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Thrombus formation in vivo
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To examine thrombus formation in a living mouse, new technologies involving intravital videomicroscopy have
been applied to the analysis of vascular windows to directly visualize arterioles and venules. After vessel wall
injury in the microcirculation, thrombus development can be imaged in real time. These systems have been used
to explore the role of platelets, blood coagulation proteins, endothelium, and the vessel wall during thrombus
formation. The study of biochemistry and cell biology in a living animal offers new understanding of physiology

and pathology in complex biologic systems.

History of the study of hemostasis and thrombosis

The study of blood coagulation and thrombosis has moved
through many stages. The classic studies of thrombus morphol-
ogy and pathology were followed by a period in which blood
coagulation proteins were identified based on the character-
ization of patients with hereditary clotting disorders. The fun-
damentals of platelet physiology, including platelet adhesion
and aggregation, were defined by turbidimetric assay reporting
platelet-platelet interaction and the adherence of platelets to
glass beads, which reflects the ability of platelets to stick to sur-
faces that mimic the injured vessel wall. Only 40 years ago were
the techniques of protein biochemistry applied to the study of
hemostasis and thrombosis. Proteins were purified, their amino
acid sequences determined, their genes isolated, and their inter-
action with other components analyzed in vitro. Protein domain
structures were defined and their functional and structural
relationship to other protein families determined. Site-specific
mutagenesis and definition of the molecular basis of hemophil-
ia identified functionally critical amino acids. From the analy-
sis of the many enzymes, cofactors, structural proteins, ligands,
and receptors involved in hemostasis and thrombosis, descrip-
tive models emerged that explained the in vitro experimental
results and the in vivo clinical observations in humans (1). These
models have changed over the years, with continued refinement
based on new information and fresh thinking (2-9). Still, many
questions remain. We have learned what reactions and interac-
tions can happen in vitro, but we need to understand what does
happen in vivo. We are entering a new phase of discovery — the
study of thrombosis in living animals to understand the mecha-
nisms involved in this complex system.

Mechanisms of thrombus induction in animal models

Although the pathogenesis of thrombus formation can be both
an acute and a chronic process in the natural condition, direct
experimental observation of this process in animal models
requires artificial methods. These methods take many forms, each
with advantages and disadvantages, as they relate to the physi-
ologic mechanisms of thrombus formation. With photochemi-
cal injury, dye (e.g., rose bengal) is infused into the circulation.
Photo-excitation leads to oxidative injury of the vessel wall and
subsequent thrombus formation (10). Mechanical (11) or elec-
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trical trauma (12) directly injures the endothelium and leads to
thrombus formation. Vessel ligation causing stasis also initiates
thrombus formation (13). Ferric chloride, introduced to initiate
arterial thrombosis in small-animal models (14), generally initi-
ates severe endothelial damage and vessel occlusion, monitored
by the decrease in temperature distal to the developing thrombus.
This model system has been widely used (15-17), modified with
a Doppler flow probe to monitor vessel occlusion or with direct
blood vessel visualization by intravital microscopy. Laser-induced
injury causes heat damage to a limited region of the endothelium,
with little morphologic change to the vessel wall (18). Because
endothelial damage is limited and does not involve denudation of
the endothelium, in contrast to ferric chloride-induced injury, the
laser-induced injury appears to be a model of thrombosis more
akin to the injury caused by inflammation than to that caused
by trauma. Using the laser, both temporal and spatial resolution
for thrombus generation is obtained, since the location and the
precise time of injury are operator-controlled. The laser pulse,
applied through the microscope optics, is targeted at the vessel
wall. Upon injury, thrombus formation initiates with the rapid
accumulation of platelets and the expression of tissue factor at
the thrombus-vessel wall interface.

Intravital microscopy of thrombus formation

Intravital microscopy was introduced to study leukocyte interac-
tion with the vessel wall in a living animal (19, 20). Since then,
many investigators have captured in vivo images in real time
using analog videomicroscopy (21, 22). Oude Egbrink et al. were
among the first to combine experimental thrombosis, induced by
mechanical puncture with glass micropipettes, with intravital vid-
eomicroscopy in a living animal (23). Others applied experimental
thrombosis with in vivo microscopic analysis (24, 25), adopting
the methods used for leukocyte rolling. Photochemical injury of
microvessels in the mouse ear allowed analysis of the kinetics of
platelet accumulation and vessel occlusion, leading to the obser-
vation that hirudin inhibited thrombus formation and promoted
vessel recanalization (26). Denis et al. demonstrated that geneti-
cally altered mice lacking vWF showed defects in platelet accumu-
lation following ferric chloride injury (16).

The discovery that P-selectin is an adhesion molecule that
binds platelets to leukocytes (27) and the identification of the
P-selectin counterreceptor PSGL-1 (28) prompted us to gener-
ate a PSGL-1 knockout mouse to better understand the biol-
ogy of PSGL-1 (29). Methods of analog intravital microscopy to
examine leukocyte rolling in living mice had been developed by
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other laboratories (30). However, the ability to directly observe
complex events in a living animal by optical microscopy offered
new opportunities to understand thrombosis. The combination
of available knockout mice, progress in optical spectroscopy,
and advances in computer software and hardware supported
the possibility of developing novel intravital imaging technol-
ogy to study thrombus formation. An imaging system specifi-
cally designed for visualizing events in the vasculature of a liv-
ing mouse required real-time imaging of thrombus formation
using high image acquisition rates of 10-20 images per second
in up to 3 fluorescent channels as well as a bright-field channel
to appreciate the fluorescent image in a histologic context. The
system needed the flexibility of confocal imaging to support 3D
image reconstruction and a digital capture system for quantita-
tive image analysis. A system that meets these criteria has been
developed: an intravital microscopy system that supports high-
speed wide-field and confocal imaging of the microcirculation
of aliving mouse (31, 32). In most experiments, vessel wall injury
that initiates thrombosis is induced using a laser focused on the
endothelium via the microscope optics. This technology has been
applied to the study of thrombus formation in a living mouse,
in order to reexamine many of the accepted tenets of thrombus
formation and to determine whether or not the predictions of
in vitro or ex vivo experiments are valid for understanding the
in vivo system. This work, coupled with the in vivo experiments
of others, promises to provide more detailed descriptions of
the mechanisms involved in thrombus formation. The current
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Figure 1

Birth of a thrombus. Intravital wide-field imaging of platelet, tissue
factor, and fibrin deposition in the developing thrombus of a living
WT mouse following endothelial injury. Blood flow is from right to
left. Platelets, tissue factor, and fibrin were labeled using fluores-
cently tagged antibodies directed at CD41, tissue factor, and human
fibrin, respectively. These components were imaged in 3 separate
fluorescence channels. A black and white brightfield image indicates
the histologic context of the composite image. To simplify analysis
of the composite image, the dynamic range of the intensity of each
pseudocolor was minimized. Red, platelets; green, tissue factor;
blue, fibrin; yellow, platelets plus tissue factor; turquoise, tissue fac-
tor plus fibrin; magenta, platelets plus fibrin; white, platelets plus
fibrin plus tissue factor.

description of in vivo thrombus formation remains incomplete,
but the emerging concepts will be reviewed.

Initiation of thrombus formation

Laser injury initiates the expression of tissue factor activity on
or near the vessel wall. Platelets rapidly accumulate on the endo-
thelium, and fibrin can be observed at the platelet thrombus-
vessel wall interface, at the leading edge of the thrombus, and,
over seconds, within and throughout the thrombus (Figure 1).
In contrast to classical models of thrombus formation in which
it has been thought that the platelet thrombus forms and is then
stabilized by the subsequent formation of a fibrin clot, these
experiments demonstrate that platelet thrombus formation
and fibrin clot formation overlap temporally and occur nearly
simultaneously. Similar results are obtained with other forms of
injury, including those thatlead to thrombus formation through
subendothelial matrix exposure.

Platelet adhesion

vWEF plays an important role in thrombus formation. vWF-null
mice displayed prolonged bleeding times and spontaneous bleed-
ing in about 10% of neonates (16). These results simulate the phe-
notype of severe von Willebrand disease in humans. Via intravi-
tal microscopy using the ferric chloride injury model, significant
impairment of platelet-vessel wall interaction was observed, lead-
ing to defective thrombus formation. Also, in the complete absence
of vWF, platelet accumulation on the vessel wall was significantly
decreased but not absent, and thrombi formed in some vessels.
These results argue both for the importance of vWF in platelet
deposition on the vessel wall and for a vWF-independent mecha-
nism for arterial thrombus formation.

Fibrinogen is thought to play an important role in platelet-ves-
sel wall interaction, particularly at the low shear rates charac-
teristic of the venous circulation. To evaluate the contribution
of fibrinogen to arterial thrombus formation, Ni et al., using
fibrinogen-null mice, demonstrated that platelet deposition and
the onset of thrombus formation were the same as in WT mice
(33). However, thrombi in fibrinogen-null mice were unstable
and embolized as they became larger. Mice deficient in both vWF
and fibrinogen formed thrombi that proved unstable. Given
the accepted tenet that these 2 adhesive proteins are critical for
platelet-vessel wall interaction, the fact that thrombi formed in
doubly deficient mice argues for additional adhesive molecules
that participate in the platelet-vessel wall synapse. A role for
fibronectin in this process remains plausible, since fibronectin
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deficiency delays thrombus formation in vivo through putative
diminished platelet-platelet interaction (34). It seems that there
are multiple participants in platelet-vessel wall interaction, some
of which have yet to be directly implicated.

Platelet activation

The tissue factor pathway dominates platelet activation in
the laser-induced thrombosis model. PAR4, the sole signaling
protease-activated thrombin receptor on mouse platelets, is
critical for thrombin-mediated platelet activation (35). Laser-
induced injury in mice lacking PAR4 leads to a small, rapid
accumulation of platelets (36). This initial thrombus is unstable
and subsequently reduces in size. This initial phase of platelet
accumulation may be mediated by vWF or another adhesive
molecule. After 3-4 minutes, thrombus size in the PAR4-null
mice is less that 10% of that in WT mice. During the first several
minutes, there is no evidence of platelet activation, as monitored
by the surface expression of P-selectin. However, although these
thrombi in PAR4-null mice contain markedly reduced numbers
of activated platelets, fibrin generation is normal. These results
emphasize the importance of thrombin generation and PAR4
for platelet activation and thrombus formation in this model. A
major unanswered question is the cellular or subcellular local-
ization of the membrane surface that supports thrombin gen-
eration. Are the few activated platelets sufficient to supply the
necessary membrane surfaces, or do other cells and cell-derived
membranes support thrombin generation? Thrombin genera-
tion appears critically important to laser-induced thrombus for-
mation. For example, in the absence of exposed collagen, laser-
induced thrombus formation was normal in FcRy mice lacking
the collagen receptor glycoprotein VI (37). If there is collagen
exposure, it is below the sensitivity of this imaging system. Thus,
in the laser-induced model of thrombosis, platelets are likely
activated by a mechanism independent of interaction of colla-
gen with platelet collagen receptors.

Collagen exposure can play an important role in platelet acti-
vation during hemostasis, and the importance of this role varies
with the type of vascular injury. Ferric chloride induces an oxida-
tive injury exposing the subendothelial matrix (33), and type I col-
lagen can be stained with anti-collagen antibodies in the blood
in vivo after ferric chloride injury (37). Following ferric chloride
injury, FcRy-null mice lacking expression of glycoprotein VI failed
to generate platelet thrombi in vivo, in contrast to WT mice. Fur-
thermore, blocking antibodies against glycoprotein VI infused
into WT mice also inhibited platelet thrombus formation. These
results demonstrate the requirement for glycoprotein VI in col-
lagen-mediated platelet activation in vivo.

Platelet activation can be monitored by P-selectin expression on
the platelet surface. This marker of platelet activation correlates
directly with exocytosis of a-granules. Although in vitro studies
of P-selectin have established the kinetics of P-selectin expres-
sion following activation with various agonists, the kinetics of
P-selectin expression in vivo has not been previously character-
ized. To this end, P-selectin expression on platelets incorporated
into the developing thrombus was studied in vivo after laser-
induced injury (38). P-selectin first appears on platelets at the ves-
sel wall-thrombus interface. Over 3-4 minutes, a wave of P-selec-
tin expression can be monitored through the thrombus from the
vessel wall to the luminal surface of the thrombus. However, only
when the P-selectin density on the luminal surface is sufficiently
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high to support leukocyte rolling on the arterial thrombus can
any leukocyte-thrombus interaction be observed. Indeed, direct
observation of leukocyte rolling on the developing thrombus can-
not be appreciated until after about 3 minutes from the initiation
of thrombus formation. These results emphasize a delayed role
for leukocyte-thrombus interaction and tissue factor delivery via
leukocytes during thrombus formation.

Calcium mobilization in vivo

Platelet activation leads to intracellular calcium mobilization,
where increased calcium serves as a second messenger in initi-
ating numerous signaling pathways. These calcium transients
have been extensively studied in vitro using flow chambers to
monitor platelet adherence (39-41). High-speed wide-field
intravital microscopy has been used to image this calcium spike
in living mice during thrombus formation (42). Platelets were
isolated from a donor mouse and loaded with fura-2, a fluoro-
chrome that is sensitive to calcium concentration. These plate-
lets were infused into a recipient mouse, and the fura-2-labeled
platelets were analyzed for significant changes in intracellular
calcium during their circulation in blood, their interaction with
the thrombus, and their incorporation into a stable platelet
thrombus. These studies have revealed that platelet activation,
as monitored by calcium mobilization, does not take place in
the circulation (42). Rather, platelets bind transiently to the
developing thrombus. After a short period, these platelets either
undergo calcium mobilization and become stably incorporated
into the thrombus or they disengage from the thrombus and
float downstream. Calcium mobilization is required for stable
platelet incorporation into the developing thrombus.

Other proteins in thrombus formation

The tissue factor-factor VIla complex initiates thrombin genera-
tion and fibrin formation, and deficiency of any of the proteins
within this pathway (e.g., factor IX, factor VIII, factor X, factor
V, and prothrombin) decreases thrombin generation and thus
thrombus formation. However, factor XII-null mice are char-
acterized by defective arterial thrombus formation in vivo (43),
as are factor XI-null mice (44). A role for factor XII in normal
hemostasis has been long dismissed, since patients with factor XII
deficiency have no bleeding phenotype. Recently a role for both
factor XII and factor XI in thrombus formation has been demon-
strated, although the actual mechanism for the participation of
the intrinsic pathway in blood coagulation in vivo remains specu-
lative. This raises the intriguing possibility that factor XII and
factor XI are important for thrombosis but not hemostasis (43).

PECAM-1 is a cell adhesion molecule found on endothelial cells
and platelets. PECAM-1-null mice formed larger arterial throm-
bi more rapidly than WT mice in the laser-induced thrombosis
model (45). Using chimeric mice prepared by reciprocal bone mar-
row transplantation, platelet PECAM-1 was shown to be the criti-
cal component. These results suggest that PECAM-1 plays a role
in negative regulation of thrombus formation.

Gas6, a y-carboxyglutamic acid-containing membrane protein
homologous to protein S, is present on the platelet membrane
and binds to several receptor tyrosine kinases, including Axl. Gas6
amplified platelet aggregation and secretion responses to plate-
let agonists (46). Deficiency of Gas6, either in a Gas67/~ mouse or
using blocking antibodies against Gas6, protected mice from fatal
thrombosis but did not impair normal hemostasis. It would appear
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that Gas6 plays a role in amplifying signaling events induced by
agonists and does not directly participate in platelet-platelet syn-
apse formation of significant affinity.

CD40L, a transmembrane platelet granule protein, is expressed
on the plasma membrane of activated platelets, where it can
interact with CD40 that is widely distributed on vascular cells.
Mice deficient in CD40L but not CD40 showed an in vivo defect
in thrombus formation initiated by ferric chloride (47). These
CD40L~~ mice showed delayed arterial occlusion and thrombus
instability. CD40L appears to be an o3 ligand required for sta-
ble formation of arterial thrombi.

Human platelets express 2 Eph kinases, Eph4 and EphB1,
and at least 1 ligand, ephrinB1. During ounps-mediated plate-
let aggregation, Eph-ephrin interactions on adjacent platelet
surfaces contribute to high-affinity platelet-platelet contact
(48). These interactions favor thrombus growth and stability,
sustain contact-facilitated signaling via complex formation, and
promote clot retraction. Inhibition of Eph-ephrin interaction,
evaluated in vitro in a flow chamber, showed a 40% decrease in
mean thrombus volume (48).

Outside-in oupP; signaling is required for normal platelet throm-
bus formation and is triggered by c-Src activation via PTP-1B (49).
Studies of PTP-1B-deficient mouse platelets in vitro indicate that
PTP-1B is required for fibrinogen-dependent platelet spreading
and clot retraction. Thrombus formation in vivo is reduced in
PTP-1B-null mice, a manifestation of ineffective calcium mobili-
zation during platelet activation. PTP-1B is a positive regulator for
the initiation of outside-in oupP; signaling.

CD39, the vascular ATP diphosphohydrolase, is largely
expressed on endothelial cells. This enzyme converts ATP and
ADP to AMP. Tail bleeding times were prolonged and platelet
thrombus formation in vivo was delayed in CD39-null mice sub-
jected to ferric chloride injury (50). These results appear consis-
tent with the importance of ADP release during platelet activa-
tion for activation of adjacent platelets. However, interpretation
of these results is complicated by the desensitization of the P2Y1
receptor on CD39-null platelets.
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Figure 2

Model of P-selectin/PSGL-1-mediated tissue factor accumulation
during thrombus formation. (A) Leukocyte microparticles (red) cir-
culate constitutively in the blood under resting conditions. These
microparticles express tissue factor (TF) and PSGL-1 on their sur-
face. (B) Vessel wall tissue factor is expressed in response to laser-
induced injury, leading to platelet activation and the subsequent
expression of P-selectin on the stimulated platelets incorporated into
the developing thrombus (initiation phase). (C) Blood-borne tissue
factor associated with microparticles accumulates on the platelet
thrombus through the binding of platelet P-selectin and micropar-
ticle PSGL-1. (D) Concentration of blood-borne tissue factor into the
thrombus initiates thrombin generation and fibrin clot propagation
within the thrombus (propagation phase).

The SLAM family of adhesion receptors, a subset of the CD2
Ig superfamily, is expressed on platelets (51). SLAM phosphor-
ylation occurs during platelet aggregation. SLAM-deficient
platelets showed defective aggregation, and SLAM-null mice
were characterized in vivo by delayed thrombus formation but
normal tail bleeding times. SLAM may play a secondary role in
the formation of the platelet-platelet synapse that is otherwise
dominated by oumfs.

Tissue factor-bearing microparticles

P-selectin functions as an adhesion molecule (27) but was subse-
quently shown to have a role in fibrin formation (52). In a baboon
arteriovenous shunt model of thrombosis, blocking antibodies
against P-selectin not only inhibited leukocyte accumulation in
the developing thrombus but also decreased fibrin formation.
The molecular and cellular basis for this experimental observa-
tion was not clear at the time, but it was thought that leukocytes
might generate tissue factor upon stimulation more rapidly in
vivo than in the in vitro systems used to explore de novo tissue
factor biosynthesis in stimulated cells (53, 54). Although a rela-
tionship of P-selectin to fibrin formation was secure, the basis for
the inhibition of fibrin formation by anti-P-selectin antibodies
remained unknown.

Using genetically altered mice and digital intravital micros-
copy imaging, this question was revisited (55). Tissue factor
antigen and fibrin were observed throughout the thrombus
generated in WT mice (Figure 1), a result that confirmed ear-
lier in vitro experiments (56). However, minimal tissue factor
antigen or fibrin was observed in thrombi generated in either
P-selectin-null mice or PSGL-1-null mice (55). These results
were similar to those obtained in the baboon thrombosis model
using anti-P-selectin antibodies to block P-selectin action. We
hypothesized that tissue factor and PSGL-1 must be physically
coupled. Although this is true of activated monocytes, where
tissue factor and PSGL-1 reside on the plasma membrane (57),
there is no evidence that such monocytes circulate constitutive-
ly in blood (58). Furthermore, leukocytes do not interact with
developing thrombi as rapidly as fibrin deposition begins (38).
Rather, leukocyte microparticles might provide the basis for this
observation. Leukocyte microparticles, first identified in 1994
(59), could express both tissue factor and PSGL-1 if derived
from monocytes. Indeed, a population of microparticles exists
in the circulation that is positive for both tissue factor antigen
and PSGL-1 antigen. Using a monocyte-like cell line, fluores-
cently labeled microparticles were generated and infused into
mice. During thrombus formation, microparticles accumulated
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Figure 3

Experimental models of thrombosis. Platelets, red blood cells, monocytes, and granulocytes circulate in blood whereas endothelial cells line the
vessel wall. Plasma proteins, including vWF, fibrinogen and other coagulation proteins, and microparticles are also present in the circulation.
(A) Upon laser-induced injury of the vessel wall, VWF mediates the interaction of platelets with the endothelium. Tissue factor in the vessel wall
leads to thrombin generation. Thrombin activates mouse platelets via the PAR4 receptor (inset). Activated platelets undergo calcium mobilization
and the release of ADP and thromboxane A, (TxA) to accelerate platelet recruitment and activation and the formation of a platelet thrombus.
These platelets express P-selectin, and leukocyte microparticles expressing PSGL-1 and tissue factor accumulate in the thrombus through the
interaction of P-selectin with PSGL-1 (inset). The concentration of tissue factor initiates coagulation, the generation of more thrombin, and the
propagation of a fibrin clot. (B) Upon vessel wall oxidative injury with ferric chloride, the endothelium is denuded and the subendothelial matrix
exposed. Platelets interact with the matrix via GPIb-V-IX and a3 on the platelet membrane and collagen and vVWF in the matrix. Glycoprotein
VI (GPVI) binding to collagen is required for platelet activation, and activated platelets undergo calcium mobilization and the release of ADP and
thromboxane A; (inset) to accelerate platelet recruitment and activation and the formation of a thrombus. These platelets express P-selectin, and
microparticles expressing PSGL-1 and tissue factor accumulate in the thrombus through the interaction of P-selectin with PSGL-1 (inset). The
concentration of tissue factor leads to coagulation, the generation of more thrombin, and the propagation of a fibrin clot.
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in the thrombi of WT mice. In contrast, no accumulation was
observed in P-selectin-null mice.

These results are consistent with a model in which circulating
microparticles expressing tissue factor and PSGL-1 accumulate
in the developing thrombus via the interaction of P-selectin
with PSGL-1. This delivers and concentrates tissue factor in the
thrombus, leading to a critical concentration that can initiate
blood coagulation (Figure 2). Numerous groups have reported
tissue factor antigen in platelet-poor plasma, with levels varying
from 100 to 150 pg/ml. However, Butenas et al. have recently
reopened this issue (58). They report no detectable tissue fac-
tor activity in whole blood, no tissue factor antigen associated
with unstimulated mononuclear cells in whole blood, and a level
of tissue factor activity that cannot exceed 20 fM, equivalent to
about 1 pg/ml, and is more likely lower. Since these authors
demonstrate that 1 pg/ml of active tissue factor rapidly clots
whole blood, it would seem that blood tissue factor concentra-
tion is much lower than 1 pg/ml and that a manyfold concentra-
tion of tissue factor within the thrombus is a critical component
for the initiation of blood coagulation. Alternatively, an inactive
form of tissue factor may undergo some form of activation to its
biologically functional form.

Tissue factor resides in 3 distinct compartments: (a) the surface
of extravascular cells, (b) the vessel wall, and (c) blood micropat-
ticles. Upon stimulation, both endothelial cells and monocytes
have the capacity to express tissue factor. To determine whether
tissue factor associated with blood microparticles contributes to
fibrin formation during thrombosis in vivo, 1 strain of chimeric
mice in which tissue factor was associated with the vessel wall
but not the blood microparticles and another strain of chimeric
mice in which tissue factor was associated with the blood mic-
roparticles but not the vessel wall were prepared (60). Such mice
were generated by bone marrow transplantation of WT mice,
with normal levels of tissue factor in both the vessel wall and
blood microparticles, and low-tissue factor mice, with about
1% of the normal level of tissue factor (61). Chimeras generated
by transplantation of low-tissue factor bone marrow into WT
mice showed platelet thrombi containing markedly reduced
tissue factor and fibrin (60). Conversely, chimeras generated
by transplantation of WT bone marrow into low-tissue factor
mice rescued tissue factor accumulation and fibrin generation
in the platelet thrombus. These results emphasize that within
the context of this in vivo model, fibrin propagation is depen-
dent on tissue factor derived from blood microparticles. Both
vessel wall tissue factor and microparticle tissue factor appear to
contribute to thrombus formation. In thrombosis models where
there is no vessel wall tissue factor (56), where vessel wall injury
causes vessel wall tissue factor to predominate (62), or where
there is no blood flow and thus the deposition of microparticles
is eliminated (62), the balance between the contribution of ves-
sel wall tissue factor and that of microparticle tissue factor can
be altered, giving varying results. Likely, different pathologies
associated with thrombosis may also differentially impact on
the contributions of tissue factor from the vessel wall and from
blood microparticles.

Animal models and their relevance to human disease

The laser-injury thrombosis model has numerous advantages for
the study of thrombosis in vivo. This model permits the exam-
ination of thrombus formation in a living animal that is not
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anticoagulated and that has an intact vessel wall, all circulating
cellular elements, and all circulating plasma proteins. Second,
the precise location of the injury is known — within a micron or
two — and the exact time of injury is known — within a second
or two. This temporal and spatial resolution is in contrast to
the ferric chloride model, where oxidative injury is generalized.
Third, the laser injury is a heat injury, which does not induce
morphologic changes to the vessel wall if the appropriate energy
level is used. However, if excessive energy is used, tissue disrup-
tion and hemorrhage are observed.

Nonetheless, all of the models of thrombus formation are just
models. For example, laser-induced injury, like mechanical disrup-
tion, electrical stimulation, chemical oxidation, or stasis, is non-
physiologic. The microcirculation of the cremaster muscle offers
an ideal transparent vascular window for optical microscopy.
However, atherothrombosis and peripheral arterial thrombosis
are diseases of large arteries that are too thick to study by the cur-
rent methods. Furthermore, the shear rates and flow dynamics
within the microcirculation are different from those in large ves-
sels. Lastly, mice are poor animal models for human atheroscle-
rosis, although thrombosis may be more parallel for comparing
with the human system. Insofar as in vitro studies have allowed the
construction of an understanding of thrombosis, vascular injury
models, albeit not perfect, are yet another step closer to studying
thrombosis in the real thing: human arteries.

Summary
The ability to study the biochemistry and cell biology of complex
systems in living animals has allowed reexamination of the tenets
and models proposed to provide a foundation for the understand-
ing of thrombosis. Although many of the constructs developed
from in vitro studies appear reasonable, at least as a first approxi-
mation, intravital studies of thrombus formation have established
some important features of the thrombotic process (Figure 3).
First, it is now clear that platelet activation and platelet thrombus
formation are intertwined with thrombin generation and fibrin
clot propagation. These pathways are temporally and spatially
integrated. Second, platelet accumulation, originally thought
to be exclusively dependent on vWF, involves multiple proteins,
including vWF, fibrinogen, and possibly fibronectin. Third, the
platelet-platelet synapse, classically described as glycoprotein
IIb/IIIa interaction with fibrinogen, appears to involve numerous
adhesion molecules besides glycoprotein IIb/IIla. Fourth, blood-
borne tissue factor is initially delivered to the developing throm-
bus in a process dependent on P-selectin and PSGL-1; leukocytes
bearing tissue factor either do not have a role or have a role later
in thrombus formation. Fifth, laser-induced vessel wall injury
activates the tissue factor pathway to thrombin generation. This
thrombosis model, which has features similar to those character-
ized by inflammation, does not involve the subendothelial matrix
and specifically does not involve collagen. In contrast, ferric chlo-
ride injury leads to collagen exposure in the subendothelial matrix;
collagen triggers platelet activation in a mechanism mediated by
glycoprotein VI. Sixth, intracellular calcium mobilization is nec-
essary for stable platelet interaction with the thrombus. Seventh,
thrombus generation is a highly complex process requiring many
components, both structural and regulatory. Although there is
some redundancy, elimination of any of these multiple compo-
nents disrupts thrombus formation. This observation provides
opportunities for targets for novel antithrombotics but also indi-
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cates how empirical it will be to identify the optimal targets. Lastly,
the dogma that activated platelets provide the membrane surface
for thrombin generation needs to be questioned and the critical

membrane surfaces in vivo determined.
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