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Key Points

• b3 integrin tyrosine
phosphorylation regulates
thrombus consolidation in vivo.

• Intrathrombus solute
transport regulates local
thrombin activity and platelet
activation during hemostatic
thrombus formation in vivo.

Hemostatic thrombi formedafterapenetrating injuryhaveadistinctivestructure inwhichacore

of highly activated, closely packed platelets is covered by a shell of less-activated, loosely

packedplatelets.Wehaveshownthatdifferences in intrathrombusmolecular transportemerge

in parallel with regional differences in platelet packing density and predicted that these

differences affect thrombus growth and stability. Here we test that prediction in a mouse

vascular injurymodel. The studies use a novelmethod formeasuring thrombus contraction in

vivo and a previously characterized mouse line with a defect in integrin aIIbb3 outside-in

signaling thataffectsclot retractionexvivo.Theresultsshowthat themutantmicehaveadefect

in thrombus consolidation following vascular injury, resulting in an increase in intrathrombus

transport rates and, as predicted by computational modeling, a decrease in thrombin activity

and platelet activation in the thrombus core. Collectively, these data (1) demonstrate that in

additiontotheactivationstateof individualplatelets, thephysicalpropertiesof theaccumulated

mass of adherent platelets is critical in determining intrathrombus agonist distribution and platelet activation and (2) define a novel role for

integrin signaling in the regulation of intrathrombus transport rates and localization of thrombin activity. (Blood. 2014;124(11):1824-1831)

Introduction

In previous studies, we and others have shown that the extent of
platelet activation during the hemostatic response to penetrating
injuries is heterogeneous, resulting in a distinctive thrombus architecture
that consists of a core of fully activated platelets immediately
adjacent to the site of injury overlaid by a shell ofminimally activated
platelets.1-6 We have also shown that different signaling pathways
within the platelet signaling network predominate in different regions
of the thrombus, with adenosine 59-diphosphate/P2Y12 signaling
being critical for platelet recruitment and retention in the shell,
whereas thrombin signaling drives full platelet activation and firm
adhesion in the core.5 Thesefindings showhowpartially overlapping
gradients of soluble agonists emanating from the site of injury can
support platelet accumulation, promote platelet activation, and
produce the characteristic thrombus architecture.

Regional differences within hemostatic thrombi are not limited to
the extent of platelet activation. There are physical differences as
well.Most notably, our previous studies showed that the core region
has reduced porosity and decreased plasma molecule penetration
compared with the shell, indicative of increased platelet packing
density in the core.5 Solute transport in the gaps between platelets is
also slower in the core than in the shell, both of which are orders of
magnitude slower than in the remaining vessel lumen.7 The drop in
transport rates occurs soon after platelet accumulation begins, pre-
ceding full platelet activation as detected by the appearance of P-selectin
on the platelet surface. A computational analysis based on these

observations indicates that diffusion, rather than convection, governs
the movement of plasma and platelet-derived molecules in the small
gaps between platelets found in the core, and suggests that the
observed difference in transport rates is sufficient to confine the
accumulation of thrombin to the core.8

Based on these findings, we now propose an extended model for
hemostasis inwhich (1) greater platelet packing density in the thrombus
core helps to determine local thrombin activity by providing a
microenvironment in which thrombin can accumulate and (2) active
regulation of platelet packing density contributes to thrombus growth
and stability by helping to determine where thrombin is generated
andfibrin accumulates. Herewe have tested thismodel by perturbing
platelet packing density and measuring its effects on intrathrombus
solute transport, localization of thrombin activity, and platelet
activation. Doing so required the development of a novel method to
measure thrombus consolidation in real time in vivo in mice with
a defect in clot retraction. Prior studies have demonstrated that
following initial platelet accumulation at a site of vascular injury, the
platelet mass rapidly consolidates via platelet-mediated retractile
processes.9,10 Law et al showed that substituting Phe for Tyr747
and Tyr759 (diYF) in the cytoplasmic domain of the b subunit of
aIIbb3 inhibits outside-in signaling through the integrin and impairs
clot retraction without affecting integrin activation and fibrinogen
binding.11 Here, we have tested the same diYF mice following
vascular injury using a newly established method for assessing
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molecular transport in the gaps between platelets.7 The results show
that the diYFmice have a defect in thrombus mass consolidation and
that this defect is accompanied by the increase in transport rates and
a decrease in fibrin accumulation in the thrombus core predicted by
the computational modeling. Taken together, these studies reveal a
novel role for outside-in signaling in the regulation of platelet mass
consolidation and intrathrombus solute transport in the gaps between
platelets. They also show that physical properties such as platelet
packing and molecular transport are integral components of the
hemostatic response, helping to determine agonist distribution and
platelet activation within an evolving platelet mass.

Methods and materials

Mice

DiYFmice were described previously.11,12 Theywere originally generated in
the laboratory ofDrDavid Phillips at Portola Pharmaceuticals (SanFrancisco,
CA) andwere obtained by us fromDr Tatiana Byzova at the Cleveland Clinic
Foundation (Cleveland, OH). They are backcrossed on to the C57Bl/6 back-
ground at least 7 times,12 and were therefore compared with C57Bl/6 mice
fromThe Jackson Laboratory as controls.Male mice 8 to 12weeks of age were
used for intravital microscopy experiments. TheUniversity of Pennsylvania
Institutional Animal Care and Use Committee approved all animal procedures.

Laser-induced injury in mouse cremaster arterioles

The laser-induced thrombosis model as performed here was described in
detail previously.5 Additional information is provided in the supplemental
Methods (see supplemental Data available on the BloodWeb site).

Platelet mass consolidation was measured using an approach modified
from Ono et al.9 Blood was drawn from a donor mouse via cardiac puncture
using heparin as the anticoagulant and diluted 1:1 with modified Tyrode
buffer (4 mMN-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid, pH 7.4,
135 mM NaCl, 2.7 mM KCl, 3.3 mM NaH2PO4, 2.4 mM MgCl2, 0.1%
glucose, and 0.1% bovine serum albumin). Platelet-rich plasma was obtained
by centrifugation at 150g for 7 minutes. Alexa Fluor 568–labeled anti-CD41
F(ab)2 was added for 15 minutes, followed by gel filtration of the platelets
to remove plasma proteins and unbound labeling antibody. Approximately
50 million gel-filtered platelets in 200 mL of sterile Tyrode buffer were
infused into a recipientmouse prepared for intravitalmicroscopyusing standard
procedures via a jugular vein cannula. The donor platelets were easily
distinguished from the recipient’s endogenous platelets via their fluorescent
label, and they were incorporated into laser-induced thrombi normally. To
assess platelet mass consolidation, time-lapse image captures of thrombus

formationwere analyzed offline. Stably adherent donor platelets were identified
based on their Alexa Fluor 568 label, and the center of each donor platelet was
marked manually frame-by-frame using the Manual Tracking procedure in
Slidebook image analysis software (Intelligent Imaging Innovations). Once
marked, the straight-line distance fromwhere a platelet first firmly adhered to
its final position at the conclusion of the time lapse (3minutes postinjury) was
calculated using Slidebook and is reported as the end displacement. Multiple
platelets were tracked in each thrombus and multiple thrombi from several
mice were studied.

Intrathrombus solute transport was measured using caged fluorescein
coupled to albumin (cAlb) as described in detail in Welsh et al.7 A detailed
description is provided in the supplemental Methods.

Computational simulation of solute transport

A detailed description of computational methods including model design
and parameter description is included in an accompanying manuscript.8

Additional information is provided in the supplemental Methods.

Flow cytometry

Mouse bloodwas obtained via the inferior vena cava using heparin as the anti-
coagulant, diluted 1:1 in modified Tyrode buffer, and centrifuged at 150g for
7 minutes to obtain platelet-rich plasma. Alexa 647 fibrinogen, anti-P-selectin,
and Annexin V were added to separate samples, and the platelets were
stimulated with either PAR-4 agonist peptide (AYPGKF; Bachem) for
fibrinogen binding and P-selectin expression studies or the combination of
AYPGKF and convulxin for Annexin V–binding studies. Platelets were
incubated for 15 minutes at 37°C, diluted fivefold with phosphate-buffered
saline and fluorescence immediately measured using a BD FACSCalibur
flow cytometer with subsequent analysis using FlowJo flow cytometry
software.

Statistics

For data obtained from intravital microscopy experiments, statistics were
calculated using the Mann-Whitney test for nonparametric data using
GraphPad Prism 6.0 software.

Results

Role of b3 integrin tyrosine phosphorylation in platelet

mass consolidation

Mice in which the 2 tyrosines in the b3 cytoplasmic domain have
been mutated to Phe (diYF) were described previously.11 Platelets

Figure 1. Loss of b3 integrin tyrosine phosphorylation attenuates platelet mass consolidation following vascular injury in vivo. Platelet mass consolidation was

monitored by tracking the movement of individual platelets following adhesion to a developing thrombus, as described in Methods. (A) Photomicrographs show representative

thrombus from a WT mouse. The panel on the left shows 4 fluorescently labeled platelets within the platelet mass (outlined by the dotted line). The panel on the right shows

the region in the left panel outlined by the gray box. The movement of the 4 platelets was tracked over time using image analysis software, and the tracks of each platelet in the

image can be seen. (B) The movement of individual WT and diYF platelets during laser-induced thrombus formation is reported as the end displacement (total distance along

a straight line from platelet starting point to endpoint). Horizontal line and error bars indicate the mean 6 SEM. For WT, n 5 78 platelets from 14 thrombi and for diYF n 5 43

platelets from 12 thrombi. Statistics were calculated using the Mann-Whitney test.
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from diYF mice have normal aIIbb3 integrin inside-out activation
and ligand binding, but ligand binding–induced b3 tyrosine phos-
phorylation is absent.11 Outside-in signaling pathways that require
b3 phosphorylation are thus impaired, resulting in unstable platelet
aggregate formation and impaired fibrin clot retraction.11

Previous reports have used intravital microscopy to observe
consolidation of the platelet mass during the early stages of thrombus
formation in vivo.9,10 Although distinct from fibrin clot retraction in
vitro, some of the same signaling mechanisms have been shown to
play a role in both processes, including myosin-dependent platelet
retraction.9,10 Because diYF platelets were previously shown to have
a defect in fibrin clot retraction, we sought to determine whether
platelet mass consolidation was impaired following vascular injury
in diYF mice. To accomplish this goal, we used a single platelet
tracking approach in which the movement of individually labeled
platelets is tracked as the entire platelet mass consolidates toward the
site of injury. In this case, platelets are removed from donor mice,
labeled with Alexa 568 anti-CD41 F(ab)2 fragments, and then
infused into a syngeneic recipient mouse in numbers that result in
labeling of a small percentage of the circulating platelet pool (described
in the Methods section). Penetrating injuries were inflicted in cre-
master muscle arterioles using a laser fired through the optics of the
microscope.13 We have previously shown that the response to laser
injury is similar to the response observed when injuries are inflicted
with a sharpened glass pipette.5

Using this combination of injury and tracking techniques in wild-
type mice, individual platelets within the platelet mass may be
observed to move toward the site of injury as the mass consolidates
with a mean end displacement of 4.2 6 0.27 mm (mean 6 SEM,
Figure 1A-B, supplemental Video 1). The bulk of the consolidation
occurred during the first 60 to 90 seconds postinjury. Inward move-
ment was reduced by approximately 50% in thrombi formed in
diYF mice, which had a mean end displacement of 2.16 0.27 mm
(P, .0001 vs wild-type [WT], Figure 1B, supplemental Video 2).
These findings demonstrate that platelet mass consolidation is
decreased in diYF mouse thrombi.

Intrathrombus solute transport

One possible consequence of impaired platelet mass consolidation
in diYF thrombi is altered plasma and solute transport in the narrow
spaces between platelets. Intrathrombus solute transport is a critical
regulator of platelet activation and thrombus evolution as it determines
how far soluble molecular species generated at the injury site (eg,
thrombin) may distribute from their source before they are washed
out.8 Solute transport was measured during hemostatic thrombus

Figure 2. Molecular transport is increased in diYF thrombi. cAlb was used to

calculate molecular transport in thrombi formed following laser-induced injury in

cremaster arterioles of WT and diYF mice. (A) Photomicrographs show caged-

carboxyfluorescein albumin fluorescence within a representative WT and diYF

thrombus. The fluorescence is shown in pseudocolor to indicate relative concentra-

tion (blue is low, red is high). From left to right, panels show the same WT (top row) or

diYF (bottom row) thrombus immediately following a flash of 405-nm laser light to

uncage the cAlb in the thrombus (0 seconds), followed by images captured

1 second and 2 seconds after the flash. The decrease in albumin fluorescence from

0 to 2 seconds is due to washout of the albumin from the platelet mass. Note the

albumin is retained longer in the core region of the thrombi. (B) Graph shows cAlb

washout in the core (P-selectin positive, triangles) and shell (P-selectin negative,

squares) regions of WT (blue) and diYF thrombi (red). Quantification and normalization

procedure is described in “Methods.” Values are mean6SEM for n5 11WT and n5 12

diYF thrombi.

Figure 3. Computational modeling studies demon-

strating the impact of impaired platelet mass con-

solidation on solute distribution within a thrombus.

(A) A snapshot of the simulation at steady state showing

the core and shell regions, as well as the relative concen-

tration of a solute released at a constant rate from a 3-mm

patch on the vessel wall beneath the core region (shown

in pseudocolor: red is high, blue low concentration). (B-C)

Graphs depict relative concentration in the core (B) and

shell (C) regions of a solute released at a constant rate

from the vessel wall beneath the core region. The core

and shell regions were defined by values for porosity,

permeability, and effective diffusion coefficient that

were chosen based on their ability to fit the transport

data for WT and diYF mice shown in Figure 2 (as

described in Tomaiuolo et al8).
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formation in vivo using cAlb as described in the Methods section.
Following a flash of 405-nm laser light, the washout of the cAlb may
be quantified over time to generate decay curves as a measure of
solute transport within a platelet mass as a whole or in specific
subregions (ie, core and shell regions; Figure 2A-B). Consistent with
the findings reported in Welsh et al,7 we found that, in WT mice,
cAlb washout (ie, solute transport) was substantially slower in the
core region of thrombi as comparedwith the shell region (Figure 2B).
This result is consistent with our previously reported finding of
decreased porosity (ie, increased platelet density) in the thrombus
core vs shell regions.5 Interestingly, solute transport was increased
relative to controls in both regions of the diYF thrombi, with
transport in the core region of diYF thrombi similar to transport in
the shell region of WT thrombi (Figure 2B). This finding suggests
reducedplatelet packing throughout thrombi in diYFmice, consistent
with the impaired ability of diYF platelets to retract and consolidate
the platelet mass as shown in Figure 1.

Computational simulation of agonist distribution in

diYF thrombi

To investigate the impact of altered intrathrombus solute transport on
platelet agonist distribution within a thrombus, we used computa-
tional modeling to simulate the physical conditions present within
WT vs diYF thrombi. Specifically, we examined the impact of the
physical microenvironment on the distribution of a protein-sized
solute released from the vessel wall at the base of a simulated platelet

mass to mimic thrombin generation at a site of injury in vivo. The
Navier-Stokes equations (COMSOL v4.3a) were used to resolve the
flowfield in a simulated 30-mmdiameter blood vesselwith a centerline
velocity of 2 mm per second (ie, mimicking a mouse cremaster
arteriole). The Brinkman equations14were used to solve the velocity
field in the thrombus modeled as a porous media and the advection-
reaction-diffusion equation was used to simulate the transport of
solutes in a porousmedia describing the hemostatic mass. To simulate
the core and shell architecture of WT and diYF thrombi, 2 regions
were created in which the porosity, permeability, and effective
diffusion coefficient were varied by region to reproduce the solute
transport conditions observed in vivo (see Tomaiuolo et al8

for details) (Figure 3A). Next, the constant release of a protein-
sized solute from a 3 mm patch below the core region was
simulated until a steady state was reached. The concentration
of the solute in the core region of diYF thrombi was significant-
ly reduced compared with its concentration in the core of WT
thrombi (Figure 3B). The solute concentration was also sig-
nificantly reduced in the shell of diYF thrombi compared with
WT, although it should be noted that very little solute was retained
in the shell region in both cases (note the difference in y-axis scale
between Figure 3B-C). Thus, these computational simulations
suggest that structural differences between the core and shell
region can account for the heterogeneity of platelet activation
observed in WT mice in vivo, and further predict that altered
molecular transport within diYF thrombi will result in reduced
local thrombin activity.

Figure 4. Loss of b3 integrin tyrosine phosphorylation attenuates platelet activation following vascular injury in vivo. Total platelet accumulation and a-granule

secretion were monitored following laser-induced injury in mouse cremaster arterioles using fluorescently tagged antibodies against mouse CD41 and P-selectin, respectively.

The graphs in panels A-B and D-E show total platelet accumulation (CD41-positive area; A, mean 6 SEM; B, median) and a-granule secretion (P-selectin–positive area; D,

mean 6 SEM; E, median) over time in WT (black circles) and diYF mice (gray triangles). Graphs in panels C and F show peak thrombus (C) and P-selectin–positive (F) areas

for WT and diYF mice. The horizontal line and error bars indicate median and interquartile range. For WT, n5 38 thrombi from 7 mice and for diYF n5 41 thrombi from 6 mice.

Statistics were calculated using the Mann-Whitney test for nonparametric data.
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Laser injury-induced platelet accumulation, activation, and

fibrin formation in diYF mice

The above results indicate that aIIbb3 outside-in signaling mediated
by b3 integrin tyrosine phosphorylation helps to regulate thrombus
architecture and solute transport. Thus, diYF mice serve as a good
model to test our hypothesis that thrombus structure and intra-
thrombus solute transport are key regulators of agonist distribution
and subsequent platelet activation at sites of vascular injury in vivo.
We quantified total platelet accumulation, P-selectin expression, and
fibrin deposition in diYFmice comparedwithWTcontrols following
laser-induced injury in mouse cremaster arterioles. Total platelet
accumulation was moderately reduced in diYF mice as compared
with WT controls (Figure 4A-C), although peak platelet accumu-
lationwas not significantly different between the 2 strains (Figure 4C).
In both cases, the kinetics of platelet accumulation were comparable
to prior reports using this thrombosis model.5,13,15 In contrast, the
number of P-selectin–positive platelets was significantly reduced in
thrombi formed in diYF mice (Figure 4D-F), indicating decreased
full platelet activation following vascular injury in vivo in the
absence of b3 integrin tyrosine phosphorylation.

In agreement with prior findings,11 fibrinogen binding by indi-
vidual diYFplatelets in response to the PAR-4 agonistAYPGKFwas
normal (Figure 5A), demonstrating that the attenuated platelet accu-
mulation and activation in vivo is not related to a direct effect of the
diYFmutation on inside-outaIIbb3 activation. Furthermore, the ability
of diYF platelets to secrete their a-granules and express P-selectin in
vitro as assessed by flow cytometry was normal (Figure 5B), as was
their ability tomobilize P-selectin to the surface of platelets spread on
immobilized fibrinogen (Figure 5C-D). These findings indicate that
the defect in P-selectin expression observed in vivo was not due to

reduced P-selectin levels in diYF platelets or a direct effect of b3
tyrosine phosphorylation-dependent signaling ona-granule secretion.

Fibrin deposition

Prior studies have demonstrated that full platelet activation and
a-granule secretion in the laser-induced injurymodel as used here are
primarily due to thrombin-dependent platelet activation.2,5,15,16 To
determine whether there was reduced thrombin activity in diYF
mice, we measured fibrin deposition during thrombus formation.
We found that the total area of fibrin deposition was significantly
attenuated in diYF mice as compared with WT (Figure 6A-C).
Furthermore, the fibrin specifically colocalized with platelets was
significantly reduced (Figure 6D-F), suggesting attenuated local
thrombin activity within the platelet mass. Importantly, the decrease
in fibrin area corresponded to decreased total fibrin accumulation, as
quantification of fibrin fluorescence intensity mirrored the results
obtained by analyzing fibrin area (supplemental Figure 1A-C). This
reduced thrombin activitywas not a result of impaired ability of diYF
platelets to expose phosphatidylserine on the outer leaflet of the
plasma membrane, as Annexin V binding to diYF platelets was
normal (supplemental Figure 1D). Thus, it is likely that the reduced
thrombin activity observed in diYF mice is attributable to decreased
thrombin retention within the platelet mass as a result of impaired
platelet packing and increased intrathrombus solute transport.

Discussion

Platelet accumulation at a site of vascular injury is a dynamic process
that requires assimilation of chemical and physical cues regarding the

Figure 5. Fibrinogen binding and P-selectin expres-

sion are normal in diYF platelets. (A-B) Flow cytometry

analysis of fibrinogen binding (A) and P-selectin expres-

sion (B) in WT and diYF platelets. Platelets were

stimulated with the indicated concentrations of the PAR-4

agonist AYPGKF. Data are expressed as the percentage

of positive cells (mean 6 SEM, n 5 3). (C-D) Repre-

sentative photomicrographs from WT and diYF plate-

lets showing GPIb (red) and P-selectin (green)

expression by immunofluorescence. Platelets were

stimulated with 100-mm AYPGKF and allowed to spread

on immobilized fibrinogen for 45 minutes at 37°C. The
cells were fixed and stained with anti-GPIb and anti-

P-selectin without permeabilization to assess surface

protein expression.
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extracellular environment to promote a cellular response that is
coordinated in both time and space to achieve optimal hemostasis.
Extensive studies of platelet intracellular signaling pathways over
the past several decades have greatly enhanced our understanding
of platelet function. Still, it is only by examining platelet function
in the complex milieu of an intact vasculature that we can begin to
understand how these multiple signaling components are integrated
along with contributions from other cells, the vessel wall and local
hemodynamic conditions in order to generate a hemostatic plug. In
this regard, the current study sought to investigate how a platelet
signaling pathway (aIIbb3 outside-in signaling), physical character-
istics of the platelet mass (platelet mass consolidation), and local
molecular transport within the microenvironment of a platelet mass,
interact with each other during hemostatic plug formation in vivo.
The data demonstrate that each of these components contributes to
platelet accumulation and particularly platelet activation following
vascular injury. They show that as platelets begin to accumulate at
a site of injury they act as physical obstacles, limiting the movement
of molecules through the spaces between them. As more platelets
accumulate and become activated, outside-in signaling resulting in
b3 phosphorylation contributes to the regulated consolidation of the
platelet mass and increased platelet packing density. The increase
in packing density results in reduced solute transport within the
platelet mass, particularly in the core region. This region of reduced
molecular transport provides a protected microenvironment where
soluble species such as thrombin generated at the site of injury are
retained, leading to robust, irreversible platelet activation (Figure 7).
Thus, the platelet response is dictated by the interaction of local

conditions impacting agonist distribution and concentration with
the platelet signaling network.

Prior studies have demonstrated that platelet mass consolidation
is critical for ensuring the stable accumulation of platelets at a site
of injury in vivo.9,10 Consolidation is mediated by platelet retraction,
as demonstrated by the attenuation of this process by a myosin IIa
inhibitor. However, Ono et al found that this process is independent
of fibrin formation and therefore distinct from platelet-mediated
fibrin clot retraction.9 In the present study, we found that mice in
which the 2 b3 cytoplasmic tail NxxY tyrosines are mutated to
phenylalanine (diYF) have impaired platelet retraction during platelet
accumulation in vivo, resulting in a more loosely packed platelet
mass. Thus,b3 integrin tyrosine phosphorylation is a critical upstream
signaling component necessary for efficient platelet mass consoli-
dation in vivo. As primary platelet activation events (including inside-
outaIIbb3 activation, fibrinogen binding, and granule secretion) are
normal when diYF platelets are studied ex vivo, diYFmice provide
a unique model in which the role of platelet packing density and
platelet mass architecture may be studied independent of direct
effects on primary platelet activation pathways.

In conjunctionwith the impaired platelet mass consolidation seen
in diYF mice, we found that intrathrombus transport was increased,
allowing molecules to elute out of the platelet mass faster in diYF
mice. The importance of solute transport through a thrombus or
blood clot has been proposed in several prior studies using combi-
nations of in vitro and theoretical approaches.17-21 In general, these
studies predicted that the presence of a platelet/fibrin plug will sub-
stantially impact solute transport, including movement of coagulation

Figure 6. Loss of b3 integrin tyrosine phosphorylation attenuates fibrin formation following vascular injury in vivo. (A-C) Total fibrin accumulation was monitored

following laser-induced injury in mouse cremaster arterioles using a fluorescently tagged antibody that specifically recognizes mouse fibrin. The graphs in panels A and B

show total fibrin area (A, mean 6 SEM; B, median) over time. Panel C shows peak fibrin area for WT and diYF mice. The horizontal line and error bars indicate median and

interquartile range. (D-F) Platelet-associated fibrin was defined as the area that was positive for both fibrin and CD41 fluorescence. The graphs in panels D and E show

platelet-associated fibrin area (D, mean6 SEM; E, median) over time. Panel F shows peak platelet-associated fibrin area for WT and diYF mice. For WT, n5 30 thrombi from

6 mice and for diYF n 5 19 thrombi from 4 mice. Statistics were calculated using the Mann-Whitney test for nonparametric data.
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and fibrinolytic enzymes, at a site of vascular injury. In one recent
example, Kim et al demonstrated that the density of a fibrin network
overlaying a platelet plug has a significant impact on the permeability
of solutes moving through the network.22 They found that denser
networks reduced permeability such that a larger layer of solute
may develop at the boundary between the shell and core regions.
This study and others23,24 relied on computational models based on
thrombus architectures observed using confocal imaging to simulate
solute transport. In the first manuscript of this series,7 we provide for
the first time a description of molecular transport measured directly
within a platelet mass in vivo, and relate dynamic changes in intra-
thrombus molecular transport to changes in platelet mass architec-
ture, thrombin distribution, and platelet activation. The results of that
study indicated that irreversible platelet activation is preceded by
a decrease in solute transport in the same region of the platelet mass
that will become P-selectin positive (ie, the core region). These
results are consistent with the finding that porosity of the core region
is significantly reduced compared with the shell region with similar
kinetics to the platelet mass consolidation observed here. Taken
together with the results of studies from the diYF mice, a model
emerges in which regulated changes in platelet mass consolidation,
dictated at least in part by b3 tyrosine phosphorylation–dependent
platelet retraction, contribute to an altered hemodynamic microen-
vironment within the core region of the platelet mass in which
molecular transport is slowed and solutes are retained to promote
platelet activation (Figure 7).

Several factors determine the movement of molecular species
within and/or around a pile of platelets, including the size of the pores
(plasma volume) between platelets, howwell connected are the pores
as well as their spatial distribution, the tortuosity of the pore space,
the plasma velocity and the size of the solute. In the secondmanuscript
in this series,8 computational modeling studies were performed to
examine the importance of each of these variables in determining

molecular transport within a platelet mass, as well as the likely impact
of interplatelet molecular transport on the distribution of soluble
species generated at a site of injury, such as thrombin. Those studies
demonstrate that as platelets accumulate and become tightly packed,
molecular movement is primarily determined by the effective diffu-
sion of themolecular species. In other words, the small gaps between
platelets within a hemostatic plug or thrombus, particularly in the
core region where they are most tightly packed, provide a micro-
environment where soluble species are protected from washout.
Furthermore, differences in physical factors between the core and
shell regions suggest that retention of soluble species within the core
region not only has the potential to promote platelet activation in that
region, but may also provide a mechanism to limit the extension of
hemostatic plug. The data in the present study indicate that platelet
mass consolidation is a critical component regulating molecular
transport within a platelet plug, as reduced consolidation in diYF
mice resulted in increased solute transport during platelet plug
formation. They further provide evidence supporting amodel inwhich
the consequences of increased solute transport include reduced
concentration/distribution of bioactive molecules, as demonstrated
by the finding of decreased thrombin activity and decreased platelet
activation in diYF thrombi. It should be noted, however, thatwhereas
we have ruled out several possibilities for direct effects of the diYF
mutation on platelet activation, we cannot at present rule out the
possibility that other, currently unappreciated, effects of the diYF
mutation could also contribute.

Although we have not explicitly considered the contribution of
fibrin(ogen) to solute transport in this study, it likely plays an important
role. Indeed, the contribution of fibrin to solute transport is captured
in our in vivo measurements, as fibrin is present within the devel-
oping platelet mass. Similarly, the physical properties used to define
our computational model included the contribution of fibrin as these
were based on our in vivo measurements where fibrin was present.

Figure 7. A model for the role of intrathrombus molecular transport in the regulation of agonist distribution and platelet activation. (A) Diagrams show relative

gradients of intrathrombus molecular transport rates (left), platelet agonist distribution (middle), and platelet activation (right) following vascular injury in vivo. (B) The impact of

impaired b3 integrin phosphorylation is shown.
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With regard to solute transport, the expected impact of fibrin
formation would be similar to platelet retraction shrinking the spaces
between platelets, for example, decreased pore volume and increased
tortuosity. In addition, several pro- and anti-coagulant proteins
(including thrombin itself) bind to fibrin, further impacting their
distribution within a platelet mass. Additional approaches are required
to tease out the precise contribution fibrin, but are beyond the scope
of the current study.

In conclusion, we have demonstrated a novel role for aIIbb3

outside-in signaling in the regulation of platelet mass consolidation
in vivo. Furthermore, we provided evidence that the extent of platelet
packing in a hemostatic plug regulates interplatelet molecular transport,
agonist distribution, and subsequent platelet activation. Taken together,
these observations demonstrate that optimal hemostatic plug formation
results from the interaction of physics, biochemistry, and cell biology.
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