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Abstract To elucidate how unusually large von Willebrand
factor (UL-VWF) multimers facilitate thrombus formation,
their behavior was analyzed together with that of platelets
in living mice deficient in the gene encoding the protease
that cleaves UL-VWE, a disintegrin-like and metalloprotease
with thrombospondin type 1 motif 13 (ADAMTS13~/~). By
crossing ADAMTS13—~/~ mice with green fluorescent
protein-expressing transgenic mice (GFP mice), GFP-
ADAMTS13—/~ mice were obtained. The dynamics of
GFP-expressing platelets were monitored employing intra-
vital confocal fluorescent microscopy. Administration of a
vasopressin derivative, DDAVP, a secretagogue of VWF
mcreased the number of platelets adhered to vascular
endothelial cells (VECs) on mesentery at sites recognized
by an anti-VWF antibody. Some of these platelets were
interconnected and aligned as beads on a string. They
reached their maximum length at 5 min and were longer in
GFP-ADAMTS13~/— mice than in GFP mice (5.3+4.3,
N=6 vs 2.9+2.1 um, N=4) (meantSE). Focal injury of
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VECs by topical application of FeCl; developed longer (25,
3-50 vs 10, 2-25 pm, P<0.01) (mean, 10th-90th percentile)
and more stable (1.3, 0.3-6.3 vs 0.3, 0.2-1.3 5, P<0.01)
connected platelets in GFP-ADAMTS13—/— mice than in
GFP mice. This study revealed that ADAMTS13 cleaves
platelet-bound UL-VWEF multimers, both during their secre-
tion from VECs and after their adherence to injured vascular
walls in veins. UL-VWF multimers either being secreted
from VECs or circulating in plasma of ADAMTS13—/~ mice
appeared to facilitate the accumulation of longer and more
stable VWF strings with more associated platelets on injured
vascular walls.

Keywords Von Willebrand factor (VWF) - A disintegrin-
like and metalloprotease with thrombospondin type 1 motif
13 (ADAMTS13) - Thrombotic thrombocytopenic purpura
(TTP) - Intravital confocal fluorescent microscopy

Introduction

Von Willebrand factor (VWF) is a macromolecular, multi-
domain glycoprotein that is synthesized both in vascular
endothelial cells (VECs) and in megakaryocytes (see
reviews [15, 37]). VWF forms dimers by C-terminal
disulphide bonding in the endoplasmic reticulum, and it
subsequently forms multimers by N-terminal disulphide
bridging in the Golgi apparatus. VWF multimers are either
constitutively secreted from VECs or are stored in
secretory granules in VECs (Weibel-Palade bodies) [44]
as ‘“‘unusually large” VWF (UL-VWF) multimers [41],
having a wide range of molecular masses from 500 to
20,000 kDa [18]. The stored VWF can be secreted from

@ Springer
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Weibel-Palade bodies by a variety of secretagogues, such as
the vasopressin derivative desmopressin acetate (DDAVP)
[25]. VWF plays an essential role in hemostasis by
mediating the initial adhesion of platelets at sites of
endothelial denudation, through binding of its A3 domain
with collagen and of its Al domain with glycoprotein Tb
(GPIb) on platelets, especially under high shear stress
conditions [}, 35]. VWF also plays a crucial role in
aggregation of fluid-phase platelets by interacting with the
platelet glycoprotein IIb/Illa (GPIIb/IIfa) [11, 12]. Thus,
deficiencies in either the quality or quantity of plasma VWF
result in the severe bleeding tendency known as von
Willebrand disease [18].

The length of VWF multimers determines their capacity
to bind platelets [30], and this is likely due to the existence
of multiple interactive sites on VWF for platelets and for
vessel wall components [18]. UL-VWF multimers, once
released into the circulation, are rapidly cleaved into
smaller, less thrombogenic VWF multimers by a metal-
loprotease called a disintegrin-like and metalloprotease with
thrombospondin type 1 motif 13 (ADAMTS13) [24, 40,
48]. ADAMTSI13 is a 195-kDa glycoprotein that is
primarily synthesized in hepatic stellate cells [43, 49]. 1t
cleaves a peptide bond between Tyr1605 and Met1606 in
the A2 domain of VWF, producing VWF subunit fragments
of 176 and 140 kDa [13]. This cleavage proceeds more
efficiently when the VWF A2 domain is unfolded by
mechanical force [46, 47]. A deficiency of ADAMTSI3
increases the plasma levels of UL-VWF multimers [29] and
is clinically linked to the development of thrombotic
thrombocytopenic purpura (TTP) [19, 24, 42]. Pathological
findings in TTP include the accumulation of platelet-rich
multiple thrombi, which are distinct from those in dissem-
inated intravascular coagulation. These thrombi are abun-
dant in VWF antigen but have little or no fibrin, and they
occur in multiple organs including heart, brain, kidneys,
adrenals, spleen, and liver [3]. .

It is still not clear, however, how and where ADAMTS13
cleaves UL-VWF in the vasculature, and how UL-VWF
multimers facilitate thrombus formation. We have recently
established a method having advantages in the analysis of
dynamics of platelets on VECs in vivo, in which intravital
confocal microscopy [17] is applied to green fluorescent
protein-expressing transgenic mice (GFP mice) [20]. Spe-
cifically, ADAMTSI13 knockout mice [6] were crossed with
GFP mice [32] to generate GFP-expressing ADAMTSI3
knockout mice (GFP-ADAMTS13—/~ mice), in which all
platelets can be visualized without labeling. This made it
possible to analyze the behavior of intact GFP-expressing
platelets and to quantify their exact numbers bound to either
DDAVP-stimulated VECs or to the injured vascular wall
through UL-VWF multimers, in living animals lacking
ADAMTSI13.
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Materials and methods
Animals

Green fluorescent protein-expressing transgenic mice,
based on the C57BL/6J strain (GFP mice), were supplied
by Dr. Okabe (Osaka University, Osaka, Japan) [32].
ADAMTSI13 knock-out mice (ADAMTSI3~/~ mice:
CS57BL/6 strain background) [4, 6], which lack its specific
activity to cleave recombinant substrate, GST-mVWF73-H,
as well as a fluorogenic substrate, FRETS-VWF73 [4, 6},
was crossed with GFP mice to obtain hybrid mice lacking
the ADAMTS13 gene and expressing GFP (GFP-
ADAMTS13—/— mice). Genomic DNA was analyzed to
confirm the lack of the ADAMTSI13 gene [6]. The experi-
mental protocol was reviewed and approved by the Animal
Experiments Committee of the Hamamatsu University

_ School of Medicine.

Materials

Desmopressin ([deamino-Cys', D-Arg®]-vasopressin acetate
hydrate, abbreviated DDAVP) was obtained from Sigma (St.
Louis, MO, USA). Polyclonal rabbit anti-human VWF
antibody was purchased from DakoCytomation (Glostrup,
Denmark) and was labeled with Alexa Fluor 568 obtained
from Molecular Probes (Eugene, OR, USA).

Hematologic analysis

Blood samples were collected from the inferior vena cava
with a syringe containing 0.1 volume of 3.8% trisodium
citrate. Blood cell counts and hematocrits were determined
using a whole-blood cell counter (Celltac, Nihon Kohden,
Tokyo, Japan). Plasma VWF antigen levels were determined
by an enzyme-linked immunosorbent assay as previously
reported [34], with a slight modification. The polyclonal
rabbit anti-human VWF antibody (DakoCytomation) was
used as both a capturing and a tagging antibody. When it
was used as a tagging antibody, it was biotinylated using
the ECL™ Protein Biotinylation Module (Amersham
Biosciences, Buckinghamshire, England). Human plasma
was collected from five normal volunteers, pooled, and then
employed to obtain a standard curve for VWF levels after
sequential dilution.

In vivo imaging analyses using intravital fluorescence
confocal microscopy

For intravital fluorescence microscopy of the microcircula-
tion of a living mouse, we used a Yokogawa Real Time 3D
Workstation (Yokogawa FElectric Co., Tokyo, Japan),
composed of a Nikon TE 600 microscope (#40, NA 0.8



