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1. ABSTRACT

Vessel wall endothelial damage initiates a local
inflammatory response, which promotes a prothrombotic
state driven by tissue factor, adhesion molecules, and pro-
inflammatory cytokines.  Understanding how natural
inflammatory mechanisms promote a procoagulant state,
may lead to the development of new pharmacological
interventions targeted at thrombosis.

2. INTRODUCTION

Venous thromboembolism (VTE) is a disease that
encompasses both deep vein thrombosis (DVT) and
pulmonary embolism (PE). Traditionally, this definition
has not included superficial venous thrombosis (SVT) but
there is now suggestion within the literature that SVT
should be included in the definition of VTE and therefore
treated accordingly (1). The factors that could lead to or
interact with one another to lead to VTE were first
described by Virchow in 1856 and includel) endothelial
injury, 2) blood stasis or turbulent flow, 3) and blood
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hypercoagulability (2). Vessel wall endothelial damage
initiates a local inflammatory response, which promotes
a prothrombotic state driven by tissue factor, adhesion
molecules, and pro-inflammatory cytokines. Stewart et
al. in 1974 first hypothesized that vascular inflammation
and thrombosis are interrelated (3). This original
hypothesis suggested that prothrombotic factors lead to
the activation of leukocytes and platelets. This process
promotes thrombus amplification via adherence and
layering of the activated platelets and leukocytes (3).
Current research in vascular biology supports this
hypothesis.

The vascular inflammatory response initially is
protective by nature; its role is to promote the recruitment of
inflammatory cells for the removal of micro-organisms and
endotoxins. However, local and systemic inflammation can
produce a prothrombotic environment driven by tissue factor,
adhesion molecules, pro-inflammatory cytokines and
prothrombotic microparticles.



Inflammation and thrombosis

These molecular events occurring in and around
injured vascular endothelium have proven to be a factor in
the pathogenesis of several cardiovascular diseases
(hypercholesterolemia,  atherosclerosis,  hypertension,
diabetes, and heart failure) (4). Endothelial dysfunction is
a term used to identify several pathological conditions that
can lead to altered coagulation, inflammation, impaired
vascular growth, and vascular remodeling (5). This process
is associated with a decrease in nitric oxide and an increase
in oxidative stress, which is a promoter of the inflammatory
process (6, 7). Risk factors consisting of acute and chronic
infection, local immune reaction or permanent factors like
hypertension, diabetes, obesity, hyperhomocysteinemia,
and more can induce endothelial cell dysfunction,
promoting tissue factor to activate the clotting cascade (8-
10).  Additionally, the interaction of tissue factor
expression on the surface of monocytes facilitates
monocyte-platelet and monocyte-endothelial interactions
through P-selectin binding mechanisms (11). This cascade
driven by inflammatory mediators and tissue factor leads to
the acceleration of fibrin formation and deposition into a
developing thrombus (11) (Figure 1).

3. THE EPIDEMIOLOGY OF
THROMBOSIS

VASCULAR

Arterial thrombosis and its associated clinical
diseases make it the leading cause of death in the world
today (12). In the peripheral circulation, its incidence is
reported to be approximately 2 cases/10,000 people per
year with a morbidity and mortality rate greater than 20-
25% (13, 14). In the coronary circulation, the majority of
myocardial infarctions are caused by arterial thrombosis,
with fresh thrombus superimposed on a ruptured or eroded
atherosclerotic plaque. Acute myocardial infarction is
responsible for a staggering loss of life and is the number
one killer of individuals at a premature age (15).

Venous thromboembolism (VTE) is a major
health problem in the United States with approximately
900,000 individuals affected annually (16). The incidence
of this disease has not changed significantly over the past
25 years despite improvements in prophylaxis (17). Deep
venous thrombosis (DVT) affects around 380,000 patients
annually while at least 520,000 are diagnosed yearly with
pulmonary embolism (PE) (16) (18-20). Treatment costs to
the United States health care system are in the billions of
dollars per year just for the acute treatment of venous
thrombosis, not including the monetary cost spent on the
treatment of the sequelae of DVT (postthrombotic
syndrome) and PE (chronic pulmonary hypertension) (21-
23). Postthrombotic syndrome (PTS) affects approximately
30% of patients within 5 years of a DVT episode of the
lower extremities (24). PTS is the result of venous
hypertension due to valvular damage accompanied by
reflux, a non-compliant vein wall, and venous obstruction
(25).  Therefore, common clinical signs include pain,
heaviness, swelling, cramping of the leg, which are usually
exacerbated by standing or exercising, and in severe cases,
skin ulceration (25). Approximately 1% of adults and 3%
to 4% of those over age 65 years once had or now have an
ulcer of venous etiology (26). Various risk factors for the
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development of VTE have been identified both in animal
models and human studies, including: age, gender
(male>female), pregnancy, estrogen use, immobilization,
surgery, trauma, neoplasia, hypercoagulability, smoking,
cardiovascular disease, and obesity (17, 27-34).

4. ADHESION MOLECULES,
AND THROMBOSIS

INFLAMMATION,

4.1.Selectins

Selectins are glycoproteins that are expressed by
leukocytes, activated endothelial cells and platelets. The
role of selectins is to mediate the initial adhesion
interactions of leukocytes stimulated by physiological
changes in blood flow at sites of vascular endothelium
injury. Presently three selectins have been identified: P-
selectin, E-selectin, and L-selectin. All selectins have been
shown to recognize the sialyl Lewis® sLe* ) carbohydrate
ligands. The adhesion molecule P-selectin, which is
present in platelet alpha-granules and endothelial cell
Weible-Palade bodies (35), is up-regulated early during
thrombosis promoting vein wall inflammation in multiple
animal models (36).

Thrombogenic and inflammatory mediators such
as thrombin, leukotrienes, and histamine induce the rapid
translocation of P-selectin to the surface of endothelial cells
and platelets. The receptor for P-selectin is a glycoprotein,
termed P-selectin  glycoprotein ligand-1 (PSGL-1),
expressed on the surfaces of most hematopoietic cells (37)
(Figure 2). Additionally, P-selectin:PSGL-1 interactions
are responsible for thrombus amplification. The PSGL-1
receptor is associated with adhesion interactions
responsible for the initial rolling of neutrophils along
stimulated vascular endothelium. This receptor has a high
affinity for P-selectin, and a lesser affinity for E- and L-
selectin.  P-selectin is up-regulated rapidly and down-
regulated within minutes to hours. Additionally, the Src-
family tyrosine kinases (SFK) have been shown to lead to
thrombus amplification along with P-selectin. This is an
intracellular signal that is activated following ligand-aMf2-
integrin binding on the surface of PMNs. This leads to firm
adhesion between the PMNs and activated platelets. This
interaction was not shown to be required for PSGL-1
mediated recruitment and rolling but was necessary for
PMN-platelet adhesion at the site of endothelial injury (38).

We have defined the importance of P-selectin to
thrombosis using a mouse model of stasis induced venous
thrombosis. In mice, vein wall neutrophils were
significantly elevated above sham control animals at day 2
after thrombosis and monocytes were significantly elevated
above sham controls at day 6 after thrombosis while total
inflammatory cell counts were significantly elevated at
both time points. As measured by vein wall ELISA, P-
selectin is up-regulated as early as 6 hours after thrombus
induction, while E-selectin is up-regulated at day 2 after
thrombosis. Selectins remain elevated through day 6 after
thrombosis, and mRNA activity precedes protein elevations
(36). Mice that are gene deleted in both P-selectin and E-
selectin, show statistically decreased thrombus fibrin
staining associated with decreased thrombus weights
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Figure 1. Secondary hemostasis: Coagulation factors that activate both the intrinsic and extrinsic pathways. Reproduced with

permission from www.abcam.com, Cambridge, MA.

compared to controls evaluated 2 and 6 days post
thrombosis in the same mouse model (37).

Soluble P-selectin (sP-sel) is released from
activated platelets and endothelial cells and levels rise
significantly during pathologic conditions. Originally, the
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function of sP-sel was unclear but now it has been
shown to be an endogenous activator of coagulation via
generation of plasma microparticles in addition to its
ability to bind to PSGL-1 and therefore lead to
leukocyte recruitment and rolling (39, 40).
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Figure 2. Leukocytes and activated endothelial cells express selectins. They recognize specific carbohydrate sequences and are
responsible for the rolling and tethering of leukocytes onto stimulated vascular endothelium. Reproduced with permission from

(161).

4.2. P-selectin inhibitors

We evaluated a novel oral P-selectin inhibitor (PSI-
697) for its antithrombotic effects in a post two-day murine
IVC ligation model. Daily administration of PSI-697 two
days prior to ligation until IVC harvest, significantly
decreased thrombus weight compared to non-treated IVC
ligation controls (41). A follow up study was performed
with PSI-697 wusing a rat stenosis model, which
demonstrated its ability to decrease vein wall stiffness,
decrease vein wall intimal thickening, and decrease
inflammatory cytokine IL-13 compared to enoxaparin
treated animals (42). In a similar study, baboons were
treated with a single daily dose of PSI-697 three days prior
to iliac vein balloon occlusion and daily for six days post
occlusion. Animals treated with PSI-697 showed >80%
vein lumen opening after complete occlusion compared to
no opening in the control group (43). In the same study,
PSI-697 significantly decreased venous wall inflammation
at day six as determined by magnetic resonance
venography compared to control with no change in
coagulation function (43). Using the same baboon iliac
vein occlusion model, we evaluated another novel P-
selectin oral inhibitor, PSI-421, for its antithrombotic
effects. Baboons received a daily oral dose two days prior
and for six days post iliac vein occlusion. Animals treated
with PSI-421 showed significantly greater percent iliac
vein wall opening and decreased inflammation compared to
controls and enoxaparin treated animals. Furthermore,
animals in the PSI-421 group, had microroparticle tissue
factor activity (MPTA) that was significantly lower at the
six hour time point on the day of thrombosis formation
(44).

The use of aptamers is a recent therapeutic
development that can be used to specifically target
selectins. Aptamers are protein-binding oligonucleotides
that are highly specific and can be designed to have short or
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long half-lives depending upon whether an acute or chronic
response is necessary. They have a low risk of toxicity and
do not cause an immunologic response when administered
(45). GM-1070, a pan-selectin antagonist, and an anti-P-
selectin aptamer (ARC5690) have both been shown to
effectively inhibit the adhesion of sickle RBCs and
leukocytes to endothelial cells in a mouse model of sickle
cell disease (46, 47). As this is the same interaction that
can lead to thrombus amplification, they appear to be a
promising future treatment option for VTE.

A recent meta-analysis comparing P-selectin/PSGL-
1 inhibitors, demonstrated that P-selectin antagonism
showed a significant difference in reducing venous
inflammation or venous re-opening compared to saline
controls (48). Anti-thrombotic, vein wall inflammation,
and coagulation parameter results were similar to
enoxaparin treated groups (48).

4.3. Plasminogen activator inhibitor-1 (PAI-1)

The fibrinolytic system acts as a balance to the
coagulation cascade to prevent vascular thrombosis.
Plasminogen is activated by the proteolytic cleavage of a
single arginine-valine peptide bond to form plasmin by
similar serine proteases known as plasminogen activators.
Plasmin, a serine protease inhibitor, is the primary enzyme
responsible for cleaving fibrin and fibrinogen during the
process of fibrinolysis. The end result of this process is
formation of fragment E and 2 molecules of fragment D,
which exist as a covalently linked dimer (d-dimer) (49). D-
dimer levels can be measured in the blood to determine if
clot formation and fibrinolysis is actively occurring. It has
been shown in human patients that elevated d-dimer levels
may be useful as a measure for risk of recurrent VTE (50).
In the plasma, PAI-1 is the main inhibitor of tissue
plasminogen activator (tPA) and urokinase plasminogen
activator (uPA). Alterations in PAI-1 concentrations or its
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activity may influence coagulation and fibrinolysis
processes. We hypothesized that the aging process may
influence circulating factors contributing to thrombogenesis
and venous inflammation. Using a two-day post mouse
IVC ligation model, we demonstrated that older C57BL/6J
mice (11-month-old) had significantly greater thrombin
mass, leukocyte microparticle fractions, and active plasma
plasminogen activator inhibitor-1 (PAI-1) concentrations
compared to young C57BL/6J mice (2-month-old) (32).
Our results demonstrated the importance of PAI-1 in
pathologic venous thrombosis and that further research is
needed to characterize its role in venous thrombogenesis.

Studies in humans with acute myocardial infarction
that received either rt-PA or streptokinase showed
increased PAI-1 levels post-treatment that was more
pronounced in the streptokinase group (51). This study
also demonstrated a relationship between higher PA1-1
levels and poor patency post-treatment. Therefore, use of a
PAI-1 inhibitor at the time of thrombolytic therapy may
lead to improved thrombus resolution and a more favorable
clinical outcome.

Tiplaxtinin (PAI-039), an oral small molecule
inhibitor of PAI-1, has been shown to delay thrombus
formation in a canine electrolytic injury model of coronary
artery occlusion (52). We were the first group to evaluate
PAI-039 for its venous thrombosis inhibitory properties in a
rodent IVC stenosis model. PAI-039 was administered
orally at both high (10m/kg) and low (1 mg/kg) daily doses
starting 24 hours after stenosis and continued for four days.
Results demonstrated a significant 52% (low dose group,
p<0.05) and 23% (high dose group, p<0.05) reduction in
thrombus weight compared to controls (53). Although
enoxaparin treated animals showed similar thrombus
weight reductions of 39% compared to controls,
coagulation parameters, aPTT and TCT were significantly
different than the PAI-039 treated group (53). Results of
this study lend credence that PAI-1 inhibition may be a
useful therapy for treatment of venous thrombosis with
minimal direct effects upon coagulation. Further dose
response and efficacy studies are warranted.

4.4. Von willebrand factor

von Willebrand factor (vWF), a glycoprotein,
mediates platelet adhesion and stabilizes procoagulant
Factor VIII to promote initiation and formation of a stable
thrombus at the site of vascular injury (54). As with P-
selectin, vWF is stored in Weibel-Palade bodies within
vascular endothelium cells (55) and is synthesized in
magekaryocytes. Defects in vWF have been linked to the
inheritable disorder, von Willebrands disease (56). In
plasma, multimers of vWF ranging from 500 — 20,00 kDa
are regulated and cleaved under shear stress into less active
multimers by the protease ADAMS13 (57-60). vWF is a
ligand for glycoprotein Iba (GPIba) within the GPIb-IX-V
complex and integrin ollbp3 which mediates platelet
adhesion and thrombus formation (57, 61). Using a ferric
chloride venous injury model, Chauhan et al., reported that
occlusive thrombus formation is dependent upon vWF and
not GPIba indicating that vWF wuses other adhesion
molecules under venous flow conditions (58).
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Furthermore, arterial thrombosis appears to be more
dependent upon GPIba interactions while venous
thrombosis is highly dependent on interactions with vWF
(57). A recent in-vitro study evaluating the role of platelets
in  microscopic fibrin formation under coagulating
conditions and low shear rates demonstrated that fibrin
formation was reduced and delayed when binding of vVWF
to GP1b-V-IX was blocked or with plasma deficient in
vWF (62). Results of these studies are promising and
provide evidence that future pharmacologic therapies aimed
at modulating vWF activity may be useful for treatment or
prevention of venous thrombosis.

5. MEDIATORS OF INFLAMMATION

Inflammation and thrombosis have been shown
to interact and have mechanisms in common. P and E-
selectin are cell adhesion molecules with critical roles in
thrombogenesis. Animal studies using rat and mouse
thrombosis models demonstrated upregulation of P-selectin
and E-selectin in the vein wall 6 hours and 6 days after
thrombus induction, respectively (63).

A study by Wagner et al. showed that the
increase in the number of P-selectin molecules present on
the endothelial cell surface is due to the release from the
Weibel-Palade Body (WPB). WPBs are the endothelial
specific storage organelle for regulated secretion of von
Willebrand factor (vWF) and P-selectin onto its membrane
(64). Thus the exocytosis of WPB initiates a rapid
translocation of P-selectin to the endothelial surface
resulting in augmented endothelial adhesiveness for
leukocytes and platelets.

Recently, a pathway linking IL-6, a well-studied
inflammatory cytokine, and fibrosis was found in the
context of venous thrombosis in a mouse model of DVT
(65). The biological effect of neutralizing IL-6 was
demonstrated to occur via chemokine ligand 2 (CCL-2) at
both the gene expression and protein level at early time
points during DVT. These early events lead to significantly
decreased fibrosis at later time points in DVT (65).

Other components of the innate immune system
have also been shown to play a role in the progression of
thrombosis. Complement activation generates the C5b9
complex, which if deposited on cells causes exposure of
phosphatidylserine on the surface of cells, thus initiating
activation of the coagulation cascade (66). Recent
investigations have also shown that activation of platelets
can cause the release of CD40 ligand, which in turn has
pro-inflammatory  activities and  augments  the
thrombogeneic response (67).

Certain mediators have demonstrated an anti-
inflammatory effect during thrombosis. A study by Henke
et al. established that IL-10 can modulate the inflammatory
response in a rat ligation model of venous thrombosis (68).
The rats that received viral IL-10 gene transfer had fewer
leukocytes in their vein walls, most notably affected was
the number of PMNs. There was also a significant
decrease in cell adhesion molecule (CAM) expression but



Inflammation and thrombosis

no affect on local procoagulant activity (specifically TF or
vWF). There was a trend toward decreased levels of TNF-
a in the transfected rats which is notable as this cytokine
serves as a stimulus for CAM up-regulation.

6. TISSUE FACTOR

Tissue factor (TF) is a membrane-bound protein
(46-kDa) that triggers thrombin generation by forming a
complex with factor VIIa which triggers the activation of
the coagulation cascade (69, 70). Tissue factor pathway
inhibitor (TFPI) is the endogenous polypeptide that acts to
reversibly inhibit formation of both thrombin and factor Xa
(71). Therefore this may be investigated as a potential
target for treatment of venous thrombosis. Vascular injury
and various disease states can promote the exposure of TF
within the vessel wall to blood flow, thus leading to the
initiation of thrombosis (72). It has been hypothesized that
the dynamics of thrombus propagation support a role for
circulating TF as the diffusion distance from the vessel wall
to the luminal surface of the thrombus increases (73).
Although the cellular origin of circulating TF is unknown,
there is evidence to suggest that leukocytes and leukocyte-
derived microparticles are the major source (74). By use of
a whole blood assay for TF activity, procoagulant activity
in normal individuals can be determined showing the
presence of TF on mononuclear cells (75). The deposition
of leukocyte-associated TF has been demonstrated in
thrombi formed on collagen-coated slides or pig arterial
media and in human thrombi in situ Furthermore, TF can
be transferred from leukocytes to platelets in vitro via an
interaction  involving  CD15-expressing  membrane
microparticles and P-selectin (76). There is a growing
body of evidence in favor of a role for leukocyte-derived
TF in thrombosis based on in vitro studies, coupled with
observational data of increased circulating TF-positive
leukocyte-derived microparticles in various disease states
associated with thrombosis (26, 77-79). Additionally, it is
also unknown whether these leukocytes merely transport
TF or actually express it (67). However, a recent study
evaluating both mouse models of arterial and venous
thrombosis modulated tissue factor expression using gene-
targeting and bone marrow transplantation technology,
found that TF in the vessel wall not TF from leukocytes
was more important for thrombus formation (80). The
expression of TF circulating on monocytes has been shown
to be important in acute thrombotic events (11, 81). TF
expression on monocyte surfaces promotes monocyte
interactions with activated platelets and endothelial cells
leading to fibrin formation and deposition into the
developing thrombus. Cell culture investigations using
both monocytes and endothelial cells preps, can be
stimulated by TNF, IL-1, MCP-1, or IL-6 to express TF on
their cell surfaces (82, 83).

Currently, there is much debate in the scientific
community regarding the exact distribution of TF and
which source is most significant in promoting a
prothrombotic environment. In fact, both sources may be
important and the effect may depend on the nature of the
stimulus. Vein wall tissue factor may be most important
with vein wall injury or vein wall dilatation, while
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leukocyte tissue factor may be most important when there
is no vein wall injury. Recent work by Pawlinksi et al.
demonstrated that gene deletion of TF in myeloid cells but
not endothelial cells significantly reduced coagulation
activation upon induction of endotoxemia in a mouse
model (84). Monocytes have been shown to be capable of
producing TF and TF has been detected in the a-granules of
quiescent platelets (Figure 3) (85, 86). Additional studies
will need to be conducted in order to determine the exact
role played by each source of TF during episodes of venous
thrombosis in order to determine which area would be most
beneficial as a therapeutic target.

7. MICROPARTICLES AND THROMBOGENESIS

Microparticles (MPs) are described as fragments
of phospholipids from cell membranes that are
hypercoagulable, and have been found to modulate a
number of inflammatory cell vessel wall interactions.
Recent investigations suggest that MPs, which are
prothrombotic in part by virtue of tissue factor on their
surface (87, 88), are extremely important in early venous
thrombogenesis, especially those MPs derived from
leukocyte origin. When there is vascular injury that
initiates inflammation and thrombosis, selectins are
expressed on the surface of endothelial cells and platelets.
The interaction between selectins and their leukocyte
receptors stimulates fibrin formation (89). Procoagulant
MPs, derived more from activated leukocytes and less
from activated platelets produced are recruited to the
area of thrombosis (90), where they amplify coagulation
via tissue factor and factor VIla (Figure 4; Figure 5)
(37, 39, 76, 85, 88, 91-93). The co-localization of
fibrin, platelets, and leukocytes in the developing
thrombus (88, 94) and the contribution of P-selectin to
leukocyte-platelet interactions to generate tissue factor
(95) support their central role of inflammation in
thrombogenesis.

Platelet-derived MPs are involved in venous
thrombosis in the syndrome of heparin-induced
thrombocytopenia (96). Less is known regarding
leukocyte-derived MPs, although two studies suggest that
these MPs are associated with endothelial cell activation
and cytokine gene induction as indicated by elevations in
IL-6, MCP-1, TNF, and a factor Xa procoagulant response
mediated by JNKI signaling pathway (97, 98).
Microparticles have been found to impair endothelial cell
nitric oxide transduction from endothelial cells (99).
Additionally, MPs derived from endothelial cells were
found to induce monocyte tissue factor antigen and
mRNA release, partially dependent on the interaction of
the firm adhesion receptor ICAM-1 with its counter-
receptor beta-2 integrin (100). The procoagulant nature of
microparticles induced by P-selectin has been demonstrated
in a recent paper by Hrachovinova et al., (35). In this
study, P-selectin:PSGL-1 interactions led to the
development of procoagulant microparticles rich in tissue
factor that were able to reverse bleeding in Factor VIII
deficient mice. These microparticles, when fluorescently
labeled, were recruited into the growing thrombi within 1
minute of ferric chloride induced injury to venules (35).
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Figure 3. Formation of a clot at the site of blood vessel injury. In a healthy individual, TF expressed by vascular smooth muscle
cells, pericytes, and adventitial fibroblasts in the vessel wall is physically separated from its ligand FVII/FVIIa by the
endothelium. Vessel injury leads to the rapid binding of platelets to the subendothelium and activation of the coagulation cascade
by TF. Propagation of the thrombus involves recruitment of additional platelets and amplification of the coagulation cascade by
the intrinsic pathway, and possibly by TF-positive MPs and TF stored in platelets. Finally, fibrin deposition stabilizes the clot. De
novo synthesis of TF by platelets may also play a role in stabilization of the clot. Reproduced with permission from (162).

A recent study reported that microparticles from
pericardial blood of cardiac surgery patients were found to
be highly thrombogenic in a rodent IVC thrombosis model
(101). Ramacciotti, et al. showed that older microparticles
are prothrombotic in a murine IVC model (102). In this study,
microparticles were obtained from C57BL/6J

mice at two hours (young MPs) and two days (older MPs) after
IVC ligation. When re-injected into wild-type C57BL/6]
mice, in which the IVC was previously ligated two days prior,
there was a trend towards higher thrombus weights in the mice
that received older MPs compared to those that received re-
injections of young MPs. Furthermore, tissue factor associated
with microparticles showed a significant correlation to total
microparticle concentrations (R=0.99) (102).

In addition to their pro-thrombotic effects, recent
literature demonstrated that microparticles contain surface
proteins derived from their parent cell (platelet or leukocyte)
that modulate the thrombotic process. Abdullah ez al. evaluated
plasma samples obtained on day two of a baboon IVC ligation
model for wunique surface proteins associated with
microparticles (103). In this study, both fibrinogen gamma-
chain isoform 2 and alpha-1-antichymotrypson were
upregulated when compared to baseline (103). The fibrinogen
gamma chain contains binding domains, which allow
interactions with growth factors, integrins, and platelet
aggregation suggesting that these domains may assist in
anchoring microparticles to the site of injury (104, 105).
Alpha-1-antichymotrypson, a serine protease inhibitor, may act
to inhibit neutrophil adhesion to fibronectin (106, 107).

The role of microparticle associated surface
proteins was further elucidated in a complimentary study in
human patients.  Galectin-3 binding protein precursor
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(Gal3BP) and alpha-2 macroglobulin were found to be
upregulated in microparticles collected from human
patients diagnosed with deep venous thrombosis (108).
Gal3BP is a member of the lectin family, associated with
integrin mediated cell adhesion (109). A detailed review of
galactins and their role in venous thrombogenesis,
inflammation, and fibrosis is summarized by Diaz et al.
(110).  Alpha-2 macroglobulin modulates coagulation
through inhibition of plasmin, kalikrenin, and thrombin.
The results of these studies provide evidence that
microparticle associated peptides may be potential
biomarkers for venous thrombosis and further research is
needed to understand their role in vascular inflammation
and thromboogenesis.

Of interest and importance, MPs have also been
found to be present in normal healthy individuals and in the
normal situation. They have been hypothesized to have an
anticoagulant function by promoting the generation of low
amounts of thrombin which activates protein C, supporting
protein C’s anticoagulant function (111). Microparticles
have also been suggested to play a role in the inflammatory
response during severe sepsis, and their reduction was
found to correlate with organ dysfunction and mortality
(112). Thus, MPs are important in both normal
homeostasis and pathophysiology. Further research is
warranted in order to standardize both the identification and
quantification of circulating cell-derived microparticles
(113, 114).

8. INFLAMMATION
THROMBOSIS

AND ARTERIAL

Arterial thrombosis, whether acute or chronic, is
initiated by damage to the vascular endothelium, which
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promotes an inflammatory response. An example of this is
the pathophsiology of atherosclerosis. The early stage of
arthroma development is marked by the deposition and
accumulation of lipid within the arterial wall. This creates
a local endothelial inflammatory response, which leads to
inflammatory cell extravasation into the intima layer.
Activated inflammatory cells initiate adhesion interactions
initiated by P- and E-selectin on the stimulated vascular
endothelium. Alpha and beta integrins, members of the
cellular adhesion molecule family (CAMs), are responsible
for firm adhesion of inflammatory cells to stimulated
endothelium. This acute event, eventually leads to chronic
intimal injury characterized by a lipid core, rich in
degenerating inflammatory cells, cholesterol crystals, and
tissue factor generated from active macrophages
(macrophage colony stimulating factor (M-CSF) (115).
Inflammatory cells secrete cytokines, growth factors, and
promote the migration and proliferation of smooth muscle
cells. These smooth muscle cells produce enzymes that
degrade elastin and collagen. These events weaken the
fibrous cap and leads to rupture, leading to massive tissue
factor expression, coagulation cascade activation, platelet
aggregation, activation, and thrombus amplification (116).

9. INFLAMMATION AND VENOUS THROMBOSIS

Inflammation and thrombosis are closely linked
events. A study using a rat [VC ligation model showed a
chronological relationship between thrombosis and
inflammation. At day 1 post-ligation, neutrophils were the
predominant cell type present in the vein wall while this
shifted to predominantly monocytes and lymphocytes as
the thrombus matured (day 6) (117). This same study
showed a significant increase in cytokine levels (TNF-a,
IL-6, MIP1-0a, MCP-1) over the 6 day time period while
this was not observed in the sham operated controls. Thus
it was demonstrated that a significant inflammatory
response occurs during venous thrombosis.

Venous thrombosis may result in
thromboembolization, luminal recanalization, or chronic
occlusion with scarring.  When rapid and complete
thrombus resolution occurs, valvular function is better
preserved and the sequelae of postthrombotic syndrome is
lessened. If this does not occur, the thrombus may
incompletely resosolve, partially restoring the vessel
lumen. However, the subsequent intraluminal scarring
entraps the valvular mechanism resulting in valvular
incompetence, or leads to vein wall fibrosis, preventing the
normal function of the valve mechanism. Finally, venous
thrombosis more rarely results in complete fibrous luminal
obliteration.

Inflammatory cells are important to the process
of thrombus recanalization and organization. Although it
may seem intuitive that a decrease in inflammation will
decrease thrombogenesis, once clot forms; the presence of
neutrophils is important for thrombus recanalization. In a
study using an antibody to neutrophils, animals rendered
neutropenic developed significantly larger thrombi (116).
Neutropenic cancer patients are not protected from DVT,
and multiple neutropenic episodes are significantly
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associated with recurrent VTE in patients with malignant
disease who require filter placement due to a failure of, or
contraindication to, anticoagulation (118). We have also
noted an inverse correlation between thrombus neutrophils
and thrombus weight in mouse thrombi, especially
prominent in the center of the thrombus (unpublished
observation).

Neutrophils also seem to be important both for
early thrombus resolution in a rat model of thrombosis
(119) but not in a mouse model (120) . This apparent
discrepancy may suggest the heterogeneity in the
neutrophil compartment (121) .

The presence of monocytes and uPA has found to
be important in later thrombus organization and
recanalization. Injection of monocyte chemotactic protein-
1 into thrombi in a rat DVT model resulted in enhanced
thrombus resolution (122). Thrombi have been found to
contain increasing amounts of both tPA and uPA activity as
they resolve (101) and this activity are expressed by
invading monocytes (123). In a recent study, mice gene
deleted for uPA had impaired thrombus resolution with
collagen deposition and cell infiltration restricted primarily
to the margins of the thrombus, with few neovascular
channels present. Mice gene deleted for tPA, however,
were not similarly affected suggesting that it is uPA and not
tPA, which is responsible for this activity. Absence of
uPA was also associated with delayed monocyte
recruitment into the thrombus (124, 125). Finally, a
pathway between inflammation and fibrosis post-venous
thrombosis was recently discovered (65). In this work,
neutralizing IL-6 significantly decreased fibrosis in vivo,
using a mouse model of venous thrombosis. This effect was
observed via CCL-2. Thus a pathway involving IL-6,
CCL2, monocyte recruitment, and fibrosis was clearly
established in the context of venous thrombosis (65). Taken
together, the inflammatory cell data suggests that
inflammation is important for thrombus organization and
recanalization, with neutrophils setting the early stage for
later monocyte activity.

9.1. Neutrophil extracellular traps (NETs)

Of recent interest is the role of Neutrophil
Extracellular Traps (NETs) in acute inflammation. In
addition to their phagocytic and bactericidal functions,
activated neutrophils have been shown to release chromatin
DNA and histone containing granular antimicrobial
proteins which form extracellular matrices or traps (126).
The mechanisms regarding neutrophil cell death and the
formation of NETs appear to be separate from apoptosis
and necrosis and appear to rely upon the formation of
intracellular reactive oxygen species (127). NETs have
been shown to kill bacteria, fungi, and parasites while
forming a microbial containment barrier (128, 129). NETs
have been reported to form in the vasculature during sepsis
and in inflammatory non-infectious disease states such as
small-vessel vasculitis (130, 131).

In collaboration with Fuchs et al we
demonstrated that neutrophil extracellular DNA traps
(NETS) were associated with deep venous thrombosis
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when using an experimental baboon model of occlusive
balloon induced iliac deep vein thrombosis (132). Plasma
DNA samples collected at baseline were significantly lower
than plasma DNA samples collected at two and six days
post-DVT (p<0.01) (132). Furthermore, the rise in plasma
DNA kinetics was similar to our previous findings of
plasma D-dimers in the same experimental model (44). In
addition to plasma DNA, histologic samples of iliac veins
(6 days post-DVT) and controls were stained using an
antibody directed towards DNA histone complexes (nuclear
origin) and evaluated for the presence of DNA nuclei and
extracellular DNA or NETs. Affected vessels
demonstrated punctate staining of nuclear DNA and diffuse
staining of extracellular DNA compared to controls.
Furthermore, immunocolocalization of VWF strings were
dispersed within the DNA core and between the DNA core
and the vessel wall (132). These are the first reported
results demonstrating that markers of NETs were present in
both the plasma and thrombus using a baboon model of
deep venous thrombosis. These results provide early
evidence regarding the interactions and roles of NETs
(DNA and histones), vWF, and platelet binding in venous
thrombosis.

10. BIOMARKERS
THROMBOSIS

FOR DEEP VENOUS

Clinical signs and duplex ultrasound are currently
utilized to diagnose deep venous thrombosis. At this time
there is no single biomarker that has been shown to
definitively  verify the presence of a venous
thromboembolism. D-dimers are a byproduct of fibrin
degradation upon activation of the fibrinolytic pathway.
Due to their high sensitivity, D-dimer assays have been
utilized as an adjunct to current diagnostic therapy to rule
out the presence of venous thromboembolism (133, 134).
Unlike their high sensitivity (96%) and negative predictive
value (95%), D-dimers were shown to have a poor
specificity (40%) and low positive predictive value (48%)
for deep venous thrombosis compared to venography (135).
As aresult, D-dimer assays, when used alone, are not likely
to replace the current diagnostic standard of duplex
ultrasound evaluation to confirm deep venous thrombosis.
A logistic regression dichotomous model showed a
sensitivity of 73%, specificity of 81%, and accuracy of
77% when D-dimers, P-selectin, and microparticle levels
were evaluated simultaneously to distinguish DVT
(confirmed by duplex ultrasound) from symptomatic non-
DVT patients (negative on duplex ultrasound) (136).

Increased levels of vWF are a known risk factor
for VTE (137) and a study by Smith et al. showed that the
syntaxin binding protein 5 (STXBP5) gene, which is
thought to be associated with vWF:Ag levels, was
associated with VTE risk in a population of human patients
and may be useful in the future as a potential screening tool
(138).

C-reactive protein (CRP) is an acute phase
protein that has been shown to influence various factors
associated with the development of vascular disease,
including cytokine levels and leukocyte adhesion (40).
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Soluble P-selectin (sP-sel) has been shown to increase
microparticle production as well as leukocyte adhesion (39,
40). Finally, a study by Wang ef al. in a mouse model of
endotoxemia revealed that TF-positive microparticle levels
were predictive for the risk for the development of
disseminated intravascular coagulation, and therefore
possibly for other vascular disorders (139). These soluble
factors have potential future use as biomarkers for vascular
disease but require additional research effort to document
their efficacy.

Human patients with stable angina were shown to
have up-regulation of platelet P-selectin (CD62P), PM-
Agg, and monocyte CD11b and that these markers were
correlated with degree of coronary artery stenosis (140).
Therefore, further investigation of their predictive role in
other vascular diseases is warranted.

Additional biomarkers and proteins such as
thrombin, interleukins, and fibrin monomers and their
utility as biomakers for venous thromboembolism are
summarized by Barnes ef al. (141). Another avenue worth
exploring is assessing the proportion of total neutrophil-
dervied microparticles expressing activated Mac-1
(integrin) as a potential biomarker for pathological
inflammation and potential VTE occurrence (142).

11. THROMBOLYTICS

Thrombolytic agents work on a different arm of
the coagulation cascade than the traditional anti-
coagulation medications (e.g. warfarin, LMWH). They act
on the fibrinolytic system by promoting the activation of
plasminogen to plasmin which in turn breaks down fibrin
and fibrinogen. The currently available thrombolytic
agents include streptokinase, tissue plasminogen activator
(tPA), and urokinase-type plasminogen activator (uPA).
These medications may be administered systemically or
directly at the site of the thrombus via a catheter, although
the latter administration route is the most common as
systemic administration may not allow therapeutic levels to
be reached at the site of the thrombus and may lead to an
increased bleeding risk (143).

Catheter directed therapy involves placement of a
catheter directly at the site of the thrombus followed by
infusion of the thrombolytic agent (144). This allows for
thrombus dissolution by both a mechanical and
pharmacological means. The use of the procedure can be
helpful to prevent postthrombotic syndrome and improve
patient outcome, when compared to traditional anti-
coagulants, as it helps restore vessel patency as well as
removing the thrombus from the valves of the vein (145).

A multicenter study evaluated the outcome of
catheter-directed thrombolysis using urokinase in patients
with documented lower-limb DVT (144). Major bleeding
complications occurred in 11% of patients with the most
common location being the site of catheter insertion.
Marked lysis (50-100%) occurred in 83% of patients with a
59.7% cumulative patency rate at 12 months post-infusion.
This study demonstrated the effectiveness of cathether-
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directed thrombolysis in a large population of human
patients. Another human study evaluated the effectiveness
of urokinase infusion via catheter in patients with
documented iliofemoral DVT (33). The overall technical
success rate was 79% and it was noted that efficacy of
thrombolytic therapy decreased as thrombus age increased.
Sillesen et al. investigated the results of rt-PA infusion via
cathter in patients with acute iliofemoral DVT (146).
Thrombus lysis occurred in 93% of patients and none of
these individuals experienced restenosis by 24 months post-
infusion. Only 4% of treated patients developed valvular
reflux so it appeared that this therapy was effective in
preserving valvular function post-DVT.

Konstantinides et al. evaluated outcome after
infusion of either rt-PA, streptokinase, or uPA in patients
with confirmed pulmonary embolism (PE) (147). Patients
that received thrombolytic therapy had a lower mortality
rate (4.7% vs. 11.1%) and lower rate of PE recurrence
(7.7% vs. 18.7%) than patients who received heparin
therapy. However, patients that received thrombolytic
therapy did have a higher occurrence of major bleeding
episodes (21.9% vs. 7.8%).

These studies demonstrate the efficacy of
thrombolytic therapy in dissolution of thrombi along
improved clinical outcome in carefully selected patient
populations with episodes of DVT or PE.

12. NOVEL MOUSE MODELS OF DEEP VENOUS
THROMBOSIS

The mouse possesses unique physiological and
genetic characteristics that make it an extremely useful tool
to evaluate venous thrombosis. Currently there are no
reported mouse models that spontanecously develop deep
venous thrombosis, yet several experimental models exist
for DVT research including: photochemical (148), stasis
(36, 149, 150), electrolytic stasis (151), IVC stenosis (152),
and mechanical trauma (153, 154). Day et al. provides a
review of the current options (155).

The IVC photochemical injury model uses Rose
Bengal dye activated by a green light laser (540 nm) for 15
minutes (155, 156). This technique produces a subtle
endothelial injury that activates the vascular endothelium,
but produces inconsistent thrombosis (authors’ personal
communication, 9-1-09 DDM).

The majority of our research is performed using
the stasis (ligation) mouse model of DVT in which the
inferior vena cave is ligated with a non-reactive suture
directly below the renal veins to produce complete blood
stasis (36, 41, 149, 155, 157). In this model, the IVC yields
quantifiable amounts of vein wall tissue and thrombus. In
addition, the ligation model can be utilized to evaluate
interactions between the vein wall and the occlusive
thrombus and to assess the progression from acute to
chronic inflammation. The major disadvantage with the
stasis model is that the lack of blood flow inhibits the
maximal effect of administered systemic therapeutic agents
at the site of the thrombus and vein wall.
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Venous thrombogenesis can be evaluated in a
temporal fashion using a murine femoral vein electrical
stimulation thrombus model (151). Thrombosis is induced
at the site of the electrode and grows in a sequential
fashion. Cooley et al. (151) speculated that thrombus
formation in their model is the result of either direct
electrical injury (resistance heating) or a free radical
induced injury to the vein wall. When compared to IVC
thrombosis models, the main limitation of this model is the
small yield of thrombus and vein wall mass available for
protein and gene expression analysis.

In the mouse stenosis model a silk ligature is
placed around the IVC and tied down on a piece of 5-0
Prolene® which is then removed to reduce blood flow.
This reduction in blood flow when combined with
temporary endothelial compression with hemoclips,
produces a laminar thrombus allowing the study of cellular
kinetics and effects of therapeutic agents (152, 158).
Although technically simple, easily reproducible and
delivers a large sample, the degree of stenosis is
inconsistent with constant variations in thrombi sizes

The mechanical injury model measures the
kinetics of temporal thrombus growth and resolution in the
femoral vein. This model uses an external mechanical
force to damage the endothelium while fiber optic
technology is used to trans-illuminate the vein to visualize
and record thrombosis. One disadvantage is that this model
only allows studying of early stages of thrombosis. In
addition, this model is expensive since specialized optical
equipment is required to visualize thrombus generation and
resolution (153, 154, 159).

The Electrolytic Inferior Vena Cava Model
(EIM) is a new mouse model of DVT recently published by
Diaz et al. (160). In this model, a 25G stainless-steel
needle, attached to a silver coated copper wire (KY-30-1-
GRN, Electrospec, Dover, NJ), is inserted into the exposed
caudal IVC, and positioned against the anterior wall
(anode). Another wire is implanted subcutaneously
completing the circuit (cathode). A current of 250 pAmps
over 15 minutes was applied using a Grass S48 square
wave stimulator and a constant current unit (Grass
Technologies, An Astro-Med, Inc., West Warwick, RI).
The direct current results in the formation of toxic products
of electrolysis that activates the endothelial surface of the
IVC promoting a thrombogenic environment and
subsequent thrombus formation. This new model is the
first IVC thrombosis mouse model that consistently
produces thrombosis in a venous thrombus formation
fashion, giving enough amount of sample per mice to study
thrombogenesis, thrombus resolution and pharmacologic
applications in the field of venous thrombosis. Importantly,
our lab has demonstrated that heat does not participate in
thrombus formation in the EIM model. This is important
information because heat applied to the vein wall will
inevitably lead to protein denaturation. Thus, while
Cooley’s model induces DVT in the femoral vein (151),
our EIM model induces DVT formation in the IVC with the
expected larger thrombus size, which ultimately allows
obtaining larger samples (vein wall and thrombus) for
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research assays minimizing the number of animals required
per study.

13. SUMMARY

There are important differences between venous and
arterial thrombosis. For example, thrombi in the venous
circulation are associated with a significant inflammatory
response, while such a response is much less prominent in
the arterial circulation. Previous research done by our
laboratory suggests that selectins are important in stasis-
induced venous thrombosis. Modulation of selectins
effectively decreases the formation of venous thrombus in
stasis-induced animal models. Of interest, our recent work
evaluating the procoagulant effects of microparticles shows
that specific drug therapies can influence the number and
type of microparticle in the circulation. = However,
additional research is needed to define the factors
regulating inflammation and thrombosis. Understanding
the mechanisms of inflammation-induced thrombosis may
lead to the development of new pharmacological
interventions  targeted at modulating thrombosis.
Additionally, understanding more fully the differences
between venous and arterial thrombosis will allow for
targeted therapies; in other words, anticoagulants likely
need to be developed specifically for arterial and venous
thrombosis.

13. REFERENCES

1. C. S. Kitchens: How 1 treat superficial venous
thrombosis. Blood, 117 (1), 39-44 (2011)

2. R. Virchow: Gessamelte Abhandlungen zur
Wissenschaftlichen Medicin. A M Von Meidinger Sohn,
Frankfurt (1856)

3. G. J. Stewart, W. G. Ritchie and P. R. Lynch: Venous
endothelial damage produced by massive sticking and
emigration of leukocytes. Am J Pathol, 74 (3), 507-32
(1974)

4. H. Cai and D. G. Harrison: Endothelial dysfunction in
cardiovascular diseases: the role of oxidant stress. Circ Res,
87 (10), 840-4 (2000)

5. R.J. Bisoendial, M. Levi, P. P. Tak and E. S. Stroes: The
prothrombotic state in rheumatoid arthritis: an additive risk
factor for adverse cardiovascular events. Semin Thromb
Hemost, 36 (4), 452-7 (2010)

6. M. La Regina, A. Y. Gasparyan, F. Orlandini and D.
Prisco: Behcet's Disease as a Model of Venous
Thrombosis. Open Cardiovasc Med J, 4, 71-7 (2010)

7. M. A. Gimbrone, Jr..: Vascular endothelium: an
integrator of pathophysiologic stimuli in atherosclerosis.
Am J Cardiol, 75 (6), 67B-70B (1995)

8. R. Altman: Risk factors in coronary atherosclerosis
athero-inflammation: the meeting point. Thromb J, 1 (1), 4
(2003)

631

9. J. Bech-Laursen, M. Somers, S. Kurz, A. Warnholtz, L.
McCXann, B. Freeman, M. Tarpley, T. Fukai and D.
Harrison: Endothelial regulation of vasomotion in Apo (E)-
deficient mice: implications for interactions between per-
oxynitrite and tetrahydrobiopterin. Circulation, 103 (9),
1282-1288 (2001)

10. J. Loscalzo: Nitric oxide insufficiency, platelet
activation, and arterial thrombosis. Circ Res, 88 (8), 756-62
(2001)

11. P. O. Bonetti, L. O. Lerman and A. Lerman:
Endothelial dysfunction: a marker of atherosclerotic risk.
Arterioscler Thromb Vasc Biol, 23 (2), 168-75 (2003)

12. M. Levi, E. de Jonge, T. van der Poll and H. ten Cate:
Disseminated intravascular coagulation. Thromb Haemost,
82 (2), 695-705 (1999)

13. P. R. Moreno, V. H. Bernardi, J. Lopez-Cuellar, A. M.
Murcia, I. F. Palacios, H. K. Gold, R. Mehran, S. K.
Sharma, Y. Nemerson, V. Fuster and J. T. Fallon:
Macrophages, smooth muscle cells, and tissue factor in
unstable  angina.  Implications for cell-mediated
thrombogenicity in acute coronary syndromes. Circulation,
94 (12), 3090-7 (1996)

14. A. N. DeMaria: Relative risk of cardiovascular events
in patients with rheumatoid arthritis. Am J Cardiol, 89
(6A), 33D-38D (2002)

15. R. J. Shebuski and K. S. Kilgore: Role of inflammatory
mediators in thrombogenesis. J Pharmacol Exp Ther, 300
(3), 729-35 (2002)

16.J. A. Heit, A. T. Cohen, F. A. Anderson and V. T. E. 1.
A. G. on Behalf of the: Estimated Annual Number of
Incident and Recurrent, Non-Fatal and Fatal Venous
Thromboembolism (VTE) Events in the US. 4ASH Annual
Meeting Abstracts, 106 (11), 910-910 (2005)

17. J. A. Heit, T. M. Petterson, S. A. Farmer, K. R. Bailey
and L. J. Melton: Trends in the Incidence of Deep Vein
Thrombosis and Pulmonary Embolism: A 35-Year
Population-Based Study. ASH Annual Meeting Abstracts,
108 (11), 1488-1488 (2006)

18. W. W. Coon: Epidemiology of venous
thromboembolism. Ann Surg, 186 (2), 149-64 (1977)

19. F. A. Anderson, Jr., H. B. Wheeler, R. J. Goldberg, D.
W. Hosmer, N. A. Patwardhan, B. Jovanovic, A. Forcier
and J. E. Dalen: A population-based perspective of the
hospital incidence and case-fatality rates of deep vein
thrombosis and pulmonary embolism. The Worcester DVT
Study. Arch Intern Med, 151 (5), 933-8 (1991)

20. J. A. Heit, M. D. Silverstein, D. N. Mohr, T. M.
Petterson, C. M. Lohse, W. M. O'Fallon and L. J. Melton,
3rd: The epidemiology of venous thromboembolism in the
community. Thromb Haemost, 86 (1), 452-63 (2001)



Inflammation and thrombosis

21. M. D. Silverstein, J. A. Heit, D. N. Mohr, T. M.
Petterson, W. M. O'Fallon and L. J. Melton, 3rd: Trends in
the incidence of deep vein thrombosis and pulmonary
embolism: a 25-year population-based study. Arch Intern
Med, 158 (6), 585-93 (1998)

22. M. C. Proctor and L. J. Greenfield: Pulmonary
embolism:  diagnosis, incidence and implications.
Cardiovasc Surg, 5 (1), 77-81 (1997)

23. R. D. Hull, G. F. Pineo and G. E. Raskob: The
economic impact of treating deep vein thrombosis with
low-molecular-weight heparin: outcome of therapy and
health economy aspects. Haemostasis, 28 Suppl 3, 8-16
(1998)

24. E. Bernardi, P. Bagatella, M. Frulla, P. Simioni and P.
Prandoni: Postthrombotic syndrome: incidence, prevention,
and management. Seminars in Vascular Medicine, 1 (1),
71-80 (2001)

25. P. K. Henke and A. J. Comerota: An update on
etiology, prevention, and therapy of postthrombotic
syndrome. Journal of Vascular Surgery: Olfficial
Publication, the Society for Vascular Surgery (and)
International Society for Cardiovascular Surgery, North
American Chapter, 53 (2), 500-509 (2011)

26. T. W. Wakefield, R. M. Strieter, M. R. Prince, L. J.
Downing and L. J. Greenfield: Pathogenesis of venous
thrombosis: a new insight. Cardiovasc Surg, 5 (1), 6-15
(1997)

27. D. R. Danilenko-Dixon, J. A. Heit, M. D. Silverstein,
B. P. Yawn, T. M. Petterson, C. M. Lohse and L. J. Melton:
Risk factors for deep vein thrombosis and pulmonary
embolism during pregnancy or post partum: a population-
based, case-control study. American Journal of Obstetrics
and Gynecology, 184 (2), 104-110 (2001)

28. C. M. Alvarado, J. A. Diaz, A. E. Hawley, S. K.
Wrobleski, R. E. Sigler and D. D. Myers: Male mice have
increased thrombotic potential: Sex differences in a mouse
model of venous thrombosis. Thrombosis Research (2011)

29. M. D. Silverstein, J. A. Heit, D. N. Mohr, T. M.
Petterson, W. M. O'Fallon and L. J. Melton: Trends in the
incidence of deep vein thrombosis and pulmonary
embolism: a 25-year population-based study. Archives of
Internal Medicine, 158 (6), 585-593 (1998)

30. J. A. Heit, M. D. Silverstein, D. N. Mohr, T. M.
Petterson, W. M. O'Fallon and L. J. Melton: Risk factors
for deep vein thrombosis and pulmonary embolism: a
population-based case-control study. Archives of Internal
Medicine, 160 (6), 809-815 (2000)

31. J. A. Heit, W. M. O'Fallon, T. M. Petterson, C. M.
Lohse, M. D. Silverstein, D. N. Mohr and L. J. Melton:
Relative impact of risk factors for deep vein thrombosis
and pulmonary embolism: a population-based study.
Archives of Internal Medicine, 162 (11), 1245-1248 (2002)

632

32. A. P. McDonald, T. R. Meier, A. E. Hawley, J. N.
Thibert, D. M. Farris, S. K. Wrobleski, P. K. Henke, T. W.
Wakefield and D. D. Myers, Jr.: Aging is associated with
impaired thrombus resolution in a mouse model of stasis
induced thrombosis. Thromb Res, 125 (1), 72-8 (2010)

33. H. Bjarnason, J. R. Kruse, D. A. Asinger, G. K.
Nazarian, C. A. Dietz, M. D. Caldwell, N. S. Key, A. T.
Hirsch and D. W. Hunter: Iliofemoral deep venous
thrombosis: safety and efficacy outcome during 5 years of
catheter-directed thrombolytic therapy. Journal of Vascular
and Interventional Radiology: JVIR, 8 (3), 405-418 (1997)

34. J. A. Heit, C. E. Kobbervig, A. H. James, T. M.
Petterson, K. R. Bailey and L. J. Melton: Trends in the
incidence of venous thromboembolism during pregnancy or
postpartum: a 30-year population-based study. Annals of
Internal Medicine, 143 (10), 697-706 (2005)

35. 1. Hrachovinova, B. Cambien, A. Hafezi-Moghadam, J.
Kappelmayer, R. T. Camphausen, A. Widom, L. Xia, H. H.
Kazazian, Jr., R. G. Schaub, R. P. McEver and D. D.
Wagner: Interaction of P-selectin and PSGL-1 generates
microparticles that correct hemostasis in a mouse model of
hemophilia A. Nat Med, 9 (8), 1020-5 (2003)

36. D. Myers, Jr., D. Farris, A. Hawley, S. Wrobleski, A.
Chapman, L. Stoolman, R. Knibbs, R. Strieter and T.
Wakefield: Selectins influence thrombosis in a mouse
model of experimental deep venous thrombosis. J Surg Res,
108 (2), 212-21 (2002)

37. V. V. Sullivan, A. E. Hawley, D. M. Farris, B. S.
Knipp, A. J. Varga, S. K. Wrobleski, P. Thanapron, M. J.
Eagleton, D. D. Myers, J. B. Fowlkes and T. W. Wakefield:
Decrease in fibrin content of venous thrombi in selectin-
deficient mice. J Surg Res, 109 (1), 1-7 (2003)

38. V. Evangelista, Z. Pamuklar, A. Piccoli, S. Manarini,
G. Dell'Elba, R. Pecce, N. Martelli, L. Federico, M. Rojas,
G. Berton, C. A. Lowell, L. Totani and S. S. Smyth: Src
family kinases mediate neutrophil adhesion to adherent
platelets. Blood, 109 (6), 2461-2469 (2007)

39. P. Andre, D. Hartwell, I. Hrachovinova, S. Saffaripour
and D. D. Wagner: Pro-coagulant state resulting from high
levels of soluble P-selectin in blood. Proc Natl Acad Sci U
S 4,97 (25), 13835-40 (2000)

40. K. J. Woollard: Soluble bio-markers in vascular
disease: much more than gauges of disease? Clinical and
Experimental Pharmacology and Physiology, 32 (4), 233-
240 (2005)

41. D. D. Myers, Jr., J. E. Rectenwald, P. W. Bedard, N.
Kaila, G. D. Shaw, R. G. Schaub, D. M. Farris, A. E.
Hawley, S. K. Wrobleski, P. K. Henke and T. W.
Wakefield: Decreased venous thrombosis with an oral
inhibitor of P selectin. J Vasc Surg, 42 (2), 329-36 (2005)

42. D. D. Myers, Jr., P. K. Henke, P. W. Bedard, S. K.
Wrobleski, N. Kaila, G. Shaw, T. R. Meier, A. E. Hawley,



Inflammation and thrombosis

R. G. Schaub and T. W. Wakefield: Treatment with an oral
small molecule inhibitor of P selectin (PSI-697) decreases
vein wall injury in a rat stenosis model of venous
thrombosis. J Vasc Surg, 44 (3), 625-32 (2006)

43. D. D. Myers, Jr., S. K. Wrobleski, C. Longo, P. W.
Bedard, N. Kaila, G. D. Shaw, F. J. Londy, S. E. Rohrer, B.
A. Fex, P. J. Zajkowski, T. R. Meier, A. E. Hawley, D. M.
Farris, N. E. Ballard, P. K. Henke, R. G. Schaub and T. W.
Wakefield: Resolution of venous thrombosis using a novel
oral small-molecule inhibitor of P-selectin (PSI-697)
without anticoagulation. Thromb Haemost, 97 (3), 400-7
(2007)

44. T. R. Meier, D. D. Myers, Jr., S. K. Wrobleski, P. J.
Zajkowski, A. E. Hawley, P. W. Bedard, N. E. Ballard, F.
J. Londy, N. Kaila, G. P. Vlasuk, R. G. Schaub and T. W.
Wakefield: Prophylactic P-selectin inhibition with PSI-421
promotes resolution of venous thrombosis without
anticoagulation. Thromb Haemost, 99 (2), 343-51 (2008)

45. A. D. Keefe and R. G. Schaub: Aptamers as candidate
therapeutics for cardiovascular indications. Current
Opinion in Pharmacology, 8 (2), 147-152 (2008)

46. D. R. Gutsaeva, J. B. Parkerson, S. D. Yerigenahally, J.
C. Kurz, R. G. Schaub, T. Ikuta and C. A. Head: Inhibition
of cell adhesion by anti-P-selectin aptamer: a new potential
therapeutic agent for sickle cell disease. Blood, 117 (2),
727-735 (2011)

47. J. Chang, J. T. Patton, A. Sarkar, B. Ernst, J. L.
Magnani and P. S. Frenette: GMI-1070, a novel pan-
selectin antagonist, reverses acute vascular occlusions in
sickle cell mice. Blood, 116 (10), 1779-1786 (2010)

48. E. Ramacciotti, D. D. Myers, Jr., S. K. Wrobleski, K. B.
Deatrick, F. J. Londy, J. E. Rectenwald, P. K. Henke, R. G.
Schaub and T. W. Wakefield: P-selectin/ PSGL-1 inhibitors
versus enoxaparin in the resolution of venous thrombosis: a
meta-analysis. Thromb Res, 125 (4), €138-42 (2010)

49. H. 1. Hassouna: Laboratory evaluation of hemostatic
disorders. Hematology/Oncology Clinics of North America,
7 (6), 1161-1249 (1993)

50. G. Palareti, B. Cosmi, C. Legnani, A. Tosetto, C. Brusi,
A. Torio, V. Pengo, A. Ghirarduzzi, C. Pattacini, S. Testa,
A. W. A. Lensing and A. Tripodi: D-dimer testing to
determine the duration of anticoagulation therapy. The New
England Journal of Medicine, 355 (17), 1780-1789 (2006)

51. F. Paganelli, M. C. Alessi, P. Morange, J. M. Maixent,
S. Lévy and I. J. Vague: Relationship of plasminogen
activator inhibitor-1 levels following thrombolytic therapy
with rt-PA as compared to streptokinase and patency of
infarct related coronary artery. Thrombosis and
Haemostasis, 82 (1), 104-108 (1999)

52. J. K. Hennan, H. Elokdah, M. Leal, A. Ji, G. S.
Friedrichs, G. A. Morgan, R. E. Swillo, T. M. Antrilli, A.
Hreha and D. L. Crandall: Evaluation of PAI-039 ({1-

633

benzyl-5- (4- (trifluoromethoxy)phenyl)-1H-indol-3-yl}
(oxo)acetic acid), a novel plasminogen activator inhibitor-1
inhibitor, in a canine model of coronary artery thrombosis.
J Pharmacol Exp Ther, 314 (2), 710-6 (2005)

53. S. Baxi, D. L. Crandall, T. R. Meier, S. Wrobleski, A.
Hawley, D. Farris, H. Elokdah, R. Sigler, R. G. Schaub, T.
Wakefield and D. Myers: Dose-dependent thrombus
resolution due to oral plaminogen activator inhibitor (PAI)-
1 inhibition with tiplaxtinin in a rat stenosis model of
venous thrombosis. Thromb Haemost, 99 (4), 749-58
(2008)

54. G. Lippi, M. Franchini, G. L. Salvagno, M.
Montagnana, G. Poli and G. C. Guidi: Correlation between
von Willebrand factor antigen, von Willebrand factor
ristocetin cofactor activity and factor VIII activity in
plasma. J Thromb Thrombolysis, 26 (2), 150-3 (2008)

55. D. D. Wagner, J. B. Olmsted and V. J. Marder:
Immunolocalization of von Willebrand protein in Weibel-
Palade bodies of human endothelial cells. J Cell Biol, 95
(1), 355-60 (1982)

56.J. E. Sadler, T. Matsushita, Z. Dong, E. A. Tuley and L.
A. Westfield: Molecular mechanism and classification of
von Willebrand disease. Thromb Haemost, 74 (1), 161-6
(1995)

57. W. Bergmeier, A. K. Chauhan and D. D. Wagner:
Glycoprotein Ibalpha and von Willebrand factor in primary
platelet adhesion and thrombus formation: lessons from
mutant mice. Thromb Haemost, 99 (2), 264-70 (2008)

58. A. K. Chauhan, J. Kisucka, C. B. Lamb, W. Bergmeier
and D. D. Wagner: von Willebrand factor and factor VIII
are independently required to form stable occlusive thrombi
in injured veins. Blood, 109 (6), 2424-9 (2007)

59. H. M. Tsai, Sussman, II and R. L. Nagel: Shear stress
enhances the proteolysis of von Willebrand factor in
normal plasma. Blood, 83 (8), 2171-9 (1994)

60. M. Furlan, R. Robles and B. Lammle: Partial
purification and characterization of a protease from human
plasma cleaving von Willebrand factor to fragments
produced by in vivo proteolysis. Blood, 87 (10), 4223-34
(1996)

61. Z. M. Ruggeri: Von Willebrand factor, platelets and
endothelial cell interactions. J Thromb Haemost, 1 (7),
1335-42 (2003)

62. J. M. Cosemans, S. E. Schols, L. Stefanini, S. de Witt,
M. A. Feijge, K. Hamulyak, H. Deckmyn, W. Bergmeier
and J. W. Heemskerk: Key role of glycoprotein Ib-V-IX
and von Willebrand factor in platelet activation-dependent
fibrin formation at low shear flow. Blood, 117 (2), 651-60
(2011)

63. D. Myers, D. Farris, A. Hawley, S. Wrobleski, A.
Chapman, L. Stoolman, R. Knibbs, R. Strieter and T.



Inflammation and thrombosis

Wakefield: Selectins influence thrombosis in a mouse
model of experimental deep venous thrombosis. The
Journal of Surgical Research, 108 (2), 212-221 (2002)

64. D. D. Wagner and P. S. Frenette: The vessel wall
and its interactions. Blood, 111 (11), 5271-5281 (2008)

65. B. M. Wojcik, S. K. Wrobleski, A. E. Hawley, T. W.
Wakefield, D. D. Myers and J. A. Diaz: Interleukin-6: a
potential target for post-thrombotic syndrome. Annals of
Vascular Surgery, 25 (2), 229-239 (2011)

66. C. T. Esmon: Crosstalk between inflammation and
thrombosis. Maturitas, 61 (1-2), 122-131 (2008)

67. P. Andre, K. S. Prasad, C. V. Denis, M. He, J. M.
Papalia, R. O. Hynes, D. R. Phillips and D. D. Wagner:
CDA40L stabilizes arterial thrombi by a beta3 integrin--
dependent mechanism. Nat Med, 8 (3), 247-52 (2002)

68. P. K. Henke, L. A. DeBrunye, R. M. Strieter, J. S.
Bromberg, M. Prince, A. M. Kadell, M. Sarkar, F.
Londy and T. W. Wakefield: Viral IL-10 gene transfer
decreases inflammation and cell adhesion molecule
expression in a rat model of venous thrombosis. Journal
of Immunology (Baltimore, Md.: 1950), 164 (4), 2131-
2141 (2000)

69. K. G. Mann, C. van't Veer, K. Cawthern and S.
Butenas: The role of the tissue factor pathway in
initiation of coagulation. Blood Coagul Fibrinolysis, 9
Suppl 1, S3-7 (1998)

70. Y. Nemerson: Tissue factor and hemostasis. Blood,
71 (1), 1-8 (1988)

71. T. J. Girard, L. A. Warren, W. F. Novotny, K. M.
Likert, S. G. Brown, J. P. Miletich and G. J. Broze:
Functional significance of the Kunitz-type inhibitory
domains of lipoprotein-associated coagulation inhibitor.
Nature, 338 (6215), 518-520 (1989)

72. N. Mackman: Role of tissue factor in hemostasis,
thrombosis, and vascular development. Arterioscler
Thromb Vasc Biol, 24 (6), 1015-22 (2004)

73. P. L. Giesen, U. Rauch, B. Bohrmann, D. Kling, M.
Roque, J. T. Fallon, J. J. Badimon, J. Himber, M. A.
Riederer and Y. Nemerson: Blood-borne tissue factor:
another view of thrombosis. Proc Natl Acad Sci U S A,
96 (5), 2311-5 (1999)

74. U. Rauch and Y. Nemerson: Tissue factor, the
blood, and the arterial wall. Trends Cardiovasc Med, 10
(4), 139-43 (2000)

75. N. S. Key, A. Slungaard, L. Dandelet, S. C. Nelson,
C. Moertel, L. A. Styles, F. A. Kuypers and R. R. Bach:
Whole blood tissue factor procoagulant activity is
elevated in patients with sickle cell disease. Blood, 91
(11), 4216-23 (1998)

634

76. R. Nieuwland, R. J. Berckmans, R. C. Rotteveel-
Eijkman, K. N. Maquelin, K. J. Roozendaal, P. G. Jansen,
K. ten Have, L. Eijsman, C. E. Hack and A. Sturk: Cell-
derived microparticles generated in patients during
cardiopulmonary  bypass are highly procoagulant.
Circulation, 96 (10), 3534-41 (1997)

77. K. Joop, R. J. Berckmans, R. Nieuwland, J. Berkhout,
F. P. Romijn, C. E. Hack and A. Sturk: Microparticles from
patients with multiple organ dysfunction syndrome and
sepsis support coagulation through multiple mechanisms.
Thromb Haemost, 85 (5), 810-20 (2001)

78. Z. Mallat, B. Hugel, J. Ohan, G. Leseche, J. M.
Freyssinet and A. Tedgui: Shed membrane microparticles
with procoagulant potential in human atherosclerotic
plaques: a role for apoptosis in plaque thrombogenicity.
Circulation, 99 (3), 348-53 (1999)

79. M. Diamant, R. Nieuwland, R. F. Pablo, A. Sturk, J. W.
Smit and J. K. Radder: Elevated numbers of tissue-factor
exposing microparticles correlate with components of the
metabolic syndrome in uncomplicated type 2 diabetes mellitus.
Circulation, 106 (19), 2442-7 (2002)

80. S. M. Day, J. L. Reeve, B. Pedersen, D. M. Farris, D. D.
Myers, M. Im, T. W. Wakefield, N. Mackman and W. P. Fay:
Macrovascular thrombosis is driven by tissue factor derived
primarily from the blood vessel wall. Blood, 105 (1), 192-8
(2005)

81. C. T. Esmon: Role of coagulation inhibitors in
inflammation. Thromb Haemost, 86 (1), 51-6 (2001)

82. E. F. Grabowski and F. P. Lam: Endothelial cell function,
including tissue factor expression, under flow conditions.
Thromb Haemost, 74 (1), 123-8 (1995)

83. M. Ermofsson and A. Siegbahn: Platelet-derived growth
factor-BB and monocyte chemotactic protein-1 induce human
peripheral blood monocytes to express tissue factor. Thromb
Res, 83 (4), 307-20 (1996)

84. R. Pawlinski and N. Mackman: Cellular sources of tissue
factor in endotoxemia and sepsis. Thrombosis Research, 125
(Supplement 1), S70-S73-S70-S73 (2010)

85. N. Mackman, R. E. Tilley and N. S. Key: Role of the
Extrinsic Pathway of Blood Coagulation in Hemostasis and
Thrombosis. Arterioscler Thromb Vasc Biol, 27 (8), 1687-
1693 (2007)

86. B. Osterud and E. Bjerklid: Sources of tissue factor.
Seminars in Thrombosis and Hemostasis, 32 (1), 11-23 (2006)

87. U. Rauch, D. Bonderman, B. Bohrmann, J. J. Badimon, J.
Himber, M. A. Riederer and Y. Nemerson: Transfer of tissue
factor from leukocytes to platelets is mediated by CD15 and
tissue factor. Blood, 96 (1), 170-5 (2000)

88. B. Furie, B. C. Furie and R. Flaumenhaft: A journey with
platelet P-selectin: the molecular basis of granule secretion,



Inflammation and thrombosis

signalling and cell adhesion. Thromb Haemost, 86 (1), 214-
21 (2001)

89. M. S. Goel and S. L. Diamond: Neutrophil
enhancement of fibrin deposition under flow through
platelet-dependent  and  -independent  mechanisms.
Arterioscler Thromb Vasc Biol, 21 (12), 2093-8 (2001)

90. P. S. Frenette, C. V. Denis, L. Weiss, K. Jurk, S.
Subbarao, B. Kehrel, J. H. Hartwig, D. Vestweber and D.
D. Wagner: P-Selectin glycoprotein ligand 1 (PSGL-1) is
expressed on platelets and can mediate platelet-endothelial
interactions in vivo. J Exp Med, 191 (8), 1413-22 (2000)

91. V. E. Armstead, A. G. Minchenko, R. Scalla and A. M.
Lefer: Pulmonary tissue factor mRNA expression during
murine traumatic shock: effect of P-selectin blockade.
Shock, 15 (4), 323-6 (2001)

92. C. Vidal, C. Spaulding, F. Picard, F. Schaison, J. Melle,
S. Weber and M. Fontenay-Roupie: Flow cytometry
detection of platelet procoagulation activity and
microparticles in patients with unstable angina treated by
percutaneous coronary angioplasty and stent implantation.
Thromb Haemost, 86 (3), 784-90 (2001)

93. N. A. Swords, P. B. Tracy and K. G. Mann: Intact
platelet membranes, not platelet-released microvesicles,
support the procoagulant activity of adherent platelets.
Arterioscler Thromb, 13 (11), 1613-22 (1993)

94. D. Kirchhofer, T. B. Tschopp, B. Steiner and H. R.
Baumgartner: Role of collagen-adherent platelets in
mediating fibrin formation in flowing whole blood. Blood,
86 (10), 3815-22 (1995)

95. A. Celi, G. Pellegrini, R. Lorenzet, A. De Blasi, N.
Ready, B. C. Furie and B. Furie: P-selectin induces the
expression of tissue factor on monocytes. Proc Natl Acad
Sci US 4,91 (19), 8767-71 (1994)

96. J. M. Walenga, W. P. Jeske and H. L. Messmore:
Mechanisms of venous and arterial thrombosis in heparin-
induced thrombocytopenia. J Thromb Thrombolysis, 10
Suppl 1, 13-20 (2000)

97. M. Mesri and D. C. Altieri: Endothelial cell activation
by leukocyte microparticles. J Immunol, 161 (8), 4382-7
(1998)

98. M. Mesri and D. C. Altieri: Leukocyte microparticles
stimulate endothelial cell cytokine release and tissue factor
induction in a JNK1 signaling pathway. J Biol Chem, 274
(33),23111-8 (1999)

99. C. M. Boulanger, A. Scoazec, T. Ebrahimian, P. Henry,
E. Mathieu, A. Tedgui and Z. Mallat: Circulating
microparticles from patients with myocardial infarction
cause endothelial dysfunction. Circulation, 104 (22), 2649-
52 (2001)

100. F. Sabatier, V. Roux, F. Anfosso, L. Camoin, J.
Sampol and F. Dignat-George: Interaction of endothelial

635

microparticles with monocytic cells in vitro induces tissue
factor-dependent procoagulant activity. Blood, 99 (11),
3962-70 (2002)

101. E. Biro, K. N. Sturk-Maquelin, G. M. Vogel, D. G.
Meuleman, M. J. Smit, C. E. Hack, A. Sturk and R.
Nieuwland: Human cell-derived microparticles promote
thrombus formation in vivo in a tissue factor-dependent
manner. J Thromb Haemost, 1 (12), 2561-8 (2003)

102. E. Ramacciotti, A. E. Hawley, D. M. Farris, N. E. Ballard,
S. K. Wrobleski, D. D. Myers, Jr., P. K. Henke and T. W.
Wakefield: Leukocyte- and platelet-derived microparticles
correlate with thrombus weight and tissue factor activity in an
experimental mouse model of venous thrombosis. Thromb
Haemost, 101 (4), 748-54 (2009)

103. N. M. Abdullah, M. Kachman, A. Walker, A. E. Hawley,
S. K. Wrobleski, D. D. Myers, J. R. Strahler, P. C. Andrews,
G. C. Michailidis, E. Ramacciotti, P. K. Henke and T. W.
Wakefield: Microparticle surface protein are associated with
experimental venous thrombosis: a preliminary study. Clin
Appl Thromb Hemost, 15 (2), 201-8 (2009)

104. M. W. Mosesson: Fibrinogen gamma chain functions. J
Thromb Haemost, 1 (2),231-8 (2003)

105. K. Yokoyama, H. P. Erickson, Y. Ikeda and Y. Takada:
Identification of amino acid sequences in fibrinogen gamma -
chain and tenascin C C-terminal domains critical for binding to
integrin alpha vbeta 3. J Biol Chem, 275 (22), 16891-8 (2000)

106. S. Johansson and M. Hook: Substrate adhesion of rat
hepatocytes: on the mechanism of attachment to fibronectin. J
Cell Biol, 98 (3), 810-7 (1984)

107. A. L. Main, T. S. Harvey, M. Baron, J. Boyd and I. D.
Campbell: The three-dimensional structure of the tenth type 111
module of fibronectin: an insight into RGD-mediated
interactions. Cell, 71 (4), 671-8 (1992)

108. E. Ramacciotti, A. E. Hawley, S. K. Wrobleski, D. D.
Myers, Jr., J. R. Strahler, P. C. Andrews, K. E. Guire, P. K.
Henke and T. W. Wakefield: Proteomics of microparticles
after deep venous thrombosis. Thromb Res, 125 (6), €269-74

109. I. Turisci, A. Cumashi, A. A. Sherman, Y. E. Tsvetkov, N.
Tinari, E. Piccolo, M. D'Egidio, V. Adamo, C. Natoli, G. A.
Rabinovich, S. lacobelli and N. E. Nifantiev: Synthetic
inhibitors of galectin-1 and -3 selectively modulate homotypic
cell aggregation and tumor cell apoptosis. Anticancer Res, 29
(1),403-10 (2009)

110. J. A. Diaz, E. Ramacciotti and T. W. Wakefield: Do
galectins play a role in venous thrombosis? a review. Thromb
s, 125 (5), 373-6 (2010)

111. R. J. Berckmans, R. Neiuwland, A. N. Boing, F. P.
Romijn, C. E. Hack and A. Sturk: Cell-derived
microparticles circulate in healthy humans and support
low grade thrombin generation. Thromb Haemost, 85
(4), 639-46 (2001)



Inflammation and thrombosis

112. L. L. Horstman, W. Jy, J. J. Jimenez, C. Bidot and Y.
S. Ahn: New horizons in the analysis of circulating cell-
derived microparticles. Keio J Med, 53 (4), 210-30 (2004)

113. W. Jy, L. L. Horstman, J. J. Jimenez, Y. S. Ahn, E.
Biro, R. Nieuwland, A. Sturk, F. Dignat-George, F.
Sabatier, L. Camoin-Jau, J. Sampol, B. Hugel, F. Zobairi, J.
M. Freyssinet, S. Nomura, A. S. Shet, N. S. Key and R. P.
Hebbel: Measuring circulating cell-derived microparticles.
J Thromb Haemost, 2 (10), 1842-51 (2004)

114. D. T. Giacobbe and M. J. Murray: Vascular disease
and inflammation. Anesthesiol Clin North America, 22 (2),
183-97, v (2004)

115. P. Libby, P. M. Ridker and A. Maseri: Inflammation
and atherosclerosis. Circulation, 105 (9), 1135-43 (2002)

116. M. R. Varma, A. J. Varga, B. S. Knipp, P. Sukheepod,
G. R. Upchurch, S. L. Kunkel, T. W. Wakefield and P. K.
Henke: Neutropenia impairs venous thrombosis resolution
in the rat. J Vasc Surg, 38 (5), 1090-8 (2003)

117. T. W. Wakefield, R. M. Strieter, C. A. Wilke, A. M.
Kadell, S. K. Wrobleski, M. D. Burdick, R. Schmidt, S. L.
Kunkel and L. . Greenfield: Venous
ThrombosisJAssociated Inflammation and Attenuation
With Neutralizing Antibodies to Cytokines and Adhesion
Molecules. Arterioscler Thromb Vasc Biol, 15 (2), 258-268
(1995)

118. J. Lin, M. C. Proctor, M. Varma, L. J. Greenfield, G.
R. Upchurch, Jr. and P. K. Henke: Factors associated with
recurrent venous thromboembolism in patients with
malignant disease. J Vasc Surg, 37 (5), 976-83 (2003)

119. M. R. Varma, A. J. Varga, B. S. Knipp, P. Sukheepod,
G. R. Upchurch, S. L. Kunkel, T. W. Wakefield and P. K.
Henke: Neutropenia impairs venous thrombosis resolution
in the rat. Journal of Vascular Surgery: Official
Publication, the Society for Vascular Surgery (and)
International Society for Cardiovascular Surgery, North
American Chapter, 38 (5), 1090-1098 (2003)

120. P. K. Henke, A. Varga, S. De, C. B. Deatrick, J.
Eliason, D. A. Arenberg, P. Sukheepod, P. Thanaporn, S.
L. Kunkel, G. R. Upchurch and T. W. Wakefield: Deep
vein thrombosis resolution is modulated by monocyte
CXCR2-mediated activity in a mouse model.
Arteriosclerosis, Thrombosis, and Vascular Biology, 24 (6),
1130-1137 (2004)

121. P. Saha, J. Humphries, B. Modarai, K. Mattock, M.
Waltham, C. E. Evans, A. Ahmad, A. S. Patel, S.
Premaratne, O. T. A. Lyons and A. Smith: Leukocytes and
the natural history of deep vein thrombosis: current
concepts and future directions.  Arteriosclerosis,
Thrombosis, and Vascular Biology, 31 (3), 506-512 (2011)

122. J. Humphries, C. L. McGuinness, A. Smith, M.
Waltham, R. Poston and K. G. Burnand: Monocyte
chemotactic protein-1 (MCP-1) accelerates the organization

636

and resolution of venous thrombi. J Vasc Surg, 30 (5), 894-
9 (1999)

123. A. D. Northeast, K. S. Soo, L. G. Bobrow, P. J.
Gaffney and K. G. Burnand: The tissue plasminogen
activator and urokinase response in vivo during natural
resolution of venous thrombus. J Vasc Surg, 22 (5), 573-9
(1995)

124. K. S. Soo, A. D. Northeast, L. C. Happerfield, K. G.
Burnand and L. G. Bobrow: Tissue plasminogen activator
production by monocytes in venous thrombolysis. J Pathol,
178 (2), 190-4 (1996)

125. 1. Singh, K. G. Burnand, M. Collins, A. Luttun, D.
Collen, B. Boelhouwer and A. Smith: Failure of thrombus
to resolve in urokinase-type plasminogen activator gene-
knockout mice: rescue by normal bone marrow-derived
cells. Circulation, 107 (6), 869-75 (2003)

126. V. Brinkmann, U. Reichard, C. Goosmann, B.
Fauler, Y. Uhlemann, D. S. Weiss, Y. Weinrauch and A.
Zychlinsky: Neutrophil extracellular traps kill bacteria.
Science, 303 (5663), 1532-5 (2004)

127. T. A. Fuchs, U. Abed, C. Goosmann, R. Hurwitz, 1.
Schulze, V. Wahn, Y. Weinrauch, V. Brinkmann and A.
Zychlinsky: Novel cell death program leads to
neutrophil extracellular traps. J Cell Biol, 176 (2), 231-
41 (2007)

128. V. Papayannopoulos and A. Zychlinsky: NETs: a
new strategy for using old weapons. Trends Immunol, 30
(11), 513-21 (2009)

129. F. Wartha and B. Henriques-Normark: ETosis: a
novel cell death pathway. Sci Signal, 1 (21), pe25
(2008)

130. K. Kessenbrock, M. Krumbholz, U. Schonermarck,
W. Back, W. L. Gross, Z. Werb, H. J. Grone, V.
Brinkmann and D. E. Jenne: Netting neutrophils in
autoimmune small-vessel vasculitis. Nat Med, 15 (6),
623-5 (2009)

131. S. R. Clark, A. C. Ma, S. A. Tavener, B.
McDonald, Z. Goodarzi, M. M. Kelly, K. D. Patel, S.
Chakrabarti, E. McAvoy, G. D. Sinclair, E. M. Keys, E.
Allen-Vercoe, R. Devinney, C. J. Doig, F. H. Green and
P. Kubes: Platelet TLR4 activates neutrophil
extracellular traps to ensnare bacteria in septic blood.
Nat Med, 13 (4), 463-9 (2007)

132. T. A. Fuchs, A. Brill, D. Duerschmied, D.
Schatzberg, M. Monestier, D. D. Myers, Jr., S. K.
Wrobleski, T. W. Wakefield, J. H. Hartwig and D. D.
Wagner: Extracellular DNA traps promote thrombosis.
Proc Natl Acad Sci U S 4, 107 (36), 15880-5 (2010)

133. S. M. Stevens, C. Gregory Elliott, S. C. Woller, L.
Li, S. T. Bennett, M. Egger and G. L. Snow: The use of
a fixed high sensitivity to evaluate five D-dimer assays'



Inflammation and thrombosis

ability to rule out deep venous thrombosis: a novel
approach. Br J Haematol, 131 (3), 341-7 (2005)

134. P. S. Wells, D. R. Anderson, M. Rodger, M. Forgie, C.
Kearon, J. Dreyer, G. Kovacs, M. Mitchell, B.
Lewandowski and M. J. Kovacs: Evaluation of D-dimer in
the diagnosis of suspected deep-vein thrombosis. N Engl J
Med, 349 (13), 1227-35 (2003)

135. H. S. Khaira and J. Mann: Plasma D-dimer
measurement in patients with suspected DVT--a means of
avoiding unnecessary venography. Fur J Vasc Endovasc
Surg, 15 (3), 235-8 (1998)

136. J. E. Rectenwald, D. D. Myers, Jr., A. E. Hawley, C.
Longo, P. K. Henke, K. E. Guire, A. H. Schmaier and T.
W. Wakefield: D-dimer, P-selectin, and microparticles:
novel markers to predict deep venous thrombosis. A pilot
study. Thromb Haemost, 94 (6), 1312-7 (2005)

137. R. S. Bobrow: Excess factor VIII: a common cause of
hypercoagulability. The Journal of the American Board of
Family Practice / American Board of Family Practice, 18
(2), 147-149 (2005)

138. N. L. Smith, K. M. Rice, E. G. Bovill, M. Cushman, J.
C. Bis, B. McKnight, T. Lumley, N. L. Glazer, A. van
Hylckama Vlieg, W. Tang, A. Dehghan, D. P. Strachan, C.
J. O'Donnell, J. I. Rotter, S. R. Heckbert, B. M. Psaty and
F. R. Rosendaal: Genetic variation associated with plasma
von Willebrand factor levels and the risk of incident venous
thrombosis. Blood (2010)

139. J. G. Wang, D. Manly, D. Kirchhofer, R. Pawlinski
and N. Mackman: Levels of microparticle tissue factor
activity correlate  with  coagulation activation in
endotoxemic mice. Journal of Thrombosis and
Haemostasis: JTH, 7 (7), 1092-1098 (2009)

140. A. S. C. Yong, G. J. Pennings, M. Chang, A. Hamzah,
T. Chung, M. Qi, D. Brieger, M. Behnia, S. A. Krilis, M.
K. C. Ng, H. C. Lowe and L. Kritharides: Intracoronary
shear-related up-regulation of platelet P-selectin and
platelet-monocyte aggregation despite the use of aspirin
and clopidogrel. Blood, 117 (1), 11-20 (2011)

141. D. M. Barnes, T. W. Wakefield and J. E. Rectenwald:
Novel Biomarkers Associated with Deep Venous
Thrombosis: A Comprehensive Review. Biomark Insights,
3, 93-100 (2008)

142. R. K. Andrews and M. C. Berndt: Microparticles
facilitate neutrophil/platelet crosstalk. Blood, 112 (6),
2174-2175 (2008)

143. R. K. Popuri and S. Vedantham: The role of
thrombolysis in the clinical management of deep vein
thrombosis. Arteriosclerosis, Thrombosis, and Vascular
Biology, 31 (3), 479-484 (2011)

144. M. W. Mewissen, G. R. Seabrook, M. H. Meissner, J.
Cynamon, N. Labropoulos and S. H. Haughton: Catheter-

637

directed Thrombolysis for Lower Extremity Deep Venous
Thrombosis: Report of a National Multicenter Registryl.
Radiology, 211 (1), 39-49 (1999)

145. A. J. Comerota, R. C. Throm, S. D. Mathias, S. Haughton
and M. Mewissen: Catheter-directed thrombolysis for
iliofemoral deep venous thrombosis improves health-related
quality of life. Journal of Vascular Surgery: Official
Publication, the Society for Vascular Surgery (and)
International Society for Cardiovascular Surgery, North
American Chapter, 32 (1), 130-137 (2000)

146. H. Sillesen, S. Just, M. Jorgensen and N. Baekgaard:
Catheter directed thrombolysis for treatment of ilio-
femoral deep venous thrombosis is durable, preserves
venous valve function and may prevent chronic venous
insufficiency. FEuropean Journal of Vascular and
Endovascular Surgery: The Official Journal of the
European Society for Vascular Surgery, 30 (5), 556-562
(2005)

147. S. Konstantinides, A. Geibel, M. Olschewski, F.
Heinrich, K. Grosser, K. Rauber, S. Iversen, M.
Redecker, J. Kienast, H. Just and W. Kasper:
Association between thrombolytic treatment and the
prognosis of hemodynamically stable patients with
major pulmonary embolism: results of a multicenter
registry. Circulation, 96 (3), 882-888 (1997)

148. D. T. Eitzman, R. J. Westrick, E. G. Nabel and D.
Ginsburg: Plasminogen activator inhibitor-1 and
vitronectin promote vascular thrombosis in mice. Blood,
95 (2), 577-80 (2000)

149. D. D. Myers, A. E. Hawley, D. M. Farris, S. K.
Wrobleski, P. Thanaporn, R. G. Schaub, D. D. Wagner,
A. Kumar and T. W. Wakefield: P-selectin and
leukocyte microparticles are associated with venous
thrombogenesis. J Vasc Surg, 38 (5), 1075-89 (2003)

150. D. D. Myers, S. K. Wrobleski, P. K. Henke and T.
W. Wakefield: Coagulation Biology. In: Surgical
research. Ed W. W. Souba and D. W. Wilmore.
Academic Press, San Diego, CA (2001)

151. B. C. Cooley, L. Szema, C. Y. Chen, J. P. Schwab
and G. Schmeling: A murine model of deep vein
thrombosis: characterization and validation in transgenic
mice. Thromb Haemost, 94 (3), 498-503 (2005)

152. I. Singh, A. Smith, B. Vanzieleghem, D. Collen, K.
Burnand, J. M. Saint-Remy and M. Jacquemin:
Antithrombotic effects of controlled inhibition of factor
VIII with a partially inhibitory human monoclonal
antibody in a murine vena cava thrombosis model.
Blood, 99 (9), 3235-40 (2002)

153. S. S. Pierangeli, J. H. Barker, D. Stikovac, D.
Ackerman, G. Anderson, J. Barquinero, R. Acland and
E. N. Harris: Effect of human IgG antiphospholipid
antibodies on an in vivo thrombosis model in mice.
Thromb Haemost, 71 (5), 670-4 (1994)



Inflammation and thrombosis

154. S. S. Pierangeli, X. W. Liu, J. H. Barker, G. Anderson
and E. N. Harris: Induction of thrombosis in a mouse model
by IgG, IgM and IgA immunoglobulins from patients with
the antiphospholipid syndrome. Thromb Haemost, 74 (5),
1361-7 (1995)

155. S. M. Day, J. L. Reeve, D. D. Myers and W. P. Fay:
Murine thrombosis models. Thromb Haemost, 92 (3), 486~
94 (2004)

156. R. Moore, A. Hawley, R. Sigler, D. Farris, S.
Wrobleski, E. Ramacciotti and D. Myers: Tissue inhibitor
of metalloproteinase-1 is an early marker of acute
endothelial dysfunction in a rodent model of venous
oxidative injury. Ann Vasc Surg, 23 (4), 498-505 (2009)

157. P. K. Henke, A. Varga, S. De, C. B. Deatrick, J.
Eliason, D. A. Arenberg, P. Sukheepod, P. Thanaporn, S.
L. Kunkel, G. R. Upchurch, Jr. and T. W. Wakefield: Deep
vein thrombosis resolution is modulated by monocyte
CXCR2-mediated activity in a mouse model. Arterioscler
Thromb Vasc Biol, 24 (6), 1130-7 (2004)

158. K. G. Burnand, P. J. Gaftney, C. L. McGuinness, J.
Humphries, J. W. Quarmby and A. Smith: The role of the
monocyte in the generation and dissolution of arterial and
venous thrombi. Cardiovasc Surg, 6 (2), 119-25 (1998)

159. S. S. Pierangeli, S. W. Liu, G. Anderson, J. H. Barker
and E. N. Harris: Thrombogenic properties of murine anti-
cardiolipin antibodies induced by beta 2 glycoprotein 1 and
human immunoglobulin G antiphospholipid antibodies.
Circulation, 94 (7), 1746-51 (1996)

160. J. A. Diaz, A. E. Hawley, C. M. Alvarado, A. M.
Berguer, N. K. Baker, S. K. Wrobleski, T. W. Wakefield,
B. R. Lucchesi and D. D. Myers, Jr.: Thrombogenesis with
continuous blood flow in the inferior vena cava. A novel
mouse model. Thromb Haemost, 104 (2), 366-75 (2010)

Key Words: Inflammation, Thrombosis, Vascular Disease,
Inflammatory Mediators, Thrombogenesis, Tissue Factor,
Adhesion Molecules, Microparticles, Biomarkers, Murine
Models, Neutrophil Extracellular Traps, Review

Send correspondence to: Daniel D. Myers, Unit for
Laboratory Animal Medicine, University of Michigan
Medical Center, Ann Arbor, MI, Tel: 734-763-0940, Fax:
734-763-7307, E-mail: ddmyers@med.umich.edu

638



