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Summary. Background: Fibrinogen (Fg) has been considered
essential for platelet aggregation. However, we recently dem-
onstrated formation of occlusive thrombi in Fg-deficient mice
and in mice doubly deficient for Fg and von Willebrand factor
(Fg/VWE 7). Methods and results: Here we studied Fg/VWF-
independent platelet aggregation in vitro and found no
aggregation in citrated platelet-rich plasma of Fg/VWF "/~
mice. Surprisingly, in Fg/VWF ™~ plasma without anticoagu-
lant, adenosine diphosphate induced robust aggregation of Fg/
VWF 7~ platelets but not of Bsintegrin-deficient (B3")
platelets. In addition, B;”/~ platelets did not significantly
incorporate into thrombi in Fg/VWF /™ mice. This Fg/VWF-
independent aggregation was blocked by thrombin inhibitors
(heparin, hirudin, PPACK), and thrombin or thrombin
receptor activation peptide (AYPGKF-NH,) induced aggrega-
tion of gel-filtered Fg/VWF ™~ platelets in 1 mm Ca>" PIPES
buffer. Notably, aggregation in PIPES buffer was only 50-60%
of that observed in Fg/VWF’/’ plasma. Consistent with the
requirement for thrombin in vitro, hirudin completely inhibited
thrombus formation in Fg/VWF ™~ mice. These data define a
novel pathway of platelet aggregation independent of both Fg
and VWE. Although this pathway was not detected in the
presence of anticoagulants, it was observed under physiological
conditions in vivo and in the presence of Ca’" in vitro.
Conclusions: P integrin, thrombin, and Ca®" play critical roles
in this Fg/VWF-independent aggregation, and both plasma and
platelet granule proteins contribute to this process.
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Introduction

Platelet adhesion and subsequent aggregation at sites of
vascular injury are key events required to arrest bleeding.
However, the same hemostatic processes may also contribute
to the generation of inopportune thrombi within athero-
sclerotic arteries. It has been demonstrated that von Wille-
brand factor (VWF) and fibrinogen (Fg) are two essential
molecules that mediate platelet adhesion and aggregation [1].
Deficiencies in either of these molecules are associated with
bleeding disorders [i.e. von Willebrand disease (VWD) and
afibrinogenemia). Although no Fg/VWF double-deficient
patients have been reported, our data have shown that Fg/
VWE™~ mice are viable and form occlusive thrombi after
vascular injury [2]. The molecular basis for thrombosis and
hemostasis independent of VWF and Fg is, however, largely
unknown.

The molecules involved in platelet adhesion and aggregation
have been intensively studied. It has been demonstrated that
the platelet membrane glycoprotein (GP) Ib complex and its
ligand, VWF, initiate platelet adhesion, particularly at high
shear [1,3-5]. Subsequent stable adhesion is mediated by
several platelet integrin receptors and their ligands (e.g. integrin
oz /collagen, integrin oqp,P3/Fg and VWF) as well as interac-
tion between GPVI and collagen [1,4,6]. Following initial
adhesion, additional platelets aggregate on the layer of
adherent platelets to form a hemostatic plug. This is probably
mediated by the synergistic action of several platelet receptors
and their ligands, including oqr,B3/Fg [7.8], oumBs/VWF, GPIb
complex/VWF [1,9,10], P-selectin/sulfatides [11], and PB; inte-
grin/fibronectin (Fn) [4,12]. In addition, glycolipids, heparans,
proteoglycans, and SLAM family receptors may also be
involved in this process [13,14].

It has been well-demonstrated in vitro that Fg is required
for platelet aggregation both in afibrinogenemic patients and
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in gene-deficient animals [15,16]. This suggests that bridging
ligands other than Fg may play either a minor role or a
secondary role following Fg engagement during platelet
aggregation. It is intriguing, therefore, that platelet-rich
thrombi are able to form in mice lacking Fg and, even
more surprisingly, in mice lacking both Fg and VWF [2]. In
addition, although it has been reported that ogy,pB3 integrin
plays a central role in platelet aggregation [8,17], platelets
from Glanzmann thrombasthenic patients lacking oqPs3
proteins are still able to aggregate, suggesting that [33
integrin-independent platelet aggregation exists [13,18]. Fur-
thermore, thrombus formation occurs in [33_/_ mice [19],
although it is not clear whether platelet aggregation is
involved in this process. Thus, it is of interest to investigate
whether B; integrin is required for Fg/VWF-independent
platelet aggregation.

In this study, we investigated the mechanism of Fg/VWF-
independent platelet aggregation by performing in vitro aggre-
gation assays and in vivo intravital microscopy. We first
observed robust adenosine diphosphate (ADP)-induced Fg/
VWF-independent platelet aggregation in non-anticoagulated
plasma in vitro. Further experiments using By~ platelets and
different thrombin inhibitors demonstrated that both B3
integrin and thrombin were critical for this aggregation.
Moreover, both plasma and platelet granule-released proteins
contributed synergistically to this novel platelet aggregation
pathway.

Material and methods

Experimental animals

Fg/VWF/~ mice and P37~ mice have been previously
described [2,20]. B;”~ mice were backcrossed onto the
BALB/c background at the Massachusetts Institute of Tech-
nology. Syngeneic BALB/c and C57BL/6J mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME, USA)
and used as controls. Genotypes of all experimental animals
were confirmed by polymerase chain reaction analysis. All
animal care and experimental procedures were approved by the
Animal Care Committee at St Michael’s Hospital.

Platelet and plasma preparation

Mice (6-8 weeks old) were anesthetized and bled from the
retro-orbital plexus using heparin-coated glass capillary
tubes. The blood was collected into a tube containing 3%
acid citrate dextrose (ACD; 1/9, v/v) or 3.8% sodium citrate
(1/9, v/v). Platelet-rich plasma (PRP) was obtained by
centrifugation at 300 x g for 7 min. Platelets were isolated
from the PRP (ACD used as an anticoagulant) using a
Sepharose 2B column in PIPES buffer (PIPES 5 mm, NaCl
1.37 mm, KCI 4 mm, glucose 0.1%, pH 7.0) [2,21]. Platelet-
poor plasma (PPP) was prepared from Fg/VWF™~ mouse
whole blood with or without anticoagulant, as previously
described [21].
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Platelet aggregation

Platelet aggregation was performed at 37 °C using a compu-
terized Chrono-log aggregometer (Chrono-Log Corporation,
Havertown, PA, USA). The method of platelet aggregation in
anticoagulated PRP has been previously described [21]. For
platelet aggregation in the non-anticoagulated PPP, equal
amounts of gel-filtered Fg/VWF /™ platelets or B;~/~ platelets
in PIPES buffer were mixed with non-anticoagulated PPP
(final platelet concentration of 2.5 x 10° mL™"). Subsequently,
20 um ADP was added to induce platelet aggregation. Simi-
larly, Fg/VWF /" platelet aggregation was also induced by
ADP, or PAR-4 thrombin receptor activation peptide (TRAP,
AYPGKF-NH,; Sigma-Aldrich, St Louis, MO, USA), or
other agonists [100 um phorbol myristyl acetate (PMA; Sigma-
Aldrich)], 10 pm A23187 (Calbiochem, Darmstadt, Germany),
2 and 20 pg mL™" collagen (Nycomed Pharma, Ismaning,
Germany), 100 um epinephrine (Chrono-Log, Havertown, PA,
USA), in the presence of thrombin inhibitors, heparin
(250 TU mL™"), r-hirudin (50 pg mL™"), or PPACK (120 pm)
(Sigma-Aldrich) in Fg/VWF~ plasma. In another set of
experiments, Fg/VWF 7~ mouse platelets in PIPES buffer were
treated with 1-4 U mL™" thrombin (Sigma-Aldrich), 0.5-
1 mm TRAP, 100 pm PMA, 20 pg mL™' collagen, and
10 uv A23187 in the presence of 1 mm Ca®". Platelet
aggregates were observed under a Zeiss Axiovert 135-inverted
microscope (32X, 0.4NA; Zeiss, Oberkochen, Germany) and
pictures were taken with a digital camera (DP70, Olympus,
Japan).

Detection of GPIbo, B1 integrin and P-selectin on the platelet
surface

Resting gel-filtered platelets (10°) from wild-type (BALB/c) and
B~ mice were incubated for 30 min with rat anti-mouse
GPIbx antibody pOp5 (10 ug mL™", provided by B. Nieswandt,
University of Wurzburg, Germany) in 50 pL of PIPES bulffer.
The expression of GPIba was detected with fluorescein
isothiocyanate (FITC)-conjugated anti-rat polyvalent immu-
noglobulin G (1:100; Sigma-Aldrich). Similar samples were
incubated with FITC-conjugated hamster anti-rat CD29 (anti-
By integrin) that crossreacts with mouse fB; integrin (1:100; BD
Pharmingen, San Jose, CA, USA) to detect the expression of 3
integrin. In order to examine P-selectin expression on platelet
surfaces, resting or activated (1 U mL™" thrombin or 20 pm
ADP) platelets were incubated with FITC-conjugated rat
anti-mouse CD62P (P-selectin, BD Pharmingen). All samples
were analyzed by a FACScan flow cytometer (Becton Dick-
inson, San Jose, CA, USA).

In vivo intravital microscopy thrombosis model

Intravital microscopy was performed as previously described
[2,21]. Briefly, platelets were isolated from donor Fg/VWE ™/~
mice and fluorescently labeled with calcein acetoxymethylester
(1 ug mL™"; Molecular Probes, Eugene, OR, USA). Experi-
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mental Fg/VWF ™~ mice were injected with the fluorescently
labeled platelets (5 x 10° g™") through the lateral tail vein. The
mice were anesthetized and FeCl; was used to induce a
mesenteric arteriolar injury. The sites of injured vessels were
visualized and recorded with an intravital microscopy system.
In the group undergoing thrombin inhibition, r-hirudin
(3 mg kg™ ") (kindly provided by Dr Fareed, Loyola Univer-
sity, Chicago, IL, USA) was mixed with fluorescently labeled
platelets prior to i.v. injection.

Examination of B5~'~ platelet incorporation into thrombi

in Fg/VWF™~ mice by confocal intravital microscopy

Male Fg/VWFE™~ mice were injected i.v. with fluorescently
labeled Fg/VWF ™, By~ or B3/ platelets (2.5 x 10° g™1), as
described above. Thrombus formation was induced with FeCls
and pictures were taken with the digital camera DP70
combined with a confocal cell imaging module (BD Bioscienc-
es, Rockville, MD, USA) under the intravital fluorescence
microscope. We monitored several independent arterioles and
venules within the same mouse as well as in comparison with
different mice.

Statistical analysis

Data are presented as mean + SEM. Statistical significance
was assessed by unpaired Student’s z-test.

Results

Fg/VWF™'~ platelets aggregated in vitro in non-anticoagulated
Fg/VWF™'~ plasma

To elucidate the pathway of thrombus formation in Fg/VWE /=
mice [2], we examined platelet aggregation in vitro. Using a
routine method for PRP preparation with 3% ACD, ADP was
capable of inducing platelet aggregation in wild-type and
VWF ™~ PRP, but not in Fg/VWF ™~ or Fg”~ PRP (Fig. 1A).
Similar results were obtained using either 3.8% sodium citrate as
an anticoagulant (Fig. 1B) or citrated PRP after the pH was
adjusted to 7.3-7.5 with NaOH (data not shown). As there is no
fibrin formation in Fg/VWF /™ mice, we next prepared Fg/
VWF ™~ plasma without adding exogenous anticoagulant.
When this non-anticoagulated plasma was mixed with gel-
filtered Fg/VWF ™~ platelets, robust aggregation occurred
following ADP stimulation (Fig. 2A).

B3~ platelets did not aggregate in vitro in
non-anticoagulated Fg/VWF™'~ plasma

Because it was reported that platelet aggregation occurs with
platelets from patients lacking ogpfB3; proteins [13,18], we
reasoned that Fg/VWF /™ platelet aggregation may occur in
either a B3 integrin-dependent or -independent manner. There-
fore, we examined whether Fg/VWF-independent platelet
aggregation in vitro was mediated by 5 integrin. As shown
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Fig. 1. No platelet aggregation occurred in anticoagulant-treated fibrino-
gen/von Willebrand factor (Fg/VWE) ™~ platelet-rich plasma (PRP)

in vitro. Adenosine diphosphate (ADP)-induced platelet aggregation in
acid citrate dextrose (A) and sodium citrate (B) anticoagulated PRP. PRP
from wild-type and different gene deficient mice are indicated. n=3 in three
independent experiments.
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Fig. 2. Fibrinogen/von Willebrand factor (Fg/VWF) ™", but not B3,
platelets aggregated in non-anticoagulated Fg/VWF ™~ plasma after ADP
treatment. (A) ADP-induced robust aggregation of Fg/VWF ™/~ platelets
in non-anticoagulant-treated Fg/VWF ™~ plasma (black line). No aggre-
gation of B3/~ platelets was observed in the same plasma (gray line). PLT,
platelets; n = 3. (B) No differences in (i) glycoprotein Ibo, (ii) B; integrin
and (iii) P-selectin expression levels were observed between B3/~ platelets
and wild-type platelets. (i), (ii) Secondary antibody alone (negative
control, light gray line), wild-type platelets (black line), B3/~ platelets
(dark gray line). (iii) Resting wild-type platelets (black dashed line),
thrombin-activated wild-type platelets (black line), resting p; ™/~ platelets
(gray dashed line), thrombin-activated B;~/~ platelets (gray line). n = 3.

in Fig. 2A, ADP did not induce B;/~ platelet aggregation in
the same non-anticoagulated Fg/VWF '~ plasma. This absence
of aggregation was not due to the reduction of other potential
platelet receptors such as GPIbx and B, integrins in B3~/ mice,
as their expression levels were unchanged as measured by flow
cytometry (Fig. 2B). We also observed a similar P-selectin
expression on wild-type BALB/c platelets and By~ platelets
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before and after thrombin (1 or 10 U mL™") stimulation
(Fig. 2B). There was also no reduction of these receptors on
wild-type BALB/c platelets as compared with Fg/VWF/~
platelets (C57BL/6J/129 background, data not shown). These
results excluded the possibility that GPIba, B; integrins or P-
selectin deficiency was responsible for the inability of B3/~
platelets to aggregate.

Bs~'~ platelets did not significantly incorporate into the
thrombi formed in Fg/VWF™'~ mice

To elucidate the role of B5 integrin in Fg/VWF-independent
platelet aggregation in vivo, we injected fluorescently labeled
By~ platelets into Fg/VWF ™~ mice to determine whether
By~ platelets could incorporate into thrombi formed in Fg/
VWF ™~ mice. Fluorescently labeled Fg/VWF ™/ platelets or
wild-type (B3 /™) platelets were used as controls. We found
that injected wild-type platelets (data not shown) and Fg/
VWF ™~ platelets formed bright thrombi at the site of vessel
injury (Fig. 3, lower panel). In contrast, when p;~/~ platelets
were injected, only weakly fluorescent thrombi formed (Fig. 3,
upper panel). Confocal imaging of the thrombi further
demonstrated that the fluorescently labeled B;~/~ platelets did
not significantly incorporate into the dark thrombi, which were
formed by endogenous, unlabeled Fg/VWF '~ platelets (Fig. 3,
upper panel).

Fg/VWF™~ platelet aggregation in vitro was inhibited by high
doses of thrombin inhibitors

As shown in Fig. 2A, ADP-induced Fg/VWF™~ platelet
aggregates did not exhibit significant deaggregation, which
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Fig. 3. In contrast to fibrinogen/von Willebrand factor (Fg/VWF)™~
platelets, B3~ platelets did not significantly incorporate into thrombi in
Fg/VWE ™~ mice. Upper panel: fluorescently labeled p;~/~ platelets were
injected into Fg/VWF ™/~ mice, and weakly fluorescent thrombi were
observed at the site of injury under intravital microscopy. Confocal
imaging of the thrombi showed that only dark thrombi (unlabeled) were
formed and that a few fluorescently labeled Bs~/~ platelets were tempor-
arily trapped on the surface of the dark thrombi. Lower panel: after
injection of fluorescently labeled Fg/VWF ™/~ platelets, bright thrombi
formed at the site of injury. Confocal imaging of these thrombi showed
that fluorescently labeled Fg/VWF '~ platelets were evenly distributed
within the thrombi. The blood vessel is indicated by the dashed lines and
the site of thrombus formation is indicated by the arrows. Representative
blood vessels are shown. n = 3-5 in three separate experiments.
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suggested that platelet granule release probably occurred [22].
As we did not add exogenous anticoagulant during preparation
of the plasma in these experiments, trace amounts of thrombin
may have remained in the plasma, which may promote ADP-
induced thrombin generation on the platelet surface [23].
Therefore, we hypothesized that thrombin may play a role in
Fg/VWE ™~ platelet granule release and aggregation. To test
this hypothesis, we preincubated the Fg/VWF ™~ plasma with
thrombin  inhibitors [heparin (250 ITU mL™"),  hirudin
(50 pg mL™"), or PPACK (120 um)]. Interestingly, these three
different (i.e. indirect, direct, and allosteric) thrombin inhibitors
completely inhibited ADP-induced Fg/VWF ™/~ platelet aggre-
gation (Fig. 4A). Experiments with wild-type PRP have shown
that none of these thrombin inhibitors affects ADP-induced
platelet aggregation (data not shown). These data suggest that
ADP-induced Fg/VWF™/~ platelet aggregation probably
requires thrombin generation and thrombin signaling.

Fg/VWF™'~ platelet aggregation in vitro was induced by TRAP

In order to confirm the role of thrombin in Fg/VWF-
independent platelet aggregation, we used TRAP (AY-
PGKF-NH,) to directly induce Fg/VWF ™'~ platelet aggrega-
tion. As shown in Fig. 4B, TRAP induced Fg/VWF’/ ~ platelet
aggregation in Fg/VWF /™ plasma that was preincubated with
heparin, hirudin or PPACK. These data confirm that inhibition
of aggregation by heparin, hirudin or PPACK was thrombin-
specific and that thrombin receptor activation induced Fg/
VWF-independent platelet aggregation.

Hirudin inhibited Fg/VWF~'~ thrombus formation in vivo

We then used intravital microscopy to investigate the effect of
hirudin (3 mg kg™') on platelet aggregation and thrombus
formation in Fg/VWF ™~ mice (Fig. 4C). The number of early
single platelets deposited at the site of injury was not
significantly different between hirudin-treated and untreated
Fg/VWF ™~ mice. Approximately 5-10 min after injury,
platelets adhered more stably to the vessel wall and started to
form visible platelet aggregates in untreated Fg/VWF 7~ mice.
However, we did not observe any apparent platelet aggregates
in hirudin-injected mice during the 40 minute experiments.
These data differ from those in hirudin-injected wild-type mice,
in which platelet aggregation and thrombus formation occur
[24]. Thus, thrombin is required for Fg/VWF-independent
platelet aggregation in vivo.

Both platelet granule and plasma protein(s) contributed to
Fg/VWEF™'~ platelet aggregation

Because Fg/VWFE ™~ platelet aggregation was dependent on
thrombin signaling, it is possible that granule release may play
an important role in this aggregation pathway. To test this
possibility, we induced platelet aggregation with additional
strong and weak agonists. As shown in Fig. 5, high-dose
(20 ug mL™") collagen, PMA (100 pm) and calcium ionophore
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Fig. 4. Thrombin was critical for fibrinogen/von Willebrand factor (Fg/
VWF)-independent platelet aggregation in vitro and in vivo. (A) Thrombin
inhibitors inhibited ADP-induced Fg/VWF '~ platelet aggregation in Fg/
VWE ™" plasma. Upper left panel: control: Fg/VWEF " platelets were
mixed with non-anticoagulant-treated Fg/VWF '~ plasma (gray line) and
treated with ADP (black line). Other panels: Fg/VWEF " platelets were
mixed with Fg/VWF '~ plasma, which was preincubated with the indi-
cated thrombin inhibitors before ADP treatment. (B) In contrast to ADP,
thrombin receptor activation peptide induced robust Fg/VWF /™ platelet
aggregation in Fg/VWF ™~ plasma in the presence of thrombin inhibitors.
(C) Hirudin inhibited platelet aggregation in Fg/VWF ™~ arterioles in an
intravital microscopy thrombosis model. Time after FeCl; injury is indi-
cated in the lower right corner. Blood flow was from right to left. Upper
panel: in Fg/VWF/"mice, single fluorescently labeled platelets adhered to
the arterioles 5 min after injury. Delayed thrombus formation occurred
with frequent embolization (15 min), and the majority of the Fg/VWF ™/~
mouse arterioles eventually occluded. Lower panel: in the hirudin-injected
group, no significant difference was found in the platelet—vessel wall
interaction during the first 3-5 min when compared with the non-hirudin-
injected group. Platelet aggregation and thrombus formation were
completely inhibited in hirudin-treated arterioles.

A23187 (10 pm) were also able to induce Fg/VWF '~ platelet
aggregation in Fg/VWF '~ plasma (hirudin-anticoagulated).
The same results were obtained when PPACK was used as the
anticoagulant. However, weak agonists such as epinephrine
and low-dose (2 pgmL™") collagen did not induce this
aggregation (data not shown).

To distinguish between the contribution of platelet granule
proteins and plasma proteins, we analyzed gel-filtered Fg/
VWF 7/~ platelet aggregation in PIPES buffer. No Fg/VWF/~
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Fig. 5. Fibrinogen/von Willebrand factor (Fg/VWF)™~ platelet aggrega-

tion induced with phorbol myristyl acetate, collagen or A23187 induced
robust Fg/VWFE ™~ platelet aggregation in Fg/VWF ™/~ plasma in the
presence of hirudin.

platelet aggregation was induced by ADP in this buffer. There
was also no significant aggregation after either thrombin
(1 UmL™) or TRAP (500 um) treatment. However, after
adding 1 mm CaCl, to the PIPES buffer, both thrombin and
TRAP, but not ADP, induced Fg/VWF ™~ platelet aggrega-
tion (Fig. 6A,B). Concomitantly, we found that P-selectin, a
marker for granule release, was expressed on the Fg/VWEF ™/~
platelet surface after either 1 U mL™" thrombin (Fig. 6C, left
panel) or 500 pm TRAP treatment, but was not expressed
after ADP (20 pm) treatment in 1 mm Ca®>* PIPES buffer.
Similar results were also observed in micro-aggregates from
thrombin-induced platelet aggregation (Fig. 6C, right panel).
It is notable that ADP was also not able to induce P-selectin
expression on wild-type platelets in the same PIPES buffer
(data not shown). Together, these data suggest that platelet
granule protein(s) contributed to Fg/VWF-independent plate-
let aggregation. It appears that this process requires millimolar
levels of Ca’>" and the moderate levels of platelet-released
Ca’" are insufficient to support this aggregation in PIPES
buffer. Notably, there was no significant enhancement of
aggregation after adding higher doses of Ca®>* and/or Mg>*
(data not shown).

Nevertheless, Fg/VWF ™~ platelet aggregation in PIPES
buffer was significantly less robust than that in Fg/VWF/~
PPP (Figures 2A and 6). As shown in Fig. 6, thrombin-
induced Fg/VWF™~ platelet aggregation in PIPES buffer
(41.3 + 5.9%,n = 3)was less than that in Fg/VWF ™~ plasma
(73.0% £ 72%, n=3; P < 0.05); TRAP-induced Fg/
VWF~  platelet aggregation in PIPES  buffer
(44.7% + 2.9%, n = 3) was also less than that in hirudin-
pretreated Fg/VWF~ plasma (73.3% + 59%, n=3;
P < 0.05). In addition, thrombin- or TRAP-induced Fg/
VWE'~ platelet aggregation in I mm CaCl, PIPES buffer was
also less than ADP-induced aggregation in Fg/VWE™~ PRP
(Figures 2A and 6A,B). Furthermore, platelet aggregates that
formed following thrombin or TRAP stimulation in PIPES
buffer were considerably smaller than those in Fg/VWF ™/~
plasma (Fig. 6A,B). In fact, the extent of Fg/VWF '~ platelet
aggregation and the morphology of these aggregates in Fg/
VWE ™" plasma (Fig. 6A,B) were indistinguishable from their
wild-type controls (data not shown). Dose-response experi-
ments showed that the 1 U mL™' thrombin or 500 pm TRAP
used in the gel-filtered platelet aggregation in PIPES buffer
achieved a platelet aggregation plateau, and no further
enhancement of aggregation was observed with higher con-
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PIPES buffer (gray line) is approximately 50-60% of that observed in Fg/VWF '~ plasma (black line). Upper right panel: Fg/VWF '~ platelet aggregation
in PIPES buffer is significantly lower than that observed in non-anticoagulated Fg/VWE ™'~ plasma. *P < 0.05, n = 3. Lower panel: Fg/VWF '~ platelet
aggregation in PIPES buffer formed smaller aggregates than in Fg/VWF ™/~ plasma, as visualized by light microscopy. (B) Thrombin receptor activation
peptide (TRAP) induced Fg/VWF ™'~ platelet aggregation in PIPES buffer and in Fg/VWF ™/~ plasma. Upper left panel: gel-filtered Fg/VWF " platelets,
suspended in either PIPES buffer (1 mm CaCl2, 50 pg mL™" hirudin) or hirudin preincubated Fg/VWF "~ plasma, were treated with TRAP. Platelet
aggregation in PIPES buffer (gray line) is 50-60% of that in Fg/VWF ™/~ plasma (black line). Upper right panel: Fg/VWF ™~ platelet aggregation in PIPES
buffer is lower than that seen in non-anticoagulated Fg/VWF ™/~ plasma. *P < 0.05,n = 3. Lower panel: Fg/VWF '~ platelet aggregation in PIPES buffer
formed smaller aggregates than in Fg/VWF ™~ plasma. (C) P-selectin expression on activated Fg/VWF ™~ platelets in PIPES buffer was examined by flow
cytometry. After treatment with thrombin under static conditions for 15 min, there was significant P-selectin expression on the platelet surface (black line,
left panel) as compared with resting platelets (filled area), while ADP (arrow indicated) failed to induce P-selectin expression (gray line). Similar results were
observed from platelet aggregation assays. Small micro-aggregates formed after treatment with thrombin for 5 min; this is when P-selectin was detected on

platelets by flow cytometry (right panel). **P < 0.01, » = 3 in three independent experiments.

centrations of thrombin (2 and 4 U mL™") or TRAP (I mm).
These data suggest that both plasma and platelet granule
proteins contributed to the Fg/VWF-independent platelet
aggregation.

Discussion

Fibrinogen is considered an essential bridging molecule for
platelet aggregation [8,15,16,25]. In patients with afibrinogen-
emia, residual platelet aggregation is thought to be mediated
mainly by VWF [26]. However, we demonstrated here that
under more physiological conditions (i.e. non-anticoagulated
plasma), robust platelet aggregation occurs in the absence of
both Fg and VWF in vitro. We further demonstrated that Fg/
VWF-independent platelet aggregation is dependent on [
integrin, thrombin, platelet secretion and divalent Ca®*
cations. Both plasma and platelet granule proteins contribute
to this novel pathway of platelet aggregation.

The critical role of Fg in platelet aggregation was established
by studying specimens from patients with afibrinogenemia
(< 200 pg mL™" Fgin their plasma)[15,27]. However, because
significant residual Fg exists in most afibrinogenemic blood,
exogenous anticoagulant reagents, such as sodium citrate, are
routinely used to prevent coagulation during blood prepar-
ation. Under these circumstances, afibrinogenemic PRP
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responded poorly to ADP-induced aggregation. De Marco et
al. [26] reported that the monoclonal antibody LIPS, which
specifically blocks VWF/oqp,B5 interaction but not Fg/og,ps
interaction, was able to abolish residual platelet aggregation in
afibrinogenemic citrated-PRP. As some residual Fg was
present in both the plasma and platelets in these cases, it is
thus not clear whether residual Fg is required to initiate this
VWF-mediated platelet aggregation. It remains unclear, there-
fore, whether Fg-independent aggregation indeed occurs in
citrated blood, and whether Fg/VWF-independent aggregation
can be induced in non-anticoagulated blood.

Our Fg/VWF-double deficient mice (in which Fg and VWF
are completely deleted) provided an opportunity to study Fg-
and VWF-independent platelet aggregation, particularly under
more physiological conditions where the effects of anticoagulant
reagents were minimized. The data presented in this study differ
from the aggregation data seen in the afibrinogenemic patients
who have residual Fg. We demonstrated that Fg, at least in
murine blood, is probably an indispensable bridging molecule
for platelet aggregation in anticoagulated blood (Figs 1 and
4A). However, under more physiological conditions (i.e. non-
anticoagulated blood), robust platelet aggregation can be
induced in the absence of both Fg and VWF (Fig. 2).

Is B integrin required for this Fg/VWF-independent platelet
aggregation? It has been reported that platelet aggregation
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occurs in patients lacking oyy,B; integrin (type I Glanzmann
thrombasthenia) [13,18]. We also found a very low level of
platelet aggregation (< 10% of normal level) in gel-filtered
Bs~" platelets in PIPES buffer after stimulation with thrombin
(unpublished data). These observations are consistent with the
concept that multiple platelet receptors may be involved in
platelet aggregation [4,10-14]. However, in the present study,
using B3/~ mice as well as our newly developed anti-mouse f;
integrin blocking antibody (data not shown), we found that 33
integrin is the essential receptor that mediates this Fg/VWEF-
independent platelet aggregation (Figs 2 and 3).

What are the ligand(s) mediating Fg/VWF-independent
platelet aggregation? Fn [28], thrombospondin-1 (TSP-1) [29],
vitronectin (Vn) [21], and CD40L [30] may be candidates. We
recently demonstrated that plasma Fn promotes thrombus
growth and stability [12]. It is as yet unclear, however, whether
this results from Fn supporting platelet aggregation, stabilizing
the fibrin clot, or self-assembling [31,32]. We are also not
certain whether this results from plasma Fn or platelet granule
Fn. The latter comes mainly from plasma via B; integrin
internalization [33]. In the present study, removal of plasma Fn
from Fg/VWF~/~ plasma with a Sepharose 4B-gelatin column
did not significantly affect Fg/VWF ™~ platelet aggregation
(data not shown), suggesting that plasma Fn is not the likely
ligand. We also demonstrated that plasma vitronectin and
CD40L may not be the ligands. Fg/VWE ™" platelet aggrega-
tion occurred to a similar extent in vitronectin ~/~ and CD40L ™/
~ plasma as in their wild-type controls after Fg and VWF were
removed by a Centricon membrane (100 kD cut-off, data not
shown). Furthermore, the plasma concentration of TSP-1 is
negligible. Thus, there may be other ligand(s) in plasma that
enhance platelet aggregation.

Platelet granule Fn, vitronectin, TSP-1, and CD40L may,
however, play a role in this Fg/VWF-independent aggregation.
We found that gel-filtered Fg/VWF /™ platelets were able to
aggregate in 1 mm Ca’" PIPES after thrombin treatment
(Fig. 6) or treatment with strong agonists such as PMA, high
dose collagen, or A23187 (data not shown). This suggested that
platelet-released B3 integrin ligands were the major bridging
molecules. Our earlier work demonstrated that platelet Fn
content increased more than 3-fold in Fg™/~ and Fg/VWF /=
mice [2,33]. We recently found that released platelet vitronectin
significantly supported platelet aggregation, although plasma
vitronectin inhibited this process [21]. Thus, platelet Fn,
vitronectin and TSP-1, as well as other ligands such as
CD40L, may synergistically contribute to this Fg/VWF-
independent platelet aggregation after treatment with a potent
agonist.

We found that thrombin is critical for Fg/VWF-independent
platelet aggregation in vitro and in vivo (Fig. 4). Interestingly,
although thrombin inhibitors do not affect ADP-induced oy, 33
activation and subsequent ligand binding [34], they did inhibit
ADP-induced Fg/VWF™~ platelet aggregation in plasma
(Fig. 4A). This suggested that ADP might play a key role, e.g.
via interaction with its receptor P2Y}, [35], in Fg/VWEF "/~
platelet aggregation, by inducing thrombin generation.

We also found that physiological (mm) levels of Ca®* ions
were required for Fg/VWF /™ platelet aggregation and that
small amounts of platelet-released Ca®" were insufficient to
support this aggregation. This is intuitive because B integrin is
required for this new pathway of platelet aggregation and both
the p-propeller and MIDAS domains of integrins require Ca**
in order to maintain structural integrity. Although the Fg/
omwPs and VWEF Joyy,B3 interactions may be less dependent on
divalent cations and are able to bridge platelets in citrated
plasma, other ligands, such as Fn, bind to B; integrin in a
divalent cation-dependent manner [36]. It is very likely that
physiological levels of Ca®>* (but not the residual levels present
in citrated plasma) may be required to maintain the appropri-
ate conformation of 5 integrin for recognition of other ligands
(i.e. ligands other than Fg and VWF). Furthermore, in the
processes of ADP-induced thrombin generation and platelet
degranulation, Ca?>" may also be required. Thus, citrated
blood, as used in earlier studies, may mask the interaction
between 5 integrin and other plasma and platelet granule
ligands.

In summary, the current theory that Fg and VWF are
essential for platelet aggregation was established based on
studies using anticoagulated blood in vitro, which may differ
from pathophysiological conditions #n vivo. At the site of
injury, including the rupture of an atherosclerotic plaque,
thrombin, divalent cations, and other platelet agonists are
present, which may allow Bs integrin to bind ligands other than
Fg and VWF. These ligands may play an important role in
supporting hemostasis in VWD and afibrinogenemia, and may
also contribute to the thrombotic process in normal individ-
uals. Identification and characterization of these ligands should
be of great interest for future studies.

Acknowledgements

This study was supported in part by Heart and Stroke
Foundation of Canada (Ontario), grant T5610 (H. Ni); Heart
and Stroke Foundation of Canada (Ontario), grant NA5252
[H. Ni, principal investigator (PI) and J. Freedman, co-PI];
start-up funds from St Michael’s Hospital and Canadian Blood
Services (H. Ni); Connaught/University of Toronto New Staff
Matching Fund Award (H. Ni); National Institutes of Health,
grant PO1-HL66105 (R. O. Hynes); and National Heart, Lung,
and Blood Institute of the National Institutes of Health, grant
R37 HL41002 (D. D. Wagner). H. Yang is a recipient of the
Heart and Stroke/Richard Lewar excellence award and
Canadian Blood Services postdoctoral fellowship award. We
thank C. M. Spring for his assistance with preparation of the
manuscript. We also thank B. Nieswandt for the pOp5
antibody, and both J. L. Degen and C. V. Denis for their
earlier work preparing Fg and VWF gene deficient mice, and F.
Ofosu for his advice during the manuscript preparation.

Disclosure of Conflict of Interests

The authors state that they have no conflict of interest.

© 2006 International Society on Thrombosis and Haemostasis



References

1

2

W

W

-

oo

Ruggeri ZM. Mechanisms initiating platelet thrombus formation.
Thromb Haemost 1997; 78: 611-6.

Ni H, Denis CV, Subbarao S, Degen JL, Sato TN, Hynes RO, Wagner
DD. Persistence of platelet thrombus formation in arterioles of mice
lacking both von Willebrand factor and fibrinogen. J Clin Invest 2000;
106: 385-92.

Lopez JA, Dong JF. Structure and function of the glycoprotein Ib-IX-
V complex. Curr Opin Hematol 1997; 4: 323-9.

Savage B, Almus-Jacobs F, Ruggeri ZM. Specific synergy of multiple
substrate-receptor interactions in platelet thrombus formation under
flow. Cell 1998; 94: 657-66.

Tsuji S, Sugimoto M, Miyata S, Kuwahara M, Kinoshita S, Yoshioka
A. Real-time analysis of mural thrombus formation in various platelet
aggregation disorders: distinct shear-dependent roles of platelet
receptors and adhesive proteins under flow. Blood 1999; 94: 968-75.
Nieswandt B, Watson SP. Platelet-collagen interaction: is GPVI the
central receptor? Blood 2003; 102: 449-61.

Bennett JS. Platelet -fibrinogen interactions. Ann NY Acad Sci 2001;
936: 340-54.

Phillips DR, Charo IF, Scarborough RM. GPIIb-IIla: the responsive
integrin. Cell 1991; 65: 359-62.

Kulkarni S, Dopheide SM, Yap CL, Ravanat C, Freund M, Mangin
P, Heel KA, Street A, Harper IS, Lanza F, Jackson SP. A revised
model of platelet aggregation. J Clin Invest 2000; 105: 783-91.
Frojmovic MM, Kasirer-Friede A, Goldsmith HL, Brown EA.
Willebrand factor mediates aggregation of ADP-activated platelets at
moderate shear stress: facilitated by GPIb but controlled by GPIIb-
Ila. Thromb Haemost 1997; 77: 568-76.

Merten M, Thiagarajan P. Role for sulfatides in platelet aggregation.
Circulation 2001; 104: 2955-60.

Ni H, Yuen PS, Papalia JM, Trevithick JE, Sakai T, Fassler R,
Hynes RO, Wagner DD. Plasma fibronectin promotes thrombus
growth and stability in injured arterioles. Proc Natl Acad Sci USA
2003; 100: 2415-9.

McGregor L, Hanss M, Sayegh A, Calvette JJ, Trzeciak MC, Ville D,
Catimel B, Viala JJ, Dechavanne M, McGregor JL. Aggregation to
thrombin and collagen of platelets from a Glanzmann thrombasthenic
patient lacking glycoproteins IIb and Illa. Thromb Haemost 1989; 62:
962-17.

Nanda N, Andre P, Bao M, Clauser K, Deguzman F, Howie D,
Conley PB, Terhorst C, Phillips DR. Platelet aggregation induces
platelet aggregate stability via SLAM family receptor signaling. Blood
2005; 106: 3028-34.

Born GV, Cross MJ. Effects of inorganic ions and of plasma proteins
on the aggregation of blood platelets by adenosine diphosphate. J
Physiol 1964; 170: 397-414.

Suh TT, Holmback K, Jensen NJ, Daugherty CC, Small K, Simon DI,
Potter S, Degen JL. Resolution of spontaneous bleeding events but
failure of pregnancy in fibrinogen-deficient mice. Genes Dev 1995; 9:
2020-33.

Quinn MJ, Byzova TV, Qin J, Topol EJ, Plow EF. Integrin alpha-
IIbbeta3 and its antagonism. Arterioscler Thromb Vasc Biol 2003; 23:
945-52.

Caen JP, Castaldi PA, Lecierc JC, Inceman S, Larrieu MJ, Probst M,
Bernard J. Congenial bleeding disorders with long bleeding time and
normal platelet count. I. Glanzman’s thrombasthemia (report of fifteen
patients). Am J Med 1966; 41: 4.

© 2006 International Society on Thrombosis and Haemostasis

19

2

—_

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Novel pathway of platelet aggregation 2237

Smyth SS, Reis ED, Vaananen H, Zhang W, Coller BS. Variable
protection of beta 3-integrin-deficient mice from thrombosis initiated
by different mechanisms. Blood 2001; 98: 1055-62.

Hodivala-Dilke KM, McHugh KP, Tsakiris DA, Rayburn H, Crow-
ley D, Ullman-Cullere M, Ross FP, Coller BS, Teitelbaum S, Hynes
RO. Beta3-integrin-deficient mice are a model for Glanzmann
thrombasthenia showing placental defects and reduced survival. J Clin
Invest 1999; 103: 229-38.

Reheman A, Gross P, Yang H, Chen P, Allen D, Leytin V,
Freedman J, Ni H. Vitronectin stabilizes thrombi and vessel occlusion
but plays a dual role in platelet aggregation. J Thromb Haemost 2005,
3: 875-83.

Kinlough-Rathbone RL, Mustard JF, Packham MA, Harfenist EJ.
Factors influencing the deaggregation of chymotrypsin-treated human
platelets aggregated by fibrinogen. Thromb Haemost 1983; 49: 196-8.
Monroe DM, Hoffman M, Roberts HR. Platelets and thrombin
generation. Arterioscler Thromb Vasc Biol 2002; 22: 1381-9.

Ni H, Ramakrishnan V, Ruggeri ZM, Papalia JM, Phillips DR,
Wagner DD. Increased thrombogenesis and embolus formation in
mice lacking glycoprotein V. Blood 2001; 98: 368-73.

Coller BS, Peerschke EI, Scudder LE, Sullivan CA. A murine mono-
clonal antibody that completely blocks the binding of fibrinogen to
platelets produces a thrombasthenic-like state in normal platelets and
binds to glycoproteins I1Ib and/or Illa. J Clin Invest 1983; 72: 325-38.
De Marco L, Girolami A, Zimmerman TS, Ruggeri ZM. Willebrand
factor interaction with the glycoprotein IIb/Ila complex. Its role in
platelet function as demonstrated in patients with congenital afibrin-
ogenemia. J Clin Invest 1986; 77: 1272-7.

Gralnick HR, Connaghan DG. Hereditary abnormalities of fibrin-
ogen. In: Beutler ELM, Coller BS, Kipps TJ, eds. Williams Hemato-
logy, Sth edn. New York: McGraw-Hill, Inc., 1995: 1439-54.

Plow EF, Haas TA, Zhang L, Loftus J, Smith JW. Ligand binding to
integrins. J Biol Chem 2000; 275: 21785-8.

Bonnefoy A, Hantgan R, Legrand C, Frojmovic MM. A model of
platelet aggregation involving multiple interactions of thrombospon-
din-1, fibrinogen, and GPIIbllla receptor. J Biol Chem 2001. 276:
5605-12.

Andre P, Prasad KS, Denis CV, He M, Papalia JM, Hynes RO,
Phillips DR, Wagner DD. CD40L stabilizes arterial thrombi by a
beta3 integrin-dependent mechanism. Nat Med 2002; 8: 247-52.

Ni H. Unveiling the new face of fibronectin in thrombosis and
hemostasis. J Thromb Haemost 2006; 4: 940-2.

Cho J, Mosher DF. Enhancement of thrombogenesis by plasma
fibronectin cross-linked to fibrin and assembled in platelet thrombi.
Blood 2006; 107: 3555-63.

Ni H, Papalia JM, Degen JL, Wagner DD. Control of thrombus em-
bolization and fibronectin internalization by integrin alpha IIb beta 3
engagement of the fibrinogen gamma chain. Blood 2003; 102: 3609-14.
Plow EF, Marguerie G. Inhibition of fibrinogen binding to human
platelets by the tetrapeptide glycyl-L-prolyl-L-arginyl-L-proline. Proc
Natl Acad Sci USA 1982; 79: 3711-5.

Dorsam RT, Tuluc M, Kunapuli SP. Role of protease-activated and
ADP receptor subtypes in thrombin generation on human platelets.
J Thromb Haemost 2004; 2: 804—12.

Plow EF, McEver RP, Coller BS, Woods Jr VL, Marguerie GA,
Ginsberg MH. Related binding mechanisms for fibrinogen, fibro-
nectin, von Willebrand factor, and thrombospondin on thrombin-
stimulated human platelets. Blood 1985; 66: 724-7.



