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Thrombin-initiated platelet activation in vivo
Is VWF independent during thrombus
formation in a laser injury model
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Adhesion of platelets to an injured vessel wall and platelet activation are critical events in the formation of a
thrombus. Of the agonists involved in platelet activation, thrombin, collagen, and vWF are known to induce
in vitro calcium mobilization in platelets. Using a calcium-sensitive fluorochrome and digital multichannel
intravital microscopy to image unstimulated and stimulated platelets, calcium mobilization was monitored
as a reporter of platelet activation (as distinct from platelet accumulation) during thrombus formation in
live mice. In the absence of vWF, platelet activation was normal, but platelet adherence and aggregation were
attenuated during thrombus formation following laser-induced injury in the cremaster muscle microcircula-
tion. In WT mice treated with lepirudin, platelet activation was blocked, and platelet adherence and aggrega-
tion were inhibited. The kinetics of platelet activation and platelet accumulation were similar in FcRy7~ mice
lacking glycoprotein VI (GPVI), GPVI-depleted mice, and WT mice. Our results indicate that the tissue fac-
tor-mediated pathway of thrombin generation, but not the collagen-induced GPVI-mediated pathwayj, is the
major pathway leading to platelet activation after laser-induced injury under the conditions employed. In the
tissue factor-mediated pathway, vWF plays a role in platelet accumulation during thrombus formation but s

not required for platelet activation in vivo.

Introduction
Adhesion and aggregation of platelets to an injured vessel wall are
critical steps during thrombus formation. Once platelets become
adherent, they are activated and recruit additional circulating
platelets, leading to the formation of a thrombus (for review, see
refs. 1-3). At high shear rates, vessel wall-associated vWF binds
to the platelet receptor glycoprotein Ib (GPIb). This interaction
establishes transient binding of the platelet to the vessel wall and
immobilizes the platelets at the site of injury (4, 5). At physiologic
shear rates, both GPIb/V/IX and the integrin aupPs participate in
forming intercellular tethers among platelets, leading to the forma-
tion of stable platelet aggregates (6). The binding of vWF to GPIb
also induces platelet activation, as demonstrated by intracellular
calcium mobilization, and leads to the activation of the integrin
aunPs on the platelet surface (7, 8). After this first adhesion step,
receptor-ligand interactions synergistically promote stable platelet
adhesion. Among them, the binding of GPVI with collagen, inte-
grin a,P; with collagen or fibrinogen, and the integrin o3 with
fibrinogen or vWF lead to stable platelet accumulation in vitro.
In contrast to results from in vitro experiments where vWF was
shown to be essential for initial platelet adhesion, platelet accu-
mulation and thrombus formation were markedly attenuated but
not absent in in vivo studies using ¥WF~~ mice and the ferric chlo-
ride model of thrombosis (9, 10). Given the central role of vWF
in initial calcium mobilization in platelets established in in vitro
studies (11), we have examined the role of vWF in vivo in platelet
activation by directly monitoring platelet calcium mobilization as

Nonstandard abbreviations used: [Ca?'];, intracellular Ca?* concentration; GPIb,
glycoprotein Ib.
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a reporter of platelet activation; and by monitoring platelet accu-
mulation during thrombus formation in a living animal using
multichannel intravital digital fluorescence microscopy. In our
model, thrombus formation is initiated by laser-induced vessel
wall injury of arterioles within the mouse cremaster microcir-
culation under specific conditions and parameters. Shear rates
in the cremaster arterioles are in the range of 1,400 to 1,600 s..
The spatial and temporal resolution of 2 features of initial
thrombus development can be determined in vivo: (a) platelet
activation via monitoring of calcium mobilization in individual
platelets; and (b) platelet accumulation, with a peak at about 100
seconds. Using this system, we demonstrate that, under the con-
ditions employed, vWF is not required for platelet activation in
vivo, although it does play a role in platelet accumulation during
thrombus growth. The thrombin-mediated pathway of platelet
activation, as observed in our laser-induced thrombosis model, is
independent of vWF, whereas the collagen-mediated pathway of
platelet activation, as evaluated using the ferric chloride model of
thrombus, may be vWF dependent.

Results

Incorporation of fura-2—loaded platelets into the developing thrombus.
Fura-2/AM is a calcium ion-binding fluorochrome used to mea-
sure intracellular calcium mobilization. Fura-2 is characterized by
distinct spectral properties in the presence of low and high con-
centrations of Ca?*. The binding constant, K, of fura-2 for Ca?" is
0.14 uM, and thus this fluorochrome is sensitive to changes in the
intracellular Ca?* concentration ([Ca?'];) when, in the resting state,
Ca?* concentrations are significantly lower than 0.14 uM while in
the activated state, Ca?* concentrations are significantly higher
than 0.14 uM. Ca?* binding to fura-2 results in a shift in the absor-
bance maximum from 380 nm to 340 nm. The magnitude of fluo-
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Properties of fura-2—loaded platelets in vitro and in vivo. (A) P-selectin expression, determined by FACS analysis, on unstimulated or thrombin-
activated mouse platelets containing fura-2/AM. (B) Calcium mobilization in unstimulated (top row) or thrombin-activated fura-2—loaded mouse
platelets (bottom row) was determined by fluorescence microscopy in vitro. Emission at 510 nm after excitation at 380 nm is represented in green,
whereas emission at 510 nm after excitation at 340 nm is represented in red. Merge is presented in yellow. (C) Platelets loaded with red-orange
calcein AM or with fura-2/AM were injected into the circulation of a mouse, and vessel wall injury induced. Images of thrombus formation indicate
platelets containing calcein (red) and platelets containing fura-2/AM (green). (D) The median integrated fluorescence intensity of red-orange
calcein—labeled platelets or fura-2—labeled platelets in 18 thrombi from 3 mice is plotted as a function of time.

rescence emission at 510 nm following excitation at 340 nm and
at 380 nm allows estimation of the [Ca?*];. In the current study, we
isolated mouse platelets and loaded them with 3 uM of fura-2/AM.
By flow cytometry, thrombin-activated but not resting fura-2-load-
ed platelets expressed P-selectin on their surface, assuring that fura-2
did not lead to activation of or interfere with platelet activation
(Figure 1A). When resting platelets were excited at 380 nm and at
340 nm in vitro, the merged images of these fluorescence emissions
observed at 510 nm were dominated by excitation at 380 nm (Fig-
ure 1B, top row, green pseudo-color), but no fluorescence emission
was observed with excitation at 340 nm (Figure 1B, top row, red
pseudo-color). Merged fluorescence images at 510 nm following
excitation of activated platelets at 380 nm and at 340 nm showed
that fura-2 exists in both the Ca?*-bound and Ca?'-free state in
these cells, so activated platelets were predominately of the merged
yellow pseudo-color (Figure 1B, bottom row).

The efficacy of monitoring platelet recruitment into a develop-
ing thrombus using fura-2 excited at 380 nm was demonstrated
by simultaneously infusing platelets (150 x 10°) incubated with
either fura-2/AM or with red-orange calcein AM into the circu-
lation of a WT mouse. Ten minutes later, laser-induced arteriole
wall injury initiated thrombus formation, and intravital fluores-
cence and bright-field images were captured with excitation of
red-orange calcein at 570 nm and excitation of fura-2 at 380 nm
(Figure 1C). These 2 platelet populations exhibited similar kinetics
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of incorporation into the growing thrombus (Figure 1D). In sepa-
rate experiments, we infused donor platelets (150 x 10 platelets)
loaded with both fura-2/AM and red-orange calcein AM into the
circulation of a WT mouse and observed that fluorescent signals
corresponding to red-orange calcein and fura-2 excited at 380 nm
colocalized within the developing thrombus (data not shown). We
conclude that platelets containing fura-2/AM have normal platelet
function within the context of platelet incorporation into a devel-
oping thrombus and that fura-2/AM can be used as an alternative
to calcein to monitor the incorporation of platelets into thrombi.

Intracellular calcium status of circulating and thrombus-bound platelets
in vivo. We performed intravital wide-field microscopy to visualize
fura-2/AM-loaded platelet accumulation in one channel after exci-
tation at 380 nm, calcium mobilization in fura-2/AM-loaded plate-
lets in a second channel after excitation at 340 nm, and the bright-
field image in a third channel (Figure 2A). We infused 250 x 10° to
300 x 106 platelets, corresponding to approximately 20% of the total
endogenous platelet number, into a living mouse. All circulating
platelets loaded with fura-2/AM had calcium levels characteristic of
resting platelets. Fura-2-loaded platelets, monitored by excitation
at 380 nm, rapidly bound to the site of laser injury. Calcium mobi-
lization in fura-2-loaded platelets participating in the developing
thrombus was detected with excitation at 340 nm (Figure 2). In WT
mice, fura-2-loaded platelets adhered, accumulated, and mobilized
intracellular calcium at the site of injury (Figure 2A). In 18 thrombi
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In vivo imaging of calcium mobilization during platelet activation during thrombus formation in WT mice. Platelets isolated from WT mice were
loaded with fura-2/AM. Platelets (250 x 108 to 300 x 108 cells) were infused into the circulation of a WT mouse. Following laser-induced vessel
wall injury, thrombus formation was observed and images recorded over time. (A) Representative composite images of fluorescence and bright-
field data depicting thrombus formation show fura-2—loaded platelet accumulation (green, yellow) and calcium mobilization (yellow). Pre, before
injury. (B) Platelet accumulation during thrombus formation represented by the median integrated fluorescence intensity (y axis) of fura-2—labeled
platelets excited at 380 nm. Platelets were studied in the absence (upper curve) or presence (lower curve) of BAPTA-AM. F platelets, median
integrated fluorescence of platelets, with excitation at 380 nm and emission at 510 nm. (C) Representative composite images of fluorescence
and bright-field data depicting thrombus formation show fura-2—loaded platelet accumulation (green, yellow) and calcium mobilization (yellow)
in the presence of BAPTA-AM. (D) Calcium mobilization during thrombus formation depicted by the median integrated fluorescence intensity
(v axis) of fura-2—labeled platelets excited at 340 nm. Platelets were studied in the absence (upper curve) or presence (lower curve) of BAPTA-
AM. These data represent the median of experiments performed in 18 thrombi from 3 mice. F calcein, median integrated fluorescence of the

signal corresponding to calcein-labeled platelets.

induced in 3 mice, the median fura-2-loaded platelet accumula-
tion (Figure 2B) and median calcium mobilization (Figure 2D) over
time was calculated. Fura-2-loaded platelets rapidly accumulated
at the site of vessel wall injury, then the thrombus decreased in size
and the number of fura-2-loaded platelets diminished (Figure 2B).
When fura-2-loaded platelets were treated with the calcium chelator
BAPTA-AM prior to infusion into a donor mouse, calcium mobiliza-
tion was inhibited (Figure 2C). BAPTA-AM-treated, fura-2-loaded
platelets transiently bound to the developing thrombus (Figure 2B)
and did not mobilize calcium (Figure 2D). These results indicate
that platelet activation as monitored by calcium mobilization occurs
in the developing thrombus in vivo in our thrombosis model. How-
ever, platelets are able to reversibly bind to the developing thrombus
independent of or prior to calcium mobilization.

vWF is important for platelet accumulation during thrombus forma-
tion in vivo. Spatial and temporal resolution of 2 features of initial
thrombus development were determined using vWF~~ and WT
mice. Platelet activation was monitored by calcium mobilization,
and platelet accumulation on the vessel wall was monitored using
a fluorescently labeled antibody directed against CD41 (12). In
WT mice, platelets adhered and accumulated rapidly at the site of
injury, contributing to the early phase of platelet accumulation.
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The thrombus grew rapidly to its maximum size, then decreased
in size (Figure 3A; ref. 13). yWF~/~ mice showed similar kinetics of
platelet accumulation (Figure 3A). Despite the absence of vWF,
these mice had significant platelet thrombus formation, although
the maximal size of thrombi was reduced compared with that in
WT mice (Figure 3A). When the time to maximum thrombus size
was compared in 43 thrombi in 4 WT mice and 39 thrombi in 4
vWF~~ mice, no significant difference was observed (Figure 3B).
However, a significant reduction (P < 0.001) in the size of thrombi
was observed in ¥WF~~ mice in comparison with WT mice (Fig-
ure 3C). The largest thrombi observed in vWF~~ mice were not
restricted to a single vWF~~ animal but were distributed among all
of the vWF~~ mice. This difference in thrombus size between WT
and vWF~~ mice was confirmed by plotting the quartile distribu-
tion of thrombus size (Figure 3D). Thirty percent of the thrombi
formed in ¥WF~~ mice were present in the first quartile, represent-
ing the smallest thrombi, versus 20% for the WT mice. Only 18%
of the thrombi formed in ¥WF~~ mice were distributed in the larg-
est quartile, versus 34% for the WT mice. These results indicate
that the maximal size of the thrombus was significantly reduced
in vWF~/~ mice in comparison with WT mice. However, the kinetics
of thrombus formation were similar.

Volume 117 955

Number4  April 2007



research article

A 08~ B by the total platelet fluorescence
y p
0.7 4 as a function of the percentage of
08 WT 300 - platelets capable of undergoing
::E ’ 5 250 calcium mobilization (Supplemen-
Pt 051 < . o tal Figure 1; supplemental mate-
9 04+ 2 200 a rial available online with this arti-
ks = k3 = cle; doi:10.1172/JCI30537DS1).
2 03 & 150 - N o 172, ‘
w £ ‘ B In separate in vivo experiments,
021 % 100 7 & a single fluorescent platelet was
01 4 € g0 ’ examined for calcium mobiliza-
. vWE—- = * tion, thus allowing the direct cal-
0 5 100 150 200 250 WT culation of calcium mobilization
Elapsed time (s) per platelet (data not shown).
This measurement on individual
C 147 D platelets confirmed the results
12 . 50 7 obtained by studying fluorescence
= = of multiple platelets within the
~ 10 2 40 .
> o £ platelet thrombus. These experi-
Z’ 8 o g 30 4 ments allowed us to draw the con-
2 64 “ k) clusion that platelet activation is
I * £ 20 equivalent in WT and ¥WF~~ mice
g 41 ¢ o g in this thrombosis model.
i . . .
< 2 Ve 2 a 107 GPVI is not required for calcium
0 i % o] mobilization during thrombus for-
WT YWE Smallest  25%-50%  50%-75%  Largest  mation following laser injury. We
quartile quartile quartile quartile have previously demonstrated
Figure 3 that platelet accumulation asso-

Platelet accumulation during thrombus formation after vessel wall injury in WT and vWF~- mice. Plate-
lets were labeled with anti-mouse CD41 Fab fragments conjugated to Alexa Fluor 647. (A) The median
integrated platelet fluorescence (y axis) for 43 thrombi in 4 WT mice and for 39 thrombi in 4 vWF~- mice
is presented versus time after vessel wall injury. (B) The distribution of the time to reach maximal size for
each thrombus in WT mice and in vWF-- mice. No significant difference was observed by the Wilcoxon
rank sum test. (C) The distribution of the integrated platelet fluorescence for each thrombus in WT and
vWF-- mice at maximal size. WT thrombi were significantly larger than vIWF-- thrombi by the Wilcoxon
rank sum test (P < 0.001). (D) The quartile distribution of the maximal integrated platelet fluorescence
for each thrombus in WT and vWF-- mice. Forty-three thrombi in WT mice and 39 thrombi in vWF-- mice
were ranked, and the percentage of thrombi of each genotype was determined independently in each

quartile of the rank order. Black bars, WT mice; white bars, vIWF~- mice.

vWF is not required for platelet activation during thrombus formation in
vivo. Previous in vitro studies have described 2 calcium peaks per
platelet when platelets in a flow chamber come in contact with
immobilized vWF. The first peak is dependent on the interaction
of platelets with vWF and has been interpreted as being an impor-
tant signal for activation of a3 (11, 14, 15). To determine whether
vWEF is required in vivo for platelet activation — independent of its
role in platelet adhesion and aggregation — platelet activation at the
site of vascular injury was studied in vWF~~ mice. Although plate-
let accumulation was attenuated in these mice (Figure 3A), platelet
activation as monitored by calcium mobilization was observed in
vWF~~ mice (Figure 4A). Statistical analysis of the median fluores-
cence associated with calcium mobilization in multiple thrombi
in WT and vWF~~ mice allowed quantitation of platelet activation
in these mice (Figure 4B). To calculate calcium mobilization per
platelet (Figure 5A), the median integrated fluorescence associated
with activated platelets was compared with the median integrated
fluorescence associated with the total platelets accumulated within
the thrombus (Figure 5B). This approach was validated in in vitro
experiments in which a calibration curve was established compar-
ing the fluorescence associated with calcium mobilization divided
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ciated with laser-induced vessel
wall injury under the conditions
that we employ is not dependent
upon either the presence of plate-
let GPVI or associated with the
exposure of detectable collagen on
the vessel wall (12). To determine
whether GPVI is required for calci-
um mobilization, median platelet
accumulation and calcium mobi-
lization in WT and FcRy”/~ mice
deficient in GPVI were compared.
Platelet activation as monitored by calcium mobilization was not
dependent upon GPVI (Figures 5 and 6). Identical results were
observed in WT mice depleted of GPVI using a monoclonal anti-
body directed against GPVI (data not shown).

Thrombin is required for calcium mobilization and platelet accumula-
tion following laser injury. The requirement of thrombin for plate-
let activation leading to calcium mobilization was evaluated by
treating WT mice with lepirudin, an inhibitor of thrombin. Fibrin
generation and platelet accumulation were monitored within the
developing thrombus using Alexa Fluor 647 conjugated to Fab
fragments of antibodies against CD41 and Alexa Fluor 488 conju-
gated to fibrin-specific antibodies, respectively. Prior to infusion
of lepirudin into a WT mouse, multiple thrombi were evaluated.
After lepirudin infusion into the jugular vein of the mouse, mul-
tiple thrombi were again generated and fibrin and platelet accu-
mulation quantitated. Under these conditions, fibrin generation
was completely blocked and platelet accumulation was greatly
attenuated in vivo by lepirudin (Figure 7). Calcium mobilization in
fura-2-loaded WT platelets, infused into WT mice pretreated with
lepirudin, was significantly reduced, although the initial phase
of platelet accumulation was still present. Calcium mobilization
Number 4
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per platelet in WT mice treated with lepirudin was significantly
reduced in comparison with that of untreated vWF~~, FcRy~~, and
WT mice (Figure 5B). These results indicate that, in this in vivo
thrombosis model under the conditions employed for laser injury,
platelet activation is independent of vWF but dependent upon
thrombin activity.

Discussion

In this study, we have separately monitored platelet activation and
platelet accumulation in mice lacking vWF using laser-induced
vessel wall injury, a thrombosis model that is dominated by tissue
factor-mediated thrombin generation but in which platelet accu-
mulation appears to be largely independent of GPVI and collagen
under the conditions that we employ (12, 16). Our results indicate
that platelet activation, as monitored directly by calcium mobi-
lization, is normal in mice lacking vWF. We conclude that vWE

Figure 5

Calcium mobilization per platelet in WT mice, vWF~- mice, FcRy”- mice,
and WT mice treated with lepirudin. In order to calculate calcium mobi-
lization per platelet, the ratios of the signals corresponding to platelet
accumulation and calcium mobilization (as assessed by the median
integrated fluorescence intensity of each) were compared. (A) Plate-
let accumulation. (B) Calcium mobilization per platelet, presented as
a ratio. FcRy”-, FcRy~- mice lacking GPVI; WT + lepirudin, WT mice
treated with lepirudin.
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Figure 4

In vivo imaging of calcium mobilization during platelet acti-
vation during thrombus formation in vWF-- mice. (A) Plate-
lets isolated from vWF-- mice were loaded with fura-2/AM.
Platelets (250 x 108 to 300 x 106 cells) were infused into the
circulation of a vWF--mouse. Following laser-induced vessel
wall injury, thrombus formation was observed and images
recorded over time. (A) Representative composite images of
fluorescence and bright-field data depicting thrombus forma-
tion show fura-2—loaded platelet accumulation (green, yel-
low) and calcium mobilization (yellow) in a vWF--mouse. (B)
Calcium mobilization during thrombus formation represented
by the median integrated fluorescence intensity (y axis) of
fura-2—labeled platelets excited at 340 nm. Black: WT mice;
blue: vWF-- mice.

is not required for platelet activation during thrombus
formation under circumstances in which the tissue fac-
tor-mediated pathway of thrombin generation is domi-
nant. However, platelet accumulation is attenuated in the
absence of vWF, as previously described (9). These results
are unanticipated for 2 reasons. First, vWF has been shown
to bind and activate platelets in in vitro flow studies, with
the mechanical interaction of vWF and platelets leading to
intracellular calcium mobilization (17). However, we find
that in vivo, in the absence of significant collagen expo-
sure and even at high shear, the docking function of vWF
is not required for platelet activation. This is most likely
due to intrinsic differences in the experimental design,
since Mazzucato et al. (11) performed experiments in vitro
with a high density of vWF adherent to the solid phase
and in the presence of hirudin to block thrombin activity,
whereas the current experiments were performed in a live
mouse in the absence of anticoagulants, including throm-
bin inhibitors. Second, incorporation of a platelet into a thrombus
in an injured vessel and platelet activation have been thought to
occur simultaneously. However, we demonstrate that the platelet
thrombus includes a large population of platelets that do not get
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Role of thrombin, vVWF, and GPVI in platelet accumulation and calcium mobilization. WT, vWF--, or FcRy~- platelets loaded with fura-2/AM
were infused into a recipient mouse of the same genotype. In some experiments, the WT recipient mouse was treated with lepirudin. Thrombus
formation was performed as described in Figure 2 and fura-2—loaded platelets imaged for platelet accumulation and calcium mobilization. Rep-
resentative images were obtained before injury (pre) and 30, 60, 90, 120, and 150 seconds after injury.

activated and that remain transiently bound to the developing
thrombus. This point is clearly established by the large number of
unactivated platelets (green) in the images of a developing throm-
bus in Figure 2A depicting platelet accumulation.

Central to platelet activation is the mobilization of intracellular
calcium. Cytosolic Ca2* levels rise from basal levels of approximately
50-120 nM in unstimulated platelets to micromolar levels in acti-
vated platelets, depending upon the potency of the agonist. As a
second messenger, calcium mobilization mediates many platelet
functions, such as shape change, platelet secretion, and activation
of various integrins residing on the platelet membrane (18, 19). In
vitro studies under static or flow conditions have identified the
intracellular pathways leading to the mobilization of intracellular
calcium after platelet adhesion. In a static model, thrombin induces
calcium mobilization within platelets, leading to the activation of
specific integrins and secretion of platelet granules. In perfusion
experiments where flow is adjusted to arterial shear rates, adhesion
of platelets first requires the binding of the GPIb-IX-V complex on
the surface of platelets tovWF (1, 5, 20, 21). This interaction leads to
sequential elevations in [Ca?*];. The first (a/p) peak, associated with
mechanical stimulation and rapid Ca?* release from intracellular
stores, is coupled to a first stage of ounf33 activation (11, 15, 22). Sub-
sequent binding of activated oufs to vWF and fibrinogen leads to
a second Ca?" elevation (y peak) of greater amplitude and duration
that is necessary for the stable activation of integrins and irrevers-
ible adhesion and aggregation of platelets (23). Last, continuous
P2Y1 and P2Y12 stimulation resulting in cyclic [Ca?']; oscillations
appears to be necessary for maintaining the state of activation of
a3 required for thrombus stability in flowing blood (24).

We adapted a well-developed technique for monitoring calcium
transients in live cells to follow calcium mobilization in platelets
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during thrombus formation in a living mouse. Although we are
not able to quantitate intracellular calcium concentrations in cells
in the circulation by ratio imaging (25), we established what we
believe to be a novel method for monitoring platelet activation in
vivo. We can measure platelet activation in vivo with high spatial
and temporal resolution, providing new insights into this process
during thrombus formation in a living mouse. For example, using
calcium mobilization as a reporter of platelet activation, we dem-
onstrate that vWF is not required for calcium mobilization. Fur-
thermore, we observed transient adhesion of BAPTA-AM-treated
platelets to a developing thrombus, indicating that the tethering
of platelets to a developing thrombus is independent of calcium
mobilization in a living mouse.

Our in vivo experiments on arterioles within the cremaster
muscle microcirculation were performed at locations where shear
rates were approximately 1,500 s~1. Under these conditions, human
platelet thrombus formation is vVWF dependent. Although mouse
platelets are smaller, albeit more numerous, our in vivo experi-
ments (Figure 3A) as well as those of others (6, 9, 26) indicate that,
under these conditions, platelet thrombus formation is also vWF
dependent in mouse cremaster and mesentery arterioles.

Previous studies of thrombus formation in arterioles of vWF~/~
mice employed the ferric chloride model of vascular injury (9),
another thrombosis model in which thrombus formation requires
GPVI expression and exposure of collagen in the subendothelial
matrix. Our current results suggest that the role of vWF in plate-
let activation may be limited to the collagen-platelet GPVI path-
way, where vWF interaction with platelets is critical. However, as
shown in the current study, platelet activation, when initiated by
thrombin, the end product of the tissue factor-mediated path-
way, is independent of vWEF. This concept would be completely
Number 4
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consistent with the observations that von Willebrand disease is
not fully protective from thromboembolic disease, particularly
atherothrombosis, since these diseases are characterized by an
important role for thrombin.

Methods

Mice. WT C57BL/6]J, vWF~/~, and FcRy7~ mice were obtained from The Jack-
son Laboratory. The characteristics of the vWF~~ and FcRy”~ mice have
been previously described (9). In all of the mouse experiments in the stud-
ies reported here, donor platelets were obtained from mice of the same
genotype as the recipient mouse. The Beth Israel Deaconess Medical Center
Institutional Animal Care and Use Committee approved all animal care
and experimental procedures.

Antibodies and reagents. Rat anti-mouse CD41 antibody (clone MWReg30)
and rat anti-mouse P-selectin antibody (clone RB 40.34) were from BD
Biosciences — Pharmingen. Mouse anti-human fibrin II $-chain antibody
(clone NYBT2G1) was from Accurate. Fab fragments from the anti-CD41
antibody were generated using the InmunoPure Fab Preparation Kit from
Pierce and then conjugated to Alexa Fluor 647 according to the manufac-
turer’s instructions (Invitrogen). Anti-fibrin antibody was conjugated to
Alexa Fluor 488. Lepirudin (Berlex) was infused in vivo every 30 minutes
via a jugular catheter at a dose of 8 U/g mouse.

Preparation and pretreatment of washed platelets. Blood was collected from
mice in a citrate solution (ACD: 85 mM trisodium citrate, 67 mM citric
acid, 111.5 mM glucose, pH 4.5) in the presence of 0.5 mM prostacyclin
(PGI,; Calbiochem-Novabiochem) and 0.02 U/ml apyrase (Sigma-Aldrich).
Platelets were separated from freshly drawn blood by centrifugation and
washed twice in CGS buffer (13 mM trisodium citrate, 30 mM dextrose,
and 120 mM NaCl, pH 7.0) in the presence of 0.04 U/ml apyrase and 500
nM PG, as previously described (9). Washed platelets were resuspended at
a concentration of 1 x 108 platelets/ml in Tyrode buffer (138 mM NaCl, 2.9
mM KCI, 12 mM NaHCO3, 0.36 mM NaH,POy, 5.5 mM glucose, 1.8 mM
CaCl,, and 0.4 mM MgCl,, pH 7.4) containing 0.2% BSA (Sigma-Aldrich).
Platelets were incubated with 1 ug/ml of red-orange calcein AM (Molecular
Probes; Invitrogen) or 3 uM fura-2/AM (Molecular Probes; Invitrogen) in
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Figure 7

Effect of lepirudin on platelet accumulation and fibrin deposition in
WT mice. Thrombus formation was induced as described in Figure 1,
and platelets and fibrin detected using Fab fragments of antibodies
against CD41 and fibrin-specific antibodies, respectively. The median
integrated fluorescence over time is presented for 30 thrombi gener-
ated in 3 WT mice. After generating a series of 10 thrombi per mouse,
lepirudin (8 U/g mouse) was infused and 9-10 additional thrombi
generated per mouse. A total of 28 thrombi before infusion and 29
thrombi after infusion were studied in 3 mice. Black, before infusion;
gray, after infusion.

the absence or presence of 50 uM BAPTA-AM (Calbiochem-Novabiochem)
for 40 minutes in the dark at 37°C, centrifuged, and resuspended in Tyrode
buffer at 100 x 107 platelets/ml before injection into a recipient mouse.

Flow cytometry. Resting or thrombin-activated (0.1 U/ml) platelets (1 x 10°
cells) were incubated with 2.5 ug of FITC-labeled antibody directed against
mouse P-selectin (clone RB40.34) for S minutes. Expression of P-selectin
on the surface of resting and activated platelets was analyzed using a BD
FACSCalibur flow cytometer. Flow cytometry experiments were performed
on 1.5 x 107 washed platelets.

Intravital microscopy. Intravital videomicroscopy of the cremaster muscle
microcirculation was done as previously described (27). Mice were pre-
anesthetized with intraperitoneal ketamine (125 mg/kg; Abbott), xylazine
(12.5 mg/kg; Phoenix Pharmaceuticals Inc.), and atropine (0.25 mg/kg;
American Pharmaceutical Partners). A tracheal tube was inserted and the
mouse maintained at 37°C on a thermo-controlled rodent blanket. To
maintain anesthesia, Nembutal (Abbott) was administered through a can-
nulus placed in the jugular vein. After the scrotum was incised, the testicle
and surrounding cremaster muscle were exteriorized onto an intravital
microscopy tray. The cremaster preparation was superfused with ther-
mocontrolled (36°C) and aerated (95% N3, 5% CO,) bicarbonate-buffered
saline throughout the experiment. Microvessel data were obtained using an
Olympus AX microscope with a 60x 0.9-numerical aperture water immer-
sion objective. The digital wide-field fluorescence microscopy system has
previously been described (27). Digital images were captured with a Cooke
Sensicam CCD camera in 640 x 480 format.

Laser-induced injury. Exogenous labeled platelets (250 x 10° to 300 x 10°)
were infused into the circulation of an anesthetized mouse. When
employed, lepirudin (Berlex) was injected via a jugular catheter at a dose of
8 U/g mouse 5-15 minutes prior to laser-induced injury. Vessel wall injury
was induced with a Micropoint Laser System (Photonics Instruments)
focused through the microscope objective, parfocal with the focal plane
and aimed at the vessel wall, as previously described (12). Typically 1 or
2 pulses were required to induce vessel wall injury. The severity of injury
was comparable to that in the laser injury models employed by others but
significantly distinct from the superficial or moderate injuries used by the
Volume 117 Number 4
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same research groups (28, 29). For in vivo calcium mobilization experi-
ments, the number of thrombi formed was limited to 6 over a 45-minute
period. Multiple thrombi were studied in a single mouse, with new throm-
bi formed upstream of earlier thrombi to avoid any contribution from
thrombi generated earlier in the animal under study. There were no char-
acteristic trends in thrombus size or thrombus composition in sequential
thrombi generated in a single mouse during an experiment. Image analy-
sis was performed using Slidebook 4.1 (Intelligent Imaging Innovations).
Fluorescence data were captured digitally at up to 50 frames per second
and analyzed as previously described (27). The kinetics of thrombus forma-
tion were analyzed by determining median fluorescence values over time in
approximately 30 thrombi (30).

Statistics. Statistical analyses were performed using the Wilcoxon rank test.
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