIIa inhibitor (Leo.H4) administered in our model mimics the clinical 
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nature of abciximab and inhibits platelet aggregation (203). Treatment with Leo.H4 

decreased embolization indicating a possible increase in thrombus stability. This result 

was unexpected as the GPIIbIIIa receptor is central to platelet aggregation (204).  

Both fluorescently labeled MWReg30 and Leo.H4 bind to the GPIIbIIIa receptor 

on resting and activated platelets (205,206). Therefore, the observed decrease in EE 

and large EE could be attributed to competitive inhibition of MWReg30 by the GPIIbIIIa 

antagonist, which was administered at a higher concentration. This could impair 

fluorescent visualization of emboli. Injecting Leo.H4 before the fluorescent CD41 platelet 

marker, or using a fluorescent platelet label directed against GPIb, could confirm this 

reasoning. Alternatively, emboli could be fibrin-rich in this treatment group, which could 

decrease embolic event visualization, as platelets are fluorescently labeled. As we have 

shown fibrin content in approximately one third of large emboli in control and lepirudin 

groups, this could be confirmed using a specific anti-fibrin compound and the same 

method of visualization.  

5.4. Future Directions  

  This thesis has outlined the development of a clinically relevant mouse model of 

acute DVT stability, characterized by early embolization, spontaneous reduction in 

embolic events over time, and dynamic thrombus formation. Administration of an acute 

DTI after thrombus formation, as a novel approach, was found to decrease proximal 

DVT stability. To better ascertain the role of thrombus stability in the progression of 

acute DVT to PE, various parameters of our model can be further delineated. Following 
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further characterization of our model, it would then be possible to further examine the 

effect of acute DTI administration on DVT stability, as well as direct and indirect FXa 

inhibition. In addition, it would be interesting to explore the role of thrombus stability in 

risk factor settings where the likelihood of PE deviates from the clinical literature.  

5.4.1. DVT Stability Model  

 To better characterize our model, we could assess thrombus stability beyond two 

hours, determine FXIIIa activity in vivo, further examine fibrin content in large emboli, 

and correlate DVT stability to PE.  

 Our model implies increased DVT stability over time through a reduction in 

embolization; however it is uncertain if the thrombus remains stable beyond the time 

point of two hours. As older thrombi become more resistant to fibrinolysis (149,155), we 

would expect to observe a continued increase in thrombus stability. Extending the 

duration of our model would confirm this, and it would be important to ascertain whether 

there is a corresponding decrease in PE over time as well.  

 Quantification of α2-AP has been used as an indicator of FXIIIa activity, both in 

vitro and in vivo. However, as we used IHC to determine α2-AP content within the 

thrombus, it was only possible to determine the amount of α2-AP at specific time points 

ex vivo. While thrombi α2-AP content could represent FXIIIa activity, use of an FXIIIa 

inhibitor (155,183) and an α2-AP derived marker (184) could better assess and confirm 

the antifibrinolytic contribution of real time FXIIIa activity towards DVT stability in our 

model.  
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 The observation of fibrin in approximately one third of large EE was inconclusive, 

as the power of our sample size was insufficient. Increasing the sample size of large 

embolic events would be useful in confirming this observation. Use of a more specific 

fibrin fluorescent marker could also improve visualization of fibrin content within emboli.  

 Correlating PE risk to DVT stability, in our model, would be the main future goal. 

Identifying emboli in the pulmonary artery circulation has demonstrated that our model is 

representative of the clinical nature of VTE. Therefore, our model of DVT stability is 

clinically relevant. However, we have not determined the extent of PE risk and emboli 

size in relation to thrombus stability. Establishing the correlation of PE to proximal DVT 

stability would be useful in determining PE risk under various treatment settings, and 

might identify high-risk patient populations.   

5.4.2. DVT Stability Model Applications 

 Embolization of pre-formed thrombi increased after DTI administration, which 

indicated a decrease in thrombus stability over time. Extending the duration of the model 

could confirm if this deleterious effect on thrombus stability is prolonged. Assessing the 

effect of thrombin inhibition on FXIIIa activity in vivo and examination of fibrin structure - 

both in vitro and in vivo - could provide some mechanistic information related to the 

possible decrease in thrombus stability. Moreover, as DTI treatment increased large EE, 

it would be important to determine if DTI treatment resulted in extensive PE in the acute 

setting.  
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The central role of FXa in thrombin production also makes it an attractive 

anticoagulant target. We have shown an increase in embolization following direct FXa 

inhibition and the opposite outcome after indirect FXa inhibition over one hour. To 

further characterize the effect of FXa inhibition, we could examine: embolization over an 

extended period of time; the contribution of FXIIIa; thrombus dynamics; and fibrin clot 

structure. It would be interesting to determine if direct thrombin and direct FXa inhibition 

had comparable effects on DVT stability over time.  

The progression of DVT to PE is dependent on specific risk factors present in the 

patient population; certain risk factors augment PE likelihood, while others do not. Factor 

V Leiden (FVL) confers APC resistance and is paradoxically associated with a higher 

relative risk for DVT and a similar relative risk for PE compared to individuals without 

FVL (207). Cancer patients often develop VTE, though the incidence of DVT and PE 

differs depending on the cancer type; for instance, the incidence of PE is greater in 

those with liver cancer, compared to stomach cancer patients (208). Additionally, PE is 

shown to account for a higher percentage of VTE episodes with increasing age, instead 

of the incidence of DVT and PE increasing proportionately(58). Thrombus stability could 

be dependent on the risk factor setting, which could possibly lead to the differing 

likelihood of PE development from DVT. To explore this objective, our model could be 

simulated in FVL mice, in well-described models of bone and prostate cancer, as well as 

in aged mice.   

5.5. Conclusion 
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Establishing a mouse model of DVT stability has provided preliminary insight into 

the effect of anticoagulation on thrombus stability in the acute setting. Real-time 

assessment of thrombus stability has demonstrated a decrease in embolization and an 

increase in the stability of the thrombus over time. To address our hypothesis we used a 

novel approach and intravenously administered a DTI after thrombus formation in vivo. 

The finding of increased embolization and a greater number of large embolic events 

confirmed our hypothesis of decreased thrombus stability after acute DTI treatment. 

Increased clot lysis could result from decreased FXIIIa activity, indicated by decreased 

α2-AP content within DTI-treated thrombi compared to controls. However, there are 

several other mechanisms that could contribute to these observations that have yet to 

be elucidated in our model. The finding of emboli within the pulmonary artery circulation 

possibly related DVT stability to PE; however this correlation remains to be defined.  

Although the exact mechanistic role of DVT stability in our developed mouse 

model remains to be characterized, this work has set the stage for evaluating the 

contribution of thrombin and FXa inhibition on thrombus stability over time. This could be 

beneficial in further defining the effect of acute administration of new, oral anticoagulants 

on acute DVT, and the impact of different risk factor settings on PE. 
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6.0. FIGURES 
 
 
 
 
 
 

 
FIGURE 1 - Cell-based Model of Coagulation  
Coagulation is initiated on the TF-bearing cell surface. The TF-FVIIa complex activates FX and 
FIX. FXa forms a complex with FVa – the prothrombinase complex generates a small amount of 
thrombin to amplify the procoagulant signal. Thrombin activates cofactors V and VIII, FXI, and 
platelets through PAR cleavage. FIXa forms a complex with FVIIIa to generate FXa on the 
activated platelet surface. The prothrombinase complex on the activated platelet surface 
generates a burst of thrombin that cleaves fibrinogen to fibrin. The formation of a fibrin clot that 
seals the injury site completes the hemostatic process (1).  
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TABLE 1: Properties of Antithrombotics Targeting Thrombin, FXa, and GPIIbIIIa in the 
Clinical Setting 
IV = intravenous; HIT = heparin-induced thrombocytopenia; DVT = deep vein thrombosis; PE = 
pulmonary embolism; N/A = not applicable; PCI = percutaneous coronary intervention 
  

 LEPIRUDIN RIVAROXABAN FONDAPARINUX UFH ATH ABCIXIMAB 

Target  Thrombin FXa FXa Thrombin/ 
FXa 

Thrombin/ 
FXa 

GPIIbIIIa 

Direct/ 
Indirect 

Direct Direct Indirect  
 

Indirect  Both Direct 

Route of 
administration 

IV Oral Subcutaneous IV / 
Subcutaneous 

N/A IV 

Molecular 
Weight 

6,978 436 1,728 ≈ 15,000 ≈ 76,000 47.6 

Bioavailability 
(%) 

≈ 100 ≈ 80 ≈ 100 ≈ 100 / 
≈ 30 

N/A ≈ 100 

Half life 
(hours) 

0.8-1.7 7-11 13-15 1-2 2.6 
(in 

rabbits) 

≈ 0.17 

Indication in 
Clinical  
Setting 

HIT DVT DVT/PE DVT/PE N/A PCI 
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FIGURE 2 - Thrombus Embolization: control group.  
Representative image of visibly fluorescent platelets breaking off from the thrombus and moving 
downstream, defined as an embolic event. Platelets were labeled with prepared CD41 Fab 
fragments conjugated to Alexa Fluor 488. Embolization was visualized using IVM with a 20X 0.5 
NA water immersion objective;the camera set to 4 x 4 binning and 10ms exposure time. Red 
arrow indicates an embolic event; orange arrow indicates direction of blood flow 
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FIGURE 3 - Thrombus Size Over Two Hours: control group  
Representative images of a FeCl3-induced thrombus in the femoral vein over two hours. 
Thrombus size was quantified by the sum of fluorescently labeled platelets. The thrombus was 
visualized using IVM with a 10X 0.3NA water immersion objective with the camera set to 1 x 1 
binning and 100ms exposure. Thrombus size was imaged before (baseline) and at 8, 28, 38, 58, 
68, 88, 98, and 113 minutes after saline administration. Saline was given as a control treatment 
for comparison with future antithrombotic treatments.  
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FIGURE 4 – Testing fibrin peptide specificity  
(A) Background fluorescence of FITC-labeled fibrin peptide in 100µL PRP. (B) Clotting was 
initiated in the right Eppendorf tube using a final concentration of 20mM CaCl2; the clot was 
extensively washed with PBS. (C) The clot was extensively washed a 2nd time with PBS. 
Fluorescence was measured using the TyphoonTM 9400 laser scanner set at 50µm resolution, 
with normal sensitivity, and a 488 laser. N = 1. Images show control (left) and clot (right).  
 



 

	   76	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 5 – Carstairs’ femoral vein thrombus slides at 10 minutes, one hour and two 
hours: control group 
Representative Carstairs’ stain for assessment of thrombus composition in control mice at 10 
minutes (A, B), 1 hour (C, D) and 2 hours (E, F) following thrombus formation using a 10X (A, C, 
E) and 40X (B, D, F) objective, respectively. Fibrin is red, platelets are navy blue, and red blood 
cells (RBCs) are yellow-red. Black arrows indicate fibrin; green arrows indicate femoral vein. N = 
3 per group. Images show the right femoral vein and FeCl3-induced thrombus within. 
  



 

	   77	  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
FIGURE 6 – IHC α2–antiplasmin femoral vein thrombus slides at one hour: control group  
(A) Representative IHC stain for assessment of α2–AP content in thrombus at one hour in the 
control group, (B) and corresponding negative control. α2–AP was detected with goat anti-mouse 
serpin F2/α2-AP antigen affinity-purified polyclonal antibody fluorescently labeled with Alexa 
Fluor 488 donkey anti-goat IgG antibody. Red arrows indicates α2–AP within the thrombus; 
orange arrow indicates the femoral vein. Representative of three experiments.  Images show the 
right femoral artery and femoral vein, and FeCl3-induced venous thrombus within.  
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FIGURE 7 – Changes in embolization over one hour: control group  
(A) Average number of embolic events occurring per minute (EE), (B) fluorescent intensity of 
EE, expressed as arbitrary units (AU), and (C) average number of large embolic events 
occurring per minute (large EE) observed over one hour at 3, 18, 33, and 48 minutes following 
saline administration as control treatment. (D) EE, (E) fluorescent intensity of EE, and (F) large 
EE before and after saline treatment. EE and large EE values are expressed as number per 
minute (min). Fluorescent intensity values are expressed as arbitrary units (AU). All values are 
expressed as mean ± SEM and data was analyzed using one-way ANOVA (A-C) with Dunnett’s 
post-hoc test (C) and Student’s t-test (D-F). N = 11. * Indicates significance versus before or 
baseline with p<0.05. 
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FIGURE 8 – Changes in embolization over two hours: control group  
(A) EE, (B) fluorescent intensity of the EE, and (C) large EE in the 1st and 2nd hour following 
saline as control treatment. EE and large EE values are expressed as number per min. 
Fluorescent intensity values are expressed as AU. All values are expressed as mean ± SEM and 
data was analyzed using Student’s t-test. N = 5. ** Indicates significance versus the 1st hour with 
p < 0.01. *** Indicates significance versus the 1st hour with p < 0.001.  
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FIGURE 9 – Change in thrombus size over one hour and two hours: control group  
(A) Thrombus size, expressed as the sum of fluorescently labeled platelets in AU, before and 
after saline treatment in the one-hour group. N = 3. (B) Thrombus size, expressed as the sum of 
fluorescently labeled platelets in AU, in the 1st and 2nd hour following saline treatment in the two-
hour group. N = 5. All values are expressed as mean ± SEM and data was analyzed using 
Student’s t-test. *** Indicates significance versus before or 1st hour with p < 0.001.  
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FIGURE 10 – Carstairs’ lung slides at two hours: control group  
(A, B) Representative Carstairs’ stains for assessment of pulmonary emboli within lungs at two 
hours using a 10X objective (A, C) and a 40X objective (B, D), respectively. (C) Representative 
Carstairs’ stains of inflamed lung tissue in the control group at the site of an embolus, and (D) 
lung tissue from a mouse without femoral vein thrombosis. Red arrows indicate embolus; orange 
arrows indicate the pulmonary artery; black arrow indicates inflamed lung tissue. Representative 
of three experiments.  Images show an embolic event within a pulmonary artery (A, B) and 
mouse lung tissue (C, D).  
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FIGURE 11 – Thrombin generation at zero, one and two hours: lepirudin group  
Lepirudin was administered, 8U/g mouse body weight (mbw), and plasma collected at different 
time points (0 hours; 1 hour; 2 hours) following treatment. Thrombin generation was initiated with 
CaCl2, assessed at one-minute intervals over one hour in control and lepirudin-treated mouse 
plasma.  Area under the curve (AUC) in control and lepirudin groups was compared as a 
measurement of thrombin generation. N = 3 per group (in duplicate). Values are expressed as 
mean ± SEM and data was analyzed using Student’s t-test. * Indicates significance versus 
control with p < 0.05. 
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FIGURE 12 – Carstairs’ femoral vein thrombus slides at one hour and two hours: lepirudin 
group  
Representative Carstairs’ stains for assessment of thrombus composition in lepirudin treated 
(8U/g mbw) mice at one hour (A, B) and two hours (C, D) following treatment administration 
using a 10X (A, C) and 40X (B, D) objective, respectively. Fibrin is red, platelets are navy blue, 
and RBCs are yellow-brown. Black arrows indicate fibrin; green arrows indicate the femoral vein. 
N = 3 per group. Images show the right femoral vein and FeCl3-induced thrombus within. 
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FIGURE 13 – Percentage of fibrin in femoral vein: control versus lepirudin group 
(A) Percentage of fibrin in femoral vein one hour after thrombus formation in control and 
lepirudin-treated (8U/g mbw) groups. (B) Percentage of fibrin in the femoral vein two hours after 
thrombus formation in control and lepirudin-treated groups. All values are expressed as mean 
percentages ± SEM and data was analyzed using Student’s t-test. N = 3 per group.   
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FIGURE 14 – IHC α2–Antiplasmin femoral vein thrombus slides: lepirudin group  
(A) Representative IHC stains for assessment of α2–AP content in thrombus at one-hour in 
lepirudin-treated (8U/g mbw) group, (B) and corresponding negative control. α2–AP was 
detected with goat anti-mouse serpin F2/α2-AP antigen affinity-purified polyclonal antibody 
fluorescently labeled with Alexa Fluor 488 donkey anti-goat IgG antibody. Red arrow indicates 
α2–antiplasmin within thrombus; orange arrow indicates femoral vein. Representative of three 
images. Images show the right femoral vein and artery, and FeCl3-induced thrombus within. 
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FIGURE 15 – Percentage of α2–APin thrombus: control versus lepirudin-treated group 
Percentage of α2–AP within thrombus at one hour in control and lepirudin-treated (8U/g mbw) 
groups. α2–AP was detected with goat anti-mouse serpin F2/α2-AP antigen affinity-purified 
polyclonal antibody fluorescently labeled with Alexa Fluor 488 donkey anti-goat IgG antibody. All 
values are expressed as mean percentages ± SEM and data was analyzed using Student’s t-
test. N = 3.  
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FIGURE 16 – Changes in embolization over one hour: lepirudin group  
(A) EE, (B) fluorescent intensity of EE, and (C) large EE observed over one hour at 3, 18, 33, 
and 48 minutes following lepirudin (8U/g mbw) administration. (D) EE, (E) fluorescent intensity of 
the EE, and (F) large EE before and after treatment with 8U/g mbw lepirudin. EE and large EE 
values are expressed as number per min. Fluorescent intensity values are expressed as AU. All 
values are expressed as mean ± SEM and data was analyzed using one-way ANOVA (A-C) and 
Student’s t-test (D-F).  N = 11. 
 



 

	   88	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 17 – Changes in embolization over one hour: control versus lepirudin group  
(A) EE, (B) fluorescent intensity of EE, and (C) large EE in control group versus lepirudin treated 
(8U/g mbw) group. EE and large EE values are expressed as number per min. Fluorescent 
intensity values are expressed as AU. All values are expressed as mean ± SEM and data was 
analyzed using Student’s t-test. N = 11 per group. ** Indicates significance versus control with p 
< 0.01. 
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FIGURE 18 – Changes in embolization over two hours: comparing the 1st and 2nd hour in 
lepirudin group  
(A) EE, (B) fluorescent intensity of the EE, (C) large EE in the 1st and 2nd hour following lepirudin 
(8U/g mbw) treatment. EE and large EE values are expressed as number per min. Fluorescent 
intensity values are expressed as AU. All values are expressed as mean ± SEM and data was 
analyzed using Student’s t-test. N = 5. * Indicates significance versus 1sthour with p < 0.05. 
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FIGURE 19 – Changes in embolization over two hours: comparing the 1st and 2nd hour in 
control and lepirudin groups  
(A) EE, (B) fluorescent intensity of EE, (C) large EE in the 1st and 2nd hour in control and 
lepirudin-treated (8U/g mbw) groups. EE and large EE values are expressed as number per min. 
Fluorescent intensity values are expressed as AU. All values are expressed as mean ± SEM and 
data was analyzed using repeated measures ANOVA. N = 5. * Indicates a significant interaction 
with p < 0.05; *** Indicates a significant interaction with p < 0.0001.  
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FIGURE 20 – Changes in embolization following delayed lepirudin treatment: control 
versus lepirudin group  
Comparison of the 2nd hour in control mice and mice treated with lepirudin (8U/g mbw) one hour 
after thrombus formation: (A) EE, (B) fluorescent intensity of EE, (C) large EE. EE and large EE 
values are expressed as number per min. Fluorescent intensity values are expressed as AU. All 
values are expressed as mean ± SEM and data was analyzed using Student’s t-test. N = 5 per 
group. ** Indicates significance versus control with p < 0.01.   
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FIGURE 21 – Percentage of embolizing thrombus over one hour and two hours: control 
versus lepirudin group 
(A) Percentage of thrombus embolization in control and lepirudin-treated (8U/g mbw) mice over 
one hour. N = 4 per group. (B) Percentage of thrombus embolization in control and lepirudin-
treated mice over two hours. N = 5 per group. (C) Comparison of percentage of thrombus 
embolization in the 1st and 2nd hour of control and lepirudin-treated groups. All values are 
expressed as mean percentages ± SEM and data was analyzed using Student’s t-test (A, B) and 
repeated measures ANOVA (C). * Indicates significance versus control with p < 0.05; ** 
Indicates significance versus control with p < 0.01 (B) and significance of treatment with p < 0.01 
(C).  
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FIGURE 22 – Change in thrombus size over one hour and two hours: lepirudin group  
(A) Thrombus size, expressed as the sum of fluorescently labeled platelets in AU, before and 
after lepirudin (8U/g mbw) treatment in the one-hour group. N = 4. (B) Thrombus size, 
expressed as the sum of fluorescently labeled platelets in AU, in the 1st and 2nd hour following 
lepirudin treatment in the two-hour group. N = 5. All values are expressed as mean ± SEM and 
data was analyzed using Student’s t-test. *** Indicates significance versus before with p < 
0.0001.  
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FIGURE 23 – Percentage of large emboli containing fibrin over two hours: control versus 
lepirudin group  
The percentage of large EE containing fibrin, in control and lepirudin-treated (8U/g mbw) mice, 
over two hours. Platelets were labeled with CD41 Fab fragments conjugated to Alexa Fluor 647 
and fibrin was labeled with a synthesized anti-fibrin peptide conjugated to FITC. N = 3 per group. 
All values are expressed as mean percentages ± SEM and data was analyzed using Fisher’s 
exact test.  
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FIGURE 24 – Carstairs’ pulmonary emboli slides at two hours: lepirudin group  
(A, B) Representative Carstairs’ stains for assessment of pulmonary emboli within the 
pulmonary artery circulation at two hours using a 10X objective and 40X objective, respectively. 
Images show a representative section of an embolic event within a pulmonary artery. (C, D) 
Representative Carstairs’ stains of lung tissue in the lepirudin group at 2 hours and a mouse 
with no femoral vein thrombus using a 10X objective. Red arrow indicates an embolus; orange 
arrow indicates pulmonary artery; black arrow indicates lung tissue inflammation. N = 3. Images 
show an embolic event within a pulmonary artery (A, B) and mouse lung tissue (C, D). 
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FIGURE 25 – Thrombin generation at zero hours and one hour: rivaroxaban group  
Rivaroxaban was administered, 3 µg/g mbw, and plasma collected at different time points (0 
hours and 1 hour) following treatment. Thrombin generation was initiated with CaCl2, and 
assessed at one-minute intervals over one hour in control and lepirudin-treated mouse plasma.  
AUC in control and rivaroxaban groups was compared as a measurement of thrombin 
generation. N = 3 per group (in duplicate). Values are expressed as mean percentages ± SEM 
and data was analyzed using Student’s t-test. ** Indicates significance versus control with p < 
0.01.  
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FIGURE 26 – Change in embolization over one hour: control versus rivaroxaban and 
fondaparinux groups.  
(A) EE in control group (N = 11) versus rivaroxaban (3µg/g mbw, N = 9) and fondaparinux 
(0.1µg/g mbw, N = 9) groups after treatment. (B) Large EE in control group versus rivaroxaban 
and fondaparinux groups after treatment. EE and large EE values are expressed as number per 
min. All values are expressed as mean ± SEM and data was analyzed using Student’s t-test. * 
Indicates significance versus control with p < 0.05; ** Indicates significance versus before and 
baseline with p < 0.01. 
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FIGURE 27 – Change in embolization over one hour: control versus UFH and ATH groups  
(A) EE in control group (N = 11) versus UFH (N = 11) and ATH (N = 11) groups after treatment. 
(B) Large EE in control group versus UFH and ATH groups after treatment. EE and large EE 
values are expressed as number per min. All values are expressed as mean ± SEM and data 
was analyzed using Student’s t-test. ** Indicates significance versus control with p < 0.01. 
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FIGURE 28 – Change in embolization over one hour: control versus anti-GPIIbIIIa group  
(A) EE in control group (N = 11) versus anti-GPIIbIIIa group (N = 8) after treatment. (B) Large 
EE in control group versus anti-GPIIbIIIa group after treatment. EE and large EE values are 
expressed as number per min. All values are expressed as mean ± SEM and data was analyzed 
using Student’s t-test. *** Indicates significance versus control with p < 0.001.   
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