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Figure 1 Schematic representation of mural thrombus for-
mation process. Mural thrombus formation at sites of injured
vessel walls involves platelet adhesion to the subendothelium,
followed by an aggregation of platelets adhering to thrombo-
genic surfaces. In parallel, blood coagulation mechanisms
develop within platelet thrombi, forming an intra-thrombus
fibrin-network and eventually resulting in stabilized thrombi.
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Figure 2 Shear stress (shear rate) in vessel lumen. Platelets
and leukocytes circulate close to the vascular wall in vessel
lumens, whereas erythrocytes flow in the center of the lumen.
Theoretically, the speed of the blood flow is maximal in the
center and exponentially decreases to close to zero in the por-
tion close to the vessel wall. Under these conditions, platelets
are exposed to the shear stress created by the differential speed
of the laminar blood flow.
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Figure 3 Flow chamber system. The flow chamber, in which
adhesive protein-coated glass coverslips were placed, was
mounted on a microscope. Whole blood containing fluores-
cence-labeled platelets was aspirated through the chamber
using a syringe pump. The process of platelet thrombogenesis
was observed in real time and analyzed in detail using image-
analyzing computer software.
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Figure 4 Schematic representation of von Willebrand factor
(VWF)-dependent platelet adhesion under high shear flow.
Platelets roll on the subendothelium at sites of vascular injury
through the interaction of glycoprotein (GP) Ib with the Al
domain of VWF immobilized onto the subendothelium. During
rolling, the platelets gradually become activated, stopping on
and firmly adhering to the surface due to the binding of integ-
rin oIIB3 to the RGD sequence of the immobilized VWF.
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Figure 5 Event sequence and mechanisms of platelet shape
changes during the adhesive process under high shear flow.
Flowing discoid platelets extrude filopodia and become ball-
shaped upon interaction with the VWF surface via GP Ib. Dur-
ing rolling, hemispherical shape change and activation of inte-
grin olIB3 lead to firm platelet adhesion. After firm adhesion
and drastic calcium influx, the platelet adhesive process is
finalized by the extensive spreading of platelets on a thrombo-
genic surface.
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Figure 6 Schematic representation of VWF-dependent plate-
let aggregation under high shear flow. VWF moving at high
speeds can be captured only through its transient interaction
with GP Ib on platelets adhering to and immobilizing on the
surface, followed by the irreversible binding of VWF, tran-
siently trapped by GP Ib on platelets, to neighboring activated
olIB3. Captured VWF on platelets adhering to the surface may
then mediate second-layer platelet adhesion via VWF-GP Ib
interaction and via VWF-odIB3 interaction, in a mode similar
to initial platelet adhesion onto the surface. Thus, mural throm-
bus development under high shear may reflect repeated cycles
of these events.
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Figure7 ADAMTS13-mediated mechanisms to regulate mural thrombus growth
under high shear blood flow conditions. At the initial phase of thrombus formation,
ADAMTS13 is not highly active, and VWF-dependent platelet adhesion and aggrega-
tion progress under high shear rate conditions (hemostatic mechanism). Note that
ADAMTS13 activity is drastically upregulated by the shear rate increase. Thus,
ADAMTSI3 activity is triggered in response to the increased local shear rate associated
with the development of thrombi to prevent excessive thrombogenesis from occluding
the vessel lumen (antithrombotic mechanism).
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Figure 8 Visual evaluation of thrombosis and hemostasis in blood coagula-
tion on platelet thrombi under high shear flow. The three-dimensional images
were constructed using the image-analyzing system of a confocal laser scan-
ning microscope (CLSM) based on data from perfusion studies. The orange and
green colors indicate fibrin and fibrinogen within thrombi, respectively. Note
the shallow and loose packing of thrombi in heparinized blood and of hemo-
philia thrombi, as well as the more bulky and tightly packed control thrombi
and hemophilia thrombi in the presence of activated factor VII (FVIIa).
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Figure 9 Membrane expression of P-selectin and deposition of TF, thrombin, or fibrin on
platelets adhering to VWF-coated surfaces under high shear rate conditions. (A) Platelets adher-
ing to VWF-coated surfaces under high shear rate conditions were visualized using time course
images of a CLSM. The green and orange colors indicate the total platelets adhering to the sur-
face and the platelets with positive membrane expression of P-selectin, respectively. Changes in
the surface coverage of the fluorescent platelets on the surface over time (lower panel) indicate
that the membrane expression of P-selectin increased as a function of time; all of the platelets
adherent to the surface became positive for P-selectin expression after 300 sec of blood perfu-
sion. (B) Changes in the deposition of TF, thrombin, or fibrin on platelets adhering to VWF-
coated surfaces under high shear rate conditions. The changes in the surface coverage of each
factor indicate that platelet procoagulant activity occurred following the sequence of (1) TF
accumulation, (2) thrombin binding, and (3) fibrin deposition on platelet thrombi.
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Overview of Thrombus Formation Process
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When vessel walls are ruptured in vivo, hemostatic plugs are formed to repair the damaged sites, ensuring blood flow
for vital organs, and functioning as a human defense mechanism. Mural thrombus formation at sites of injured vessel walls,
fundamental for hemostatic plugs, involves platelet adhesion to the subendothelium, followed by an aggregation of platelets
adhering to thrombogenic surfaces. In parallel, blood coagulation mechanisms develop within platelet thrombi, forming an
intra-thrombus fibrin-network and eventually resulting in stabilized thrombi. This hemostatic mechanism is also known to
trigger fatal intravascular thrombosis such as myocardial infarction or stroke. To clarify molecular and cellular mecha-
nisms for mural thrombus formation, new experimental approaches have recently been used in which rheological circum-
stances were taken into consideration because the above series of events occurs under whole blood flow conditions in vivo.
Indeed, in vitro flow studies using a perfusion chamber and in vivo analysis using intravital microscopy in experimental
animals have drastically revised the classic theory for hemostatic mechanisms. This review article discusses the recent
progress in understanding the mechanisms of thrombus formation under physiologic whole blood flow conditions.

(J Jpn Coll Angiol, 2011, 51: 275-282)
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