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New insights into the spatiotemporal localization of prothrombinase
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The membrane-dependent interaction of factor Xa (FXa) with factor Va (FVa) forms
prothrombinase and drives thrombin formation essential for hemostasis. Activated

e Prothrombinase bound in
the vicinity of vascular
damage is distributed away
from platelets and is
largely found on activated
endothelium.

¢ The activated endothelium
plays an unexpectedly
important role in supporting
prothrombinase assembly
and function at the site of
damage.

platelets are considered to provide the primary biological surface to support prothrom-
binase function. However, the question of how other cell types may cooperate within the
biological milieu to affect hemostatic plug formation remains unaddressed. We used
confocal fluorescence microscopy to image the distribution of site-specific fluorescent
derivatives of FVa and FXa after laser injury in the mouse cremaster arteriole. These
proteins bound to the injury site extend beyond the platelet mass to the surrounding
endothelium. Although bound FVa and FXa may have been present on the platelet core at
the nidus of the injury, bound proteins were not evident on platelets adherent even a small
distance from the injury site. Manipulations to drastically reduce adherent platelets yielded
a surprisingly modest decrease in bound FXa and FVa with little impact on fibrin formation.
Thus, platelets adherent to the site of vascular injury do not play the presumed preeminent role
in supporting prothrombinase assembly and thrombin formation. Rather, the damaged/
activated endothelium and possibly other blood cells play an unexpectedly important role in

Introduction

providing a procoagulant membrane surface in vivo. (Blood. 2014;124(11):1705-1714)

Vascular damage and inflammatory processes allow for platelet
adhesion and the exposure of tissue factor to blood triggering the
blood coagulation response. The resulting series of proteolytic ac-
tivation steps on the surface of activated cells culminates in thrombin
formation and the conversion of soluble fibrinogen to insoluble
fibrin." Binding of clotting factors to membranes facilitates assembly
of the intrinsic Xase and prothrombinase enzyme complexes and
profoundly increases the rate of cleavage of their cognate biological
substrates, thereby localizing enhanced product formation to the site
of vascular damage.? To mitigate unwanted clot formation, assembly
of the intrinsic Xase and prothrombinase complexes requires cell
activation and exposure of phosphatidylserine on the outer leaflet of
the cell membrane.>> Although activated platelets, microparticles,
leukocytes, endothelial, and even red cells support their assembly
and function to varying degrees, it is the activated platelet surface that
is, by far, considered the preeminent site for the function of these
enzyme complexes.*'® This paradigm is largely based on extrap-
olations from in vitro studies with isolated platelets in the absence of
key participants that could further contribute to clot formation within
the vasculature. A weakness in this extrapolation lies in predicting
the contribution of different cells to function on the basis of mea-
surements performed using “optimal”” agonist concentrations to stim-
ulate various cell types with little knowledge of the agonist

concentrations encountered in flowing blood after vascular damage.
Consequently, it remains uncertain how other activated cells, in
addition to platelets, contribute to thrombin generation in vivo after
different types of vascular injury.

Mouse models and advances in intravital video microscopy to
visualize the dynamics of thrombus formation in vivo provide new
opportunities to test hypotheses within the context of the authentic
injured vasculature.''"'* Work using laser-induced injury to the mouse
cremasteric arteriole has revealed surprising findings that challenge
otherwise accepted ideas about thrombus formation. The findings
point to a significant role for other activated cells, in addition to
platelets, in supporting fibrin formation. This is revealed by significant
amounts of fibrin deposition after laser injury, despite large reductions
in adherent platelets using a pharmacologic approach or mice that are
deficient in protease-activated receptor (PAR)4.'*'® Although this
could be related to the type of injury or other factors, these findings
warrant a more detailed evaluation of the cellular site(s) of coagulation
enzyme complex formation in vivo.

Here, we generated site-specific labeled fluorescent species of
coagulation factor Va (FVa) and factor Xa (FXa) with well-established
properties to advance our understanding of coagulation enzyme
function and the relative contribution of blood cells, and the vascu-
lature to the regulation of clot formation in vivo. Surprisingly, the
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data show that the distribution of FVa and FXa at the site of vascular
injury, to a large extent, is on the damaged endothelium with minor
contributions from platelets. Furthermore, a significant reduction of
adherent platelets at the core injury site had little impact on the total
amount of prothrombinase or fibrin detected. These results challenge
long-standing models of blood coagulation in which activated
platelets are the primary site for prothrombinase assembly. Thus,
although activated platelets can support robust thrombin generation
in vitro, this role in vivo may be much more limited than previously
appreciated.

Methods

Reagents

Benzamidine, 4-amidinophenylmethanesulfonyl fluoride hydrochloride,
and bovine serum albumin were purchased from Sigma. N-ethylmaleimide,
maleimide derivatives of Alexa and N-hydroxysuccinimidyl derivatives of
Alexa probes were purchased from Life Technologies. All tissue culture
reagents were purchased from Life Technologies, except insulin-transferrin-
sodium selenite (Roche Applied Science). Integrilin (eptifibatide) was
obtained from Merck.

Proteins

Recombinant FX (rFX), activated rFX (rFXa), and a partial B-domain-less
form of human FV (FV-810) were prepared, purified, and characterized as
previously described.'”'® Molecular weights and extinction coefficients
(Ezoé(l)n“) of the various proteins have been previously reported.' A FV-810
variant with Cys>®, Cys'®®°, and Cys?''® replaced by Ser, Tyr, and Ala,
respectively (FV-8105Y") was generated with the QuikChange site-directed
mutagenesis kit (Agilent) using appropriate complementary oligonucleotides
containing the desired mutations. FV-8105Y2 reacted with Alexa,gg-malemide
for 1 hour at pH 7.0 to yield Alexasgg- FV-8105Y2. Free dye was removed
by gel filtration as previously described.?® FXa was inactivated with
acetothioacetyl-EGR-CH,-Cl and reacted with an Alexa-maleimide probe
(Alexa-488 or Alexa-647) after thioester hydrolysis and purified to yield Alexa-
inactivated FXa (FXa;) as previously described.”® Rat anti-mouse CD41 antibody
(clone MWReg 30) prepared as a Fp), fragment was obtained from BD
Bioscience (San Jose, CA). Mouse anti-human fibrin monoclonal antibody
(clone 59D8), which cross reacts with mouse fibrin has been previously
described.?""?? These antibodies were conjugated with Alexasss or Alexaygg
using the Alexa Fluor Protein Labeling Kit, according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA). Annexin V was labeled with amine
reactive Alexaygg and repurified as described.??

Animals

Hemophilia B (HB) mice on the Balb/c strain have been previously described
and backcrossed for more than 5 generations.24‘25 Wild-type (wt)-Balb/c
mice were purchased from Jackson Laboratory (Bar Harbor, ME). The
endothelial-specific receptor tyrosine kinase (Tie2)-green fluorescent pro-
tein (GFP) mice on the FVB/N background were obtained from Jackson
Laboratory (Bar Harbor, ME). These mice express GFP under the control of
the Tie2 prornoter.26 To obtain HB-Tie2-GFP mice, Tie2-GFP mice were
crossed with HB mice (Balb/c) and bred for more than 5 generations. For all
experiments, mice were between 8 to12 weeks of age and weighed 25 to 30 g.
Experimental approval was obtained from the Children’s Hospital of
Philadelphia Institutional Animal Care and Use Committee.

Real-time in vivo imaging of thrombus formation

Evaluation of hemostasis after laser injury to the cremaster muscle has been
previously described and our specific experimental system has been
detailed.'>?>?" Different combinations of Alexasgs-FV-8105Y4 (600 ne/kg),
FXa; (80 pg/kg) tethered to either Alexaygg or Alexagy7, and Alexasss-labeled
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rat anti-CD41 Fgp,y or Alexagss-labeled anti-fibrin a.ntibody21 were
administered via a jugular vein cannula. Based on empirical studies,
antibodies were infused at 0.2 mg/kg for the anti-CD41 F, fragment and
0.1 mg/kg for the anti-fibrin antibody. All proteins were infused in 20 mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, 0.15 M NaCl, 2 mM
CaCl,, 0.1% polyethylene glycol 8000, and pH 7.4 (assay buffer). Due to
space limitations, we restricted the presentation of findings to a limited
combination of probes. However, to rule out potential overlap between
emission spectra of different fluorescent probes, fluorescent derivatives of
FVa, FXai, anti-CD41, and anti-fibrin were used singly, as well as in
multiple combinations to ensure the final results were equivalent. We also
used combinations of proteins individually labeled with different Alexa
probes to ensure that the conclusions were independent of the combination
of probes used to image the different components present with different
abundance.

Cremasteric arterioles of 30 to 50 wm were selected for study and visu-
alized using an Olympus BX61WT upright fluorescence microscope with X 60
water immersion lenses, equipped with Yokogawa CSU-X1 spinning disk
confocal scanner. Vascular injury was induced using a pulse-nitrogen dye
laser applied through the microscope objective. Brightfield and fluorescence
images were collected over the course of 3 to 4 minutes at 4 Hz, and the data
were analyzed using Slidebook version 5 software (Intelligent Imaging
Innovations, Denver, CO). Three-dimensional (3D) optical images were
captured with a confocal microscope equipped with a CoolSnap HQ CCD
digital camera (Photometrics, Tucson, AZ) and 3D reconstruction was
performed using Volocity Software (PerkinElmer, Waltham, MA).

Statistics

Data were expressed as median * standard error of the mean and were
compared by nonparametric, two-tailed P value Wilcoxon matched-pairs test.

Results
Site-specific labeling of coagulation factors

Human FVa has 4 free Cys residues, 2 in the heavy chain (539 and
585) and 2 in the light chain (1960 and 2113)*® with Cys>*° most
amenable to modification.”**' We prepared a B-domainless FVa
variant (FV-8105Y%) that is constitutively active and has a single,
free cysteine at 539 (supplemental Figure 1A, available on the Blood
Web site). Mutagenesis of the other Cys residues to Ser, Tyr, Ala was
based on sequence alignment analysis, which revealed that these
amino acids are found at positions 585, 1960, and 2113 in other
species. As with FV-810, the variant was processed by thrombin to
FVa (supplemental Figure 1B). As expected, FV-8105Y" was
labeled with Alexasgg-maleimide within the heavy chain (supple-
mental Figure 1B), whereas FV-810 was labeled on both chains (data
not shown). Pre-treatment of FV-810 (data not shown) or FV-81 oSYA
with N-ethylmaleimide eliminated further labeling consistent with
Cys-specific modification at residue 539 (supplemental Figure 1A).
Preparative labeling of FV-8105Y2 with Alexaygg-maleimide, and
repurification and analysis by absorbance measurements revealed
a stoichiometry of approximately 1:1. Procoagulant specific activity
of the labeled material was comparable to unlabeled FV-8105Y4,
FV-810, and rFVa (data not shown). Based on this functional
equivalence, the unlabeled and labeled forms of FV-8105Y4 are
interchangeably referred to as FVain this manuscript. We also used
rFXa bearing Alexa,gg or Alexag,; tethered to the active site with
a peptidyl chloromethyl ketone (EGR-cmk). The resulting
Alexaygg-FXa; or Alexags7-FXa; derivatives are inactive, but they
retain the ability to assemble into prothrombinase with a similar
affinity to active FXa.*?
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Hemostatic plug formation in wt and FV-81 -treated HB mice

We have previously reported clot formation after laser injury in the
cremasteric arterioles of hemophilic mice that could be corrected by
preinfusion of human FVa to levels comparable to those seen after
reconstitution with either FVIII or FIX.?’ Therefore, it follows that
some or all of the infused FVa localized at the site of the growing
hemostatic plug must be functional and complexed with endogenous
FXa to generate thrombin. These observations form the basis for our
experimental design to use HB mice as a platform to image the
constituents of prothrombinase in the developing clot. This approach
was chosen to minimize the confounding possibility that a significant
fraction of FVa or FXa localized at the site of injury may be
nonproductively or adventitiously bound in a way that is irrelevant to
thrombin formation.

To examine whether this model resembles hemostatic plug
formation in wt animals, we compared the kinetics of platelet and
fibrin accumulation after laser injury in wt mice with HB mice
preinfused with unlabeled FV-8105Y4. Platelet and fibrin accumu-
lation after laser injury were comparable in both sets of animals.
Platelet accumulation was initially more robust in HB mice pre-
infused with FV-8105Y*, but differences were not apparent after
approximately 1.5 minutes (Figure 1A). The kinetics of fibrin de-
position was equivalent in the 2 models (Figure 1B). No obvious
differences were evident in platelet or fibrin accumulation between
the 2 groups of animals when evaluated at 30 second intervals (P > .1).
Consistent with prior findings,'*>* both models showed fibrin de-
position adjacent to and even extending into the vessel wall
(supplemental Video 1A-B). Spatially, fibrin colocalized with only
a portion of the deposited platelets within a core region at the site of
microscopic laser injury. The remaining platelets were more exten-
sively distributed around this core with no accumulating fibrin.
Comparable kinetics of clot formation and its spatial organization in
wt animals and in HB mice infused with unlabeled FV-8105Y4
further validates the use of the latter approach to assess the spa-
tiotemporal distribution of prothrombinase constituents.

FVa and FXa imaged individually after laser-induced injury

The distribution of bound FVarelative to platelets after laser injury in
HB mice was visualized after infusion of Alexa,gg-FV-8105Y and
Alexasss-labeled rat anti-CD41 F(ab), directed against platelets. A
rapid and robust fluorescence signal was detected denoting accu-
mulation of Alexa,gs-FV-8105Y4 (green) and platelets (red) at the
site of vascular damage (see Figure 2 for graphical image). Repre-
sentative digital composite fluorescence and brightfield images
at various time points after injury illustrate that bound Alexa,gg-
FV-8105Y* at the core injury site colocalized with adherent platelets,
as well as being seemingly bound to the vessel wall both upstream
and downstream from the injury site where the platelets were not
observed (Figure 2A and supplemental Video 2A). The distribution
of bound FXa was assessed in separate experiments after coinfusion
of unlabeled FV-8105Y4, Alexags7-FXa;, and the Alexasss-labeled
platelet antibody. Alexagy;-FXa; also produced a rapid and robust
fluorescence signal revealing its extended distribution beyond the
core injury site, which was seemingly bound to the vessel wall at
regions where the platelets were not detected (Figure 3A and
supplemental Video 3A). The kinetics of Alexaygg-FV-8105Y4
(Figure 2B) and Alexagy7-FXa; (Figure 3B) accumulation at the
site of injury were similar and in-line with the expectation that
these proteins are complexed with each other. The kinetics of
platelet accumulation in both experiments was similar indicating
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Figure 1. Hemostatic plug formation in wt and HB mice with FV-8105YA,
Quantitative analysis of platelet (A) and fibrin accumulation (B) over time after laser
injury to cremasteric arterioles in wt mice (n = 5; 23 thrombi), and HB mice treated
with FV-8105YA (n = 5; 22 thrombi; 600 p.g/kg). The kinetics of platelet and fibrin
accumulation were examined by monitoring the fluorescent intensity at the site of the
injury using an Alexasss-labeled rat anti- CD41 F 4p)> and Alexausg-labeled anti-fibrin
antibodies. Median fluorescence intensity (MFI) for platelets (A) and fibrin (B)
fluorescence are plotted vs time. For both platelets and fibrin accumulation, there is
no statistically significant difference (P > .1) in MFI (evaluated at 30-second
intervals) between wt mice and HB + FV-8105"" by the Wilcoxon rank-sum test.

that the procoagulant stimulus and overall injuries were consistent
(Figures 2C and 3C).

The 2-dimensional (2D) images suggest only partial colocaliza-
tion of platelets and FXa or FVa at the site of the growing hemostatic
plug. To overcome the potentially misleading feature of 2D images,
3-dimensional confocal images were obtained approximately
4 minutes postinjury by the collection of 30 wm image sections
acquired at 1 wm intervals across the vessel diameter. Representative
3D images of labeled platelets and Alexaygs-FV-8105Y4 (Fi gure 2D),
again, show that FVa is more broadly distributed than adherent
platelets localized to the core injury site (supplemental Video 2B).
Similar results with labeled Alexags;-FXa; also confirm the inter-
pretation of the 2D images indicating that a substantial fraction of
the enzyme is found away from the core injury site on vascular surfaces
(Figure 3D and supplemental Video 3B). It also appears that
a fraction of platelets at the injury site do not have exogenously
added FVa or FXa bound, suggesting these platelets are not
activated sufficiently to support coagulation factor binding.
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Figure 2. Direct imaging of FVa and platelets. (A)
Digital composite fluorescence and brightfield images
of representative thrombi in HB mice infused with
Alexaygs-FV-8105YA (600 pg/kg) at 10, 40, 70, 100,
130, and 190 seconds after injury; Alexaygs-FV-8105YA
(green), platelets (red), and overlap between FV-8105YA
and platelets (yellow). Bar represents 10 pum. (B-C)
Kinetics of Alexa,gs-FV-8105YA (n = 4 mice; 20 thrombi)
and platelets (n = 4 mice; 20 thrombi) fluorescence
accumulation over time. (D) Confocal imaging of Alexasgs-
FV-8105YA and platelets 4 minutes after laser injury,
merged or presented individually; step size = 1 um in
z-plane; total section 30 pm. Images depict different
orientations of the same thrombus. (D) Upper panel:
horizontal orientation; lower panel: 45 degrees rotated.
Bar represents 30 wm. Platelet accumulation was moni-
tored using Alexasss-labeled rat anti- CD41 F 4> antibody.
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Thus, bound FVa and FXa can be individually imaged with high
sensitivity after laser injury. The imaging studies yield the tentative
conclusion that while prothrombinase may be bound to a subset of
platelets at the core injury site, a significant fraction of bound FVa
and FXa appear to be localized to the activated endothelium or
perhaps other blood cells (eg, neutrophils) or microparticles adherent
to the region surrounding the injury site. Because hemostatic plug
formation in the hemophilic animals requires the infusion of FVa and
the assembly of prothrombinase, at least part of the FVa visualized
in the vicinity of the thrombus must be functional rather than
adventitiously bound.

Simultaneous imaging of FVa and FXa at the site of injury

The unexpectedly broad distribution of FVa and FXa imaged
individually was further pursued in studies designed to simulta-
neously detect bound FVa, FXa;, and adherent platelets. This was
accomplished by coinfusion of Alexa488-FV-81OSYA, Alexagy7-FXa;,
and Alexasss-labeled platelet antibody prior to laser-induced injury
in HB animals. A single snapshot image approximately 3 minutes

Merged

postinjury from 1 of these experiments shows the broad distribution
of Alexasgg-FV-8105Y4 and Alexagy;-FXa; beyond the platelet core
at the injury site. Although the proteins were concentrated at the
platelet core, they were also found both upstream and downstream
from the site of microscopic injury (Figure 4A-B and supplemental
Video 4). Quantitative analysis of fluorescence intensity using a
constant grid size (red box) at the core injury site revealed that the
kinetics of Alexasgg-FV-8105Y4 and Alexagy;-FXa; accumulation
were equivalent and mirrored that of platelets for the first minute
postinjury. Subsequently, platelet accumulation decreased while
Alexaygs-FV-8105Y2 and Alexag,,-FXa; continued to accumulate.
In contrast, although minimal fluorescence associated with adherent
platelets was detected upstream from the core injury site, substantial
amounts of Alexasgs-FV-8105Y4 and Alexag,,-FXa; were present.
These data provide the quantitative basis for the suggestion that
a major fraction of FV-810%Y” and FXa; bound in the vicinity of the
injury site is found on cellular surfaces other than those provided by
adherent/activated platelets. The fact that this is most prominent at
adistance from the site of microscopic injury suggests that laser injury
or components released from cells in the local microenvironment
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Figure 3. Direct imaging of FXa and platelets. (A)
Digital composite fluorescence and brightfield images
of representative thrombi in HB mice infused with
unlabeled FV-8105Y2 (600 ng/kg) and labeled Alexag,;-
FXa; (80 pg/kg) at 10, 40, 70, 100, 130, and 190 seconds
after injury; FXa; (cyan), platelets (red), and overlap
between FXa; and platelets (white). (B-C) Kinetics of
Alexags7-FXa; (n = 5 mice; 22 thrombi) and platelets
(n = 5 mice; 22 thrombi) fluorescence accumulation over
time. (D) Confocal imaging of Alexags7-FXa; and platelets
4 minutes after laser injury, merged or presented
individually; step size = 1 um in z-plane; total section
30 wm. Images depict different orientations of the same
thrombus. (D) Upper panel: horizontal orientation; lower
panel: 90 degrees to the right. Bar represents 30 pm.
Platelet accumulation was monitored using Alexasss-
labeled rat anti- CD41 F(,p,» antibody.
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contribute to cellular activation, perhaps facilitating the exposure of
phosphatidylserine required for clotting factor binding.

This suggestion was further pursued using labeled annexin V to
reveal phosphatidylserine exposure after laser injury.*** Coinfu-
sion of Alexagg-annexin V, Alexags7-FXa;, and Alexasss-labeled
platelet antibody prior to laser-induced injury and imaging yielded
excellent agreement between the distribution of annexin V and FXa;
illustrated by 3D confocal images acquired approximately 4 minutes
postinjury (supplemental Figure 2 and supplemental Video 8). The
remarkable agreement in the distribution of bound annexin V and
FXa;, particularly in areas distant from the platelet core, supports the
conclusion that phosphatidylserine exposure resulting from cell
activation in areas surrounding the platelet core contributes to the
binding of significant amounts of FXa and FVa.

Abrogation of platelet adhesion and activation

The wide distribution of bound FVa and FXa; in the area of vascular
damage extending beyond the platelet core raises the possibility that
the activated endothelial surface contributes in a substantive manner
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150 200 250 1] 50 100 150 200 250
Time (sec)

FXay;

to thrombin formation beyond the contribution of the adherent and
activated platelets. We tested this possibility using pharmacologic
and genetic approaches to impair platelet adhesion at the injury
site. In the first approach, HB mice were treated with integrilin
to block the binding functions of ayy,[33, reversibly inhibit platelet
aggregation, and reduce their adhesion to the injury site.>> Co-
infusion of Alexasgg-FV-8105YA, Alexags;-FXa;, and Alexasss-
labeled platelet antibody prior to challenge with laser injury in the
animals not pretreated with integrilin reproduced earlier findings
(Figure 5SA-B and supplemental Video 5A). Prior treatment with
integrilin greatly reduced platelets at the core injury site, but without
altering the kinetics and distribution of Alexa488-FV-810SYA and
Alexagy7-FXa; while the total amount of these proteins was reduced
approximately 50% (Figure SA-B and supplemental Video 5B).
These conclusions were further supported by 3D reconstructions
from confocal images obtained 4 minutes postinjury (Figure 5C and
supplemental Video 5C-D). The broadly distributed profile of bound
Alexasgs-FV-8105Y4 and Alexag;,-FXa; was mostly unchanged
after the large reduction in adherent platelets after integrilin treatment.
These findings could be reproduced using a genetic approach

20z aunf g0 uo 3sanb Aq jpd'G0.1/6.889%1/S0L /L LIZ L/Ppd-Bjoie/poojqaeu-suonedligndyse//:djy woly papeojumog



1710  IVANCIU et al

BLOOD, 11 SEPTEMBER 2014 - VOLUME 124, NUMBER 11

Figure 4. Imaging of prothrombinase constituents.
Digital composite fluorescence and brightfield images
of a representative thrombus acquired 3 minutes
postinjury in HB mice infused with labeled Alexasgs-
FV-8105YA (green; 600 ng/kg), platelet antibody (red),
and Alexags7-FXa; (cyan; 80 pg/kg); yellow (FV-8105YA
and platelets) or white (FV-8105Y, FXa;, and platelets)
represent colocalization. (A) Red box covers core injury
site; (B) red box covers upstream of injury. (A-B) Bar
represents 10 um. Time course fluorescence intensity
for Alexasgs-FVa-8105Y2 (green), Alexags7-FXa; (cyan),
and platelets (red) either at the injury site (C) or
upstream of the injury (D). Platelet accumulation was
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with Par4 ™'~ mice. Analysis of normalized fluorescence from
Alexaygg-FV-810, Alexagy7-FXa;,, and platelets from multiple thrombi
at approximately 3 minutes show that platelets at the injury site were
substantially reduced, although the constituents of prothrombinase were
not (Figure 6A).

The pharmacologic or genetic reduction of platelets also had
essentially no impact on fibrin deposition (Figure 6). This was evident
after analysis of total fibrin 3 minutes postinjury in both integrilin
treated HB mice or in Par4™’~ mice (£ integrilin; Figure 6A). In
addition to total fibrin, the kinetics of fibrin accumulation was also
unchanged (Figure 6B). The 2D and 3D image analysis shows that
the fibrin is only partly associated with platelets and FVa, and appears
more distal to these components in either the absence or presence of
integrilin (Figure 6C and supplemental Video 6).

Prothrombinase distribution on the endothelial surface

To strengthen the conclusion that activated endothelium contributes
phosphatidylserine to support the binding of prothrombinase con-
stituents, we further examined the distribution of adherent platelets
and bound Alexag,7-FXa; after laser injury in HB mice, but without
the infusion of FV-8105Y”. Supplemental Video 7A-B shows iden-
tical movies, but only 1 detector channel is turned on to image
platelets or Alexags7-FXa;. In the absence of coinfused FV-8 105YA,
no platelet fluorescence at the injury site was seen in HB animals
(supplemental Video 7A). In contrast, in a parallel movie (supple-
mental Video 7B), a strong signal was detected for Alexags;-FXa;,
indicating that a damaged vascular surface, likely representing the
activated endothelium, prominently supports the binding of
Alexag,7-FXa;, even when adherent platelets were undetectable.
The more striking visual evidence for this conclusion was sought
from HB mice that selectively express GFP in endothelial cells under
control of the Tie2 promoter to illuminate the endothelial layer (HB-
Tie2-GFP; Figure 7 and Supplemental Video 7C). Confocal imaging
and 3D reconstruction after laser injury, which was performed after
infusion of Alexags7;-FXa; and the Alexasss-labeled platelet an-
tibody, either with or without unlabeled FV-8103Y4, was used to
assess the relationship between bound FXa; and the endothelium. In
the absence of FV-8105Y2, Alexagy;-FXa; binds to the damaged

150 200 250
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endothelium, even when platelets were effectively absent. Although
adherent platelets were observed after FV-8105Y* infusion, the re-
lationship between bound Alexag,7;-FXa; and the illuminated en-
dothelial surface was not obviously different. These findings with
HB/Tie2-GFP mice point to a prominent role played by the endothelium
surrounding the injury site in supporting enzyme complex assembly
and the eventual formation of fibrin.

Discussion

Current ideas defining the cellular control of the hemostatic response
to vascular damage center on the adherent and activated platelet as
the primary biological surface for the assembly and function of the
prothrombinase and intrinsic Xase complexes of coagulation.*® This
view is rooted in the ability of isolated platelets to support the
assembly and function of prothrombinase and intrinsic Xase after
activation with physiologically relevant agonists, the intimate as-
sociation of activated platelets with fibrin within the thrombus, and
the established observation of bleeding in humans with thrombocy-
topenia or platelet disorders.’” However, given the key structural
contributions of fibrin and aggregated/adherent platelets to thrombus
stability, it does not necessarily or logically follow that bleeding seen
when a reduction in platelet function/level reflects their primary
contribution to prothrombinase assembly, thrombin formation, and
resulting fibrin deposition. The conjecture that the activated platelet
is the primary biological surface for thrombin formation needs
further tempering by the unknown agonist concentration profiles
during the response to vascular damage in flowing blood.*® Thus,
although platelets may be readily activated by “optimal” concen-
trations of agonists to support coagulation enzyme complex function
under contrived conditions in vitro, their extent of activation within
and around the evolving thrombus may be insufficient to allow their
implied primary and robust contribution to prothrombinase or
intrinsic Xase function.

In this study, we circumvent these limitations by examining the
distribution of prothrombinase in the area of vascular damage after
laser injury to the cremaster arteriole in the living mouse. Although
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Figure 5. Effect of integrilin on distribution of A
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prothrombinase may be present on a limited subset of platelets
present at the core of the thrombus, the striking observation is that
both FXa and FVa are much more broadly distributed on the vessel
wall in the area surrounding the injury site, but lacking adherent
platelets. We surmise that this extended distribution reflects their
binding to activated or damaged endothelial cells found in the vi-
cinity of vascular damage. It is also possible that there are con-
tributions from microparticles and neutrophils, as these membranous
surfaces have been proposed to contribute to thrombus formation.®->®
Such activated surfaces, other than those provided by adherent plate-
lets, must support thrombin formation in a robust way as genetic or
pharmacologic manipulations to yield large reductions in platelets
adherent to the injury site produced modest effects on the distribution
of the bound constituents of prothrombinase and only minimal de-
creases in fibrin deposition. This synopsis outlines our observations
that question the preeminent role ascribed to the surface of the
activated platelet in supporting the assembly and function of
prothrombinase in vivo.

Atissue is whether surfaces that play an especially important role
in supporting functional prothrombinase assembly and thrombin
formation are somehow obscured for reasons of sensitivity. This
would require that the specific activity of bound prothrombinase is
highly dependent on cell type or just not governed by physical prin-
ciples as established in purified systems with synthetic membranes.***’
Although there is no sound evidence to support either possibility, we

FV-8105YA

Merged

are unable to directly address this question. Instead, we have used
a variety of alternative strategies to deplete the bulk of adherent
platelets to partially address this concern. Nevertheless, it remains
possible that a small subset of activated platelets present at the core of
the thrombus support the binding of FXa and FVa in a way that is
essential for the hemostatic response. It is for this reason that we
phrase our conclusions in terms of the broad distribution of bound
FXa and FVa, both at the core of the injury site where platelets are
present, as well as more extended regions where adherent platelets
are not detected. Thereby, suggesting a far more substantial role than
previously anticipated for other activated cells highlighted by the
activated endothelium rather than just the platelets in supporting the
assembly and function of prothrombinase. The recent documentation
that more extensively activated platelets are found in a limited core
region of the thrombus adjacent to the vessel wall and the localization
of annexin V binding to this limited region warrant this type of
circumspect conclusion.***!

Our findings question the functional demarcation of procoagulant
function attributed to platelets (and possibly other blood cells such as
neutrophils and microparticles) and the anticoagulant role played by
the endothelium in selectively supporting the activation of protein C.**
Although venous endothelial cells in culture have long been known
to support prothrombinase assembly and thrombin formation, the
biological significance of these observations has been uncertain.*> Our
findings in the cremaster arteriole now show that activated/damaged
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Figure 6. Effect of integrilin on distribution and

accumulation of fibrin. (A) Normalized fluorescence
intensity of, Alexasgs-FV-8105YA (green), Alexags7-FXa;

- Integrilin (cyan), platelets (red) and fibrin (blue) over volume from
M . multiple thrombi (n = 3-7 mice; 14-27 thrombi per
group) generated at approximately 4 minutes after

PAR4™ injury in HB or Par 47~ mice infused with labeled-

iy FV-8105YA FVa (600 wg/kg), Alexags7-FXa; (80ug/kg),
antibodies against platelets, or fibrin with or without
integrilin. Normalized fluorescence intensity was not
acquired for FV-8105YA and FXa; for Par4™'~ mice in
the presence of integrilin (NA). NA, not acquired. (B)
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endothelial cells immediately surrounding the site of vascular
injury likely play a very important role in facilitating prothrombinase
assembly and the subsequent formation of thrombin essential for the
hemostatic response. The key observation is that it is only those
endothelial cells immediately surrounding the injury that exhibit this
function with no bound FVa or FXa detectable on the vessel wall
further upstream or downstream from the site of damage. We
speculate that our findings arise from 2 principles: the high
sensitivity of endothelial cells to activation in the physiological
milieu and the likely limited sensitivity of platelets to activation
under these conditions. The former is supported by the documented
ability of laser light to increase intracellular Ca*" in the target

-FV-810SYA

Figure 7. Spatial distribution of platelets and FXa;
in HB-Tie2-GFP mice. Confocal images of endothe-
lium defined by GFP fluorescence (green) Alexaes-FXa;
(cyan) and Alexasss-anti-CD41 (red) at approximately
3 minutes without (-) FV-8105" or after infusion of
unlabeled FV-8105YA, Step size = 2 um in z-plane, total
sections = 20 pm. Bar represents 30 pm.

+FV-810SYA

Vessal

Time (sec)

Kinetics of fibrin accumulation over time in Par 47/~
mice (n = 3 mice; 15 thrombi) or HB mice (n = 5
mice; 22 thrombi) infused with labeled Alexasgg-FV-
8105YA (600 pg/kg) in the presence or absence of
integrilin (10 mg/kg). (C) Confocal imaging of labeled
platelets, Alexags-FV-8105"A, and labeled fibrin 240
seconds after laser injury, merged or presented in-
dividually; step size = 1 um in z-plane; total section
30 um. (C) Without integrilin (top); with integrilin (bottom).
Platelet accumulation was monitored using Alexasss-
labeled rat anti-CD41 F,)» antbody and fibrin was
detected with Alexagss-labeled anti-fibrin antibody. (C)
Bar represents 30 um.
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endothelial cell, as well as cells immediately surrounding it in
culture.'® The latter principle is surprising given the accepted
propensity of platelets to activation.** Tt is nevertheless consistent
with the finding that only a limited number of platelets at the core of
the thrombus actually express P-selectin on their surface.*

The significance of laser-induced damage in the mouse cremaster
arteriole to the different forms of vascular injury relevant to normal or
pathological thrombus formation in humans is arguable. However,
close parallels between the response to laser damage and a microscopic
piercing injury to the blood vessel done with a micropipette, implicates
the laser injury model as most relevant to hemostasis rather than
pathological thrombus formation.*® The latter, by its nature, is more

Blood Flow

i ]
Platelets /Vessel FXa,;/Vessel
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complicated and typically involves several abnormalities. The laser
injury model and our findings may not accurately portray the relative
contributions of the activated endothelium vs platelets to coagulation
enzyme complex assembly under pathological conditions such
as plaque rupture or disseminated intravascular coagulation. Our
conclusions also need modulation in terms of the specific injury
model that we have used with qualifiers that the outcome may be
dependent on vessel size, in the venous vs arterial system and type of
injury.*>*” Differences with the cremaster laser injury model in
different injury scenarios could also yield alternative outcomes in
terms of prothrombinase distribution and contribution of platelets to
thrombin generation. Interestingly, however, Cooley et al***® have
established parallels between some of our observations and the
response to electrolytic injury in large veins. Pharmacologic inhibition
of platelet adhesion had only a minor effect on fibrin levels at the
injury site, again highlighting the importance of cells other than
platelets contributing to thrombin generation. The finding that
such effects were not as striking in electrolytic injury to large
arteries further justifies carefully qualified interpretation of our
findings. Relating the outcome in the different mouse models to
human physiology and pathology remains a future challenge to
the field.

In contrast to the widely accepted idea that the activated platelet is
the primary biological surface for the assembly and function of the
prothrombinase, we now show a prominent contribution for the ac-
tivated endothelium adjacent to the site of damage in these processes.
Although presently, we have not studied the distribution of the com-
ponents of intrinsic Xase, it seems possible that similar conclusions
also may apply to FIXa and FVIIla. The contribution of different cell

ENDOTHELIUM AND PROTHROMBINASE FUNCTION IN VIVO 1713

types to the function of clotting factor complexes likely adds an
underappreciated dimension of control to thrombus formation or to
limiting thrombus formation in vivo by partitioning reactants and
products to different surfaces.
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