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Minding the gaps to promote
thrombus growth and stability

Lawrence F. Brass, Li Zhu, and Timothy J. Stalker

Departments of Medicine and Pharmacology, University of Pennsylvania, Philadelphia, Pennsylvania, USA.

Efforts to understand the role of platelets in hemostasis and thrombosis have largely focused on the earliest events
of platelet activation, those that lead to aggregation. Although much remains to be learned about those early events,
this Review examines a later series of events: the interactions between platelets that can only occur once aggrega-
tion has begun, bringing platelets into close contact with each other, creating a protected environment in the gaps
between aggregated platelets, and fostering the continued growth and stability of the hemostatic plug.

Introduction

The mechanisms of platelet activation have grown increasingly
familiar. Vascular injury exposes tissue factor within the vessel wall
(or allows the local accumulation of circulating tissue factor-con-
taining microparticles), which leads to local generation of throm-
bin and fibrin. Simultaneously, newly exposed collagen fibrils
within the vessel wall become decorated with plasma-derived vWF,
circulating platelets adhere long enough to be activated by collagen
and thrombin, and a growing mound of platelets is formed as addi-
tional circulating platelets are recruited by soluble agonists, includ-
ing thrombin, ADP, and thromboxane A; (TxA;). Activated plate-
lets stick to each other via bridges formed by the o3 integrin and
multivalent adhesive proteins such as fibrinogen, fibrin, and vWF.
They also accelerate thrombin formation. The net result is a hemo-
static plug or thrombus composed of activated platelets embedded
within a fibrin mesh — a structure that can withstand the shear
forces generated by flowing blood in the arterial circulation.

In general terms, this description has withstood the test of
time, evolving as new molecules are shown to be participants in
or regulators of hemostatic plug formation. Equally important,
a number of successful drugs have been developed that target key
events in platelet activation with the goal of preventing patho-
logical thrombus formation. These include drugs that block ADP
receptors, impair TxA; synthesis, or prevent the binding of adhe-
sive proteins to activated aupf3. However, even as it accounts for
the initiating events of platelet activation, this model leaves some
intriguing questions unanswered. For example, what happens after
activated platelets stick to each other? Are interactions between
platelets required beyond those mediated by oun,3? What prevents
destabilization of the hemostatic plug during the time needed for
wound healing to occur? What keeps the integrin engaged with
its ligands? What is happening in the gap between activated plate-
lets? How do events on the surface of opposing platelets compare
with events on the unopposed surfaces of activated platelets? This
Review will address some of these issues, focusing on events within
and across the gap between activated platelets and the role that
those events play in thrombus growth and stability.

Nonstandard abbreviations used: CD40L, CD40 ligand; ESAM, endothelial cell-
specific adhesion molecule; Gas6, growth arrest-specific gene 6; JAM, junctional adhe-
sion molecule; PEAR1, platelet endothelial aggregation receptor 1; sCD40L, soluble
CD40L; SLAM, signaling lymphocytic activation molecule; TxA, thromboxane A,.
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Gaps, contacts, and the role of clot retraction

In contrast to most cells, platelets are not normally in stable
contact with each other but develop such contacts once aggrega-
tion has begun. Electron micrographs show the close proximity
of the plasma membranes of adjacent platelets but do not show
adherens or tight junctions such as those formed by epithelial
and endothelial cells (1-3). Estimates for the width of the gap
between adjacent platelets range from as little as 0 to as much as
50 nm (4). This short distance between platelets should make it
possible for molecules on the surface of one platelet to bind to
molecules on an adjacent platelet. This could be a direct inter-
action, as when one cell adhesion molecule binds to another in
trans, or an indirect interaction, such as occurs when multiva-
lent adhesive proteins link activated ounf3 on adjacent platelets.
In either case, these interactions can theoretically provide both
an adhesive force and a secondary source of intracellular signal-
ing. Junctional molecules have been detected in platelets, as have
some of the molecules associated with junction formation in
other types of cells (5). Close contacts between platelets not only
allow platelet/platelet interactions to occur but can also limit
the diffusion of plasma molecules into the gap between platelets
and prevent the escape of platelet activators from within the gap.
This might, for example, limit the access of plasmin to embedded
fibrin, thereby helping to prevent premature dissolution of the
hemostatic plug. It might also foster the accumulation of platelet
activators within a protected environment in which higher con-
centrations can be reached and maintained. Seen in this context,
clot retraction, which is dependent on the interaction between
actin/myosin complexes and the cytoplasmic domain of auf;
as well as the binding of fibrinogen or vWF to the extracellular
domain of the integrin, can be viewed as a mechanism for narrow-
ing the gaps between platelets and increasing the local concentra-
tion of soluble ligands for platelet receptors (6).

Any list of molecules that participate in contact-dependent
and contact-facilitated interactions between platelets is likely
to be incomplete, but a number of participants and potential
participants have been identified. Those that will be discussed
here include integrins and other cell adhesion molecules, direct
interactions between receptors and surface-attached ligands,
and bioactive molecules that are either secreted or proteolyti-
cally shed from the surface of activated platelets (Figure 1 and
Table 1). Some of these molecules also play a role in the interac-
tion of platelets with other types of cells, but the focus here will
be on platelet/platelet interactions.
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Events in the gap. The gap between activated platelets in a growing thrombus is small enough for integrins and other cell adhesion molecules
(CAMs) to interact and for interactions to occur between receptors such as Eph kinases and their cell surface ligands, known as ephrins. The
space between platelets also provides a protected environment in which soluble agonists (ADP and TxA) and the proteolytically shed exodo-
mains of platelet surface proteins can accumulate. Signaling by ephrins and Eph kinases promotes integrin engagement and outside-in signaling.
The mechanical forces generated by the contraction of actin/myosin filaments may compress the space between platelets, improving contacts
and increasing the concentration of soluble agonists. The binding of cell adhesion molecules to their partners may limit diffusion into and out of

the space between platelets in addition to stabilizing platelet/platelet interactions.

Integrins, adhesion, and outside-in signaling

Outside-in signaling refers to the intracellular signaling events that
occur downstream of activated integrins once ligand binding has
occurred. Since this topic has been reviewed by others (7) and is cov-
ered in another Review in this series (8), only a few points will be
made here. Integrin signaling depends in large part on the formation
of protein complexes that link to the integrin cytoplasmic domain.
Some of the protein/protein interactions that involve the cytoplas-
mic domains of a3 help regulate integrin activation; others par-
ticipate in outside-in signaling and clot retraction. Proteins capable
of binding directly to the cytoplasmic domains of oupf; include
Bs-endonexin (9), CIB (10), talin (11), myosin (12), Shc (13), and the
tyrosine kinases Src (14) and Syk (15, 16). While some of these intet-
actions require the phosphorylation of tyrosine residues Y747 and
Y759 in the B3 cytoplasmic domain, others do not. She, for example,
requires Y759 phosphorylation (13). Myosin binding requires phos-
phorylation of both Y747 and Y759 (12). Fibrinogen binding to the
extracellular domain of activated oupf35 stimulates a rapid increase in
the activity of Src family members and Syk. Studies of platelets from
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mice lacking these kinases suggest that these events are required for
the initiation of outside-in signaling and for full platelet spreading,
irreversible aggregation, and clot retraction (17-20).

The phosphorylation of the 3 cytoplasmic domain is an event
of particular relevance to this Review. Phosphorylation is mediated
by 1 or more Src family members and can require both activation
of the integrin and its engagement with an adhesive protein (18,
19). Mutation of Y747 and Y759 in $3 to phenylalanine produces
mice whose platelets disaggregate and which show reduced clot
retraction and a tendency to rebleed from sites on the tail where
bleeding times were previously measured (21). Loss of clot retrac-
tion is also a hallmark of apfs-deficient platelets from patients
with Glanzmann thrombasthenia — reflecting the dependence of
clot retraction on the interaction of a3 with extracellular fibrin
and with intracellular actin/myosin filaments.

Junctional adhesion molecules in the Ig superfamily

JAM-A and JAM-C. Junctional adhesion molecules (JAMs) are Ig
domain-containing, Ca**-independent cell adhesion molecules.
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Three have been identified thus far: JAM-A (also known as JAM-1
and F11R), JAM-B (JAM-2, VE-JAM), and JAM-C (JAM-3) (22, 23).
Platelets express JAM-A and JAM-C. JAMs have an extracellular
domain with 2 Ig domains, a single transmembrane region, and a
short cytoplasmic tail that terminates in a binding site for cytosolic
proteins with an appropriate PDZ domain. JAM-A localizes to tight
junctions of endothelial and epithelial cells and is also found on
monocytes, neutrophils, and lymphocytes. JAM-C has been found
on endothelial cells, lymphatic vessels, DCs, and NK cells. JAM-A
contributes to cell-cell adhesion by forming trans interactions
involving the N-terminal Ig domain. However, JAMs also support
heterotypic interactions, in particular integrin binding via their
membrane-proximal Ig domain. For example, JAM-A binds a.f3,
integrin on leukocytes and contributes to leukocyte extravasation
across the endothelium (24). JAM-C forms adhesive interactions
with JAM-B and binds to leukocyte of: (25).

Platelet JAM-A was originally described as the antigen for a plate-
let-activating antibody (26). Subsequent studies showed that the
activating effects of the antibody are dependent on activation of
platelet FcyRII receptors, a property shared with mAbs directed
against other platelet surface proteins as well (27). However, JAM-A
has also been shown to induce platelet adhesion and spreading
via interactions with immobilized JAM-A in vitro, suggesting that
it might play a role in homotypic platelet/platelet and platelet/
endothelial interactions as well as mediating heterophilic interac-
tions between platelets and leukocytes by binding to a3, (24, 28).
Similarly, JAM-C was found to bind o integrin on leukocytes,
suggesting a role for JAM-C in platelet/leukocyte interactions
(25). The contribution of JAMs to platelet-platelet adhesion has
yet to be determined. Interestingly, the cytoplasmic tail of JAM-A
becomes phosphorylated via a PKC-dependent mechanism follow-
ing platelet aggregation (29), suggesting that JAM-A may have a
role in contact-dependent signaling.

ESAM. Endothelial cell-specific adhesion molecule (ESAM) is
structurally similar to the JAMs (30) with an extracellular domain
consisting of 2 Ig domains and a single transmembrane domain.
The cytoplasmic tail of ESAM is longer than any of the JAMs and
contains several proline-rich regions, as well as a C-terminal PDZ
target domain (30). ESAM was identified as a cell adhesion mole-
cule in endothelial cells (30), but it is also expressed by platelets. In
endothelial cells ESAM binds via homotypic interactions (30, 31),
colocalizes with tight junction proteins (31), and binds to the PDZ
domain-containing adaptor protein MAGI-1 (32). ESAM is read-
ily detected on the surface of activated platelets, but not on rest-
ing platelets, suggesting that it may be located on an intracellular
structure, such as the membranes of a-granules (31). Its function
on platelets is unknown.

CD226.CD226, or DNAM-1, is a fourth Ig superfamily adhesion
molecule on the surface of platelets (33). CD226 consists of an
extracellular domain with 2 Ig domains, a single transmembrane
domain, and a cytoplasmic tail (34). CD226-mediated adhesion of
NK cells is dependent on phosphorylation of Ser329 within the
CD226 cytoplasmic tail by PKC (35). Cross-linking of CD226 on
NK cells results in tyrosine phosphorylation of the cytoplasmic
domain and increased cytolytic activity, indicating a possible role
in signal transduction. In addition to an association with the inte-
grin oy f32, a recent study identified the polio virus receptor (PVR;
CD155) and the adherens junction protein nectin-2 (36) as poten-
tial ligands for CD226. CD226 has been shown to participate in
the binding of activated platelets to endothelial cells in vitro (34).
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Endothelial cells express nectin-2, so it is possible that it serves as a
ligand for platelet CD226 as well. It is unknown whether platelets
express nectins, or whether CD226 also mediates platelet-plate-
let adhesion. However, CD226-mediated adhesion and CD226
tyrosine phosphorylation are dependent on platelet activation
(34), again suggesting the possibility that CD226 participates in
platelet signal transduction pathways in the late stages of platelet
activation and thrombus formation.

PECAM-1. Platelet-endothelial cell adhesion molecule (PECAM-1;
CD31) is known for its high level of expression on endothelial cells,
where it accumulates at junctions between cells. However, as its
name suggests, PECAM-1 is also expressed on the surface of resting
and activated platelets. PECAM-1 is a type 1 transmembrane pro-
tein with 6 extracellular Ig domains and an extended cytoplasmic
domain of approximately 118 residues (reviewed in ref. 37). The
most membrane-distal Ig domain can support homotypic interac-
tions in trans. The C-terminus contains phosphorylatable tyrosine
residues that represent tandem ITIM domains capable of binding
the tyrosine phosphatases SHP-2 and, possibly, SHP-1 (38). Loss of
PECAM-1 expression in mice increases responsiveness to collagen
via the GPVI collagen receptor, consistent with a model in which
platelet activation leads to tyrosine phosphorylation of PECAM-1,
allowing SHP-1/2 to bind and bringing the phosphatase near its
substrates, including the Fcy chain partner of GPVI (39, 40). This
may normally provide a braking effect on collagen-induced sig-
naling and prevent unwarranted platelet activation, but how this
fits within the context of contact-induced signaling once platelets
begin to aggregate remains to be clarified.

SLAM and CD84. Signaling lymphocytic activation molecule
(SLAM; CD150) and CD84 are members of the CD2 family of
homophilic adhesion molecules that have been studied exten-
sively in lymphocytes, but have now been shown to be expressed
in platelets as well (41-43). The members of the family are type
1 membrane glycoproteins in the Ig superfamily. Notable differ-
ences among them are in the cytoplasmic domain, which supports
binding interactions with a variety of adaptor/partner proteins.
SLAM and CD84 are expressed on the surface of resting as well
as activated platelets and become tyrosine phosphorylated during
platelet activation, but only if aggregation is allowed to occur (41).
Immobilized CD84 causes platelet activation in vitro. Mice that
lack SLAM have a defect in platelet aggregation in response to col-
lagen or a PAR4-activating peptide, but a normal response to ADP
and a normal bleeding time. In a mesenteric vascular injury model,
female SLAM~~ mice showed a marked decrease in platelet accu-
mulation. Male mice were normal (41). The presence of SLAM,
CD84, and 2 of their known adaptor proteins (SAP and EAT-2)
in platelets provides a novel mechanism by which close contacts
between platelets can support thrombus stability.

Contact-dependent signaling

Eph kinases and ephrins. Direct contacts between platelets promote
signaling by more than 1 mechanism. In addition to signaling
events that occur downstream from cell adhesion molecules,
there are receptors that interact in trans with cell surface ligands.
This type of interaction is illustrated by Eph kinases and their
membrane-bound ligands, known as ephrins. Eph kinases are
a large family of receptor tyrosine kinases with an extracellular
ligand-binding domain and an intracellular kinase domain and
PDZ target domain. Like signaling by other receptor tyrosine
kinases, signaling by the Eph kinases is promoted by the clus-
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Eph/ephrin interactions between platelets. Agonists such as thrombin, ADP, and TxA are ligands for G protein—coupled receptors, causing
a rapid increase in the cytosolic Ca2* concentration and producing the inside-out signaling events that lead to integrin auB3 activation (i). The
increasingly stable contacts between platelets permit ephrinB1 to bind to EphA4 and EphB1. As discussed in the text, Eph/ephrin interactions
support inside-out signaling by activating Rap1b (ii) and also promote outside-in signaling by promoting the tyrosine phosphorylation of the 3

subunit of o3 (iii).

tering and transphosphorylation induced by ligand binding.
The ligands for Eph kinases are cell surface proteins known as
ephrins that fall into 2 groups depending on whether they have
a glycophosphatidylinositol anchor (the ephrin A family) or a
transmembrane domain (the ephrin B family). In turn, Eph
kinases are divided into 2 groups by ligand preference. For the
most part, A ligands bind to A kinases and B ligands bind to B
kinases, although exceptions do exist (44, 45). The cytoplasmic
domains of the ephrin B family members are highly related. Each
is composed of 90-100 residues with S conserved tyrosines, at
least 3 of which can become phosphorylated (46), and a C-termi-
nus that can serve as a binding site for cytoplasmic proteins with
appropriate PDZ domains (47-50).

Eph kinases and ephrins are best known for their role in neuronal
organization and brain development (51-53), and as markers dis-
tinguishing arteries from veins during vasculogenesis (54). Ephrins
can also serve as viral entry receptors (55). Eph/ephrin interactions
are particularly relevant to contact-dependent signaling because
the binding of an ephrin to an Eph kinase triggers signaling in
both the receptor-expressing cell and the ligand-expressing cell (47,
48, 56-60). These events can be dependent on the tyrosine phos-
phorylation of Eph and ephrin, but phosphorylation-independent
interactions have also been described, including those mediated by
the PDZ target domains (47-49, 57, 61-65) and the sterile o motif
domains (66-69). Taken together, these binding domains make
possible the regulated formation of large signaling complexes
around clustered Eph kinases and ephrins (45, 51, 70, 71).

Human platelets express 2 Eph kinases, EphA4 and EphB1, and
atleast 1 ligand, ephrinB1, that can bind to both (72). Forced clus-
tering of either EphA4 or ephrinB1 causes platelets to adhere to
immobilized fibrinogen. Clustering of ephrinB1 also causes the
activation of Rap1B, a known intermediate in integrin activation
in platelets (73, 74), and promotes platelet aggregation initiated
by suboptimal concentrations of agonists (72, 75). During platelet
activation the signaling complexes that form with EphA4 include
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the Src family members Lyn and Fyn (72). Blockade of Eph/ephrin
interactions leads to reversible platelet aggregation at low agonist
concentrations and limits the growth of platelet thrombi on colla-
gen-coated surfaces under arterial flow conditions (72, 76). It also
impairs phosphorylation of the 3 cytoplasmic domain, inhibiting
the association of myosin with oup; and, as a result, impairing
clot retraction (76). EphA4 is constitutively associated with o33
in both resting and activated platelets and colocalizes with the
integrin at sites of contact between aggregated platelets (76). Col-
lectively, these observations suggest a model in which the onset of
aggregation brings platelets into close proximity and allows eph-
rinB1 to bind to EphA4 and EphB1. Signals downstream of both
the receptors and the kinases then promote further integrin activa-
tion (in part by activating Rap1b) and integrin signaling (in part
by promoting 33 phosphorylation). In turn, these events promote
thrombus growth and stability (Figure 2).

PEARI. Platelet endothelial aggregation receptor 1 (PEAR1) is a
newly described molecule expressed on platelets and endothelial
cells (77). It is a 140- to 150-kDa type 1 transmembrane protein
with 15 EGF repeats that is equally expressed on the surface of rest-
ing and activated platelets and has, as yet, no known ligand. Platelet
activation leads to the phosphorylation of tyrosine and serine resi-
dues within the PEAR1 cytoplasmic domain and supports associa-
tion with Shc. Phosphorylation in activated platelets can be inhibit-
ed by prevention of aggregation, suggesting that PEAR1-dependent
events are dependent on contact and not just activation.

Shedding and secreting into the gap

More than just an empty space, the gap between platelets provides
a safe harbor in which platelet-derived molecules can accumulate.
In addition to the numerous plasma- and megakaryocyte-derived
proteins that are secreted from platelet a-granules (78), activated
platelets release agonists such as ADP and TxA; and presumably con-
tinue to do so even after thrombus formation has begun. Platelets
also shed surface molecules, including GPIba. (79), GPV (80), GPVI
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Table 1
Molecules that participate in contact-facilitated events in platelets

Integrins and outside-in signaling
U3
Junctional adhesion (and signaling) molecules
JAM-A
JAM-C
ESAM
CD226
PECAM-1
SLAM and CD84

Contact-dependent signaling molecules

EphrinB1 and EphA4/B1
PEAR1

Ligands that are shed or secreted
ADP
TXA2
CD40L
Sema4D
Gas6

(81, 82), and P-selectin (83). Cleavage of each of these proteins can be
prevented with inhibitors of metalloproteases, and, in at least 2 cases
(GPIbo. and GPV), a role for a particular metalloprotease, ADAM17,
has been established through studies on platelets from mice thatlack
it (79, 80). The advantage that the platelet derives from shedding sur-
face proteins can be surmised but is not entirely clear. Downregula-
tion of responsiveness to collagen has been proposed as the benefit
derived from shedding GPVI (82). Loss of the exodomain of GPIba,
which serves as the primary vWF receptor on platelets, would also
impair platelet interactions with collagen, but since cleavage occurs
after platelet activation, the impact on thrombus prevention is not
readily apparent. Itis possible that the reduction in net surface charge
that would accompany loss of the negatively charged GPIba exodo-
main allows platelets to pack more closely together in a thrombus.
It may also expose interaction sites on the remaining extracellular
portion of GPIba. that are occluded in the intact molecule, but this
remains speculative. In contrast to GPIb and GPVI, where cleavage
of the exodomain may predominantly impair function, cleavage of
2 other molecules on the surface of activated platelets, CD40 ligand
and sema4D, gives rise to bioactive fragments that can stimulate
platelets as well as other nearby cells.

CD40L. CD40 ligand (CD40L; CD154) is a 33-kDa transmem-
brane protein that is present on the surface of activated platelets,
but not resting platelets (84-86). Its appearance on the platelet
surface is followed by the gradual release of an 18-kDa exodo-
main fragment of CD40L (85). Both the surface-bound form and
the soluble form of CD40L (sCD40L) are trimers (87). Platelets
also express CD40, the 48-kDa transmembrane protein that acts
as a receptor for CD40L (85, 88, 89). Unlike CD40L, CD40 is
detectable on the surface of resting as well as activated plate-
lets (85, 88). CD40L is a member of the TNF family, and plate-
let-derived sCD40L or activated, CD40L-expressing platelets
can elicit responses from endothelial cells and monocytes that
appear to be proatherogenic (84, 85, 90-92). The extracellular
portion of CD40L includes a binding domain for CD40 and a
KGD (RGD in mice) integrin-recognition sequence. The bind-
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ing of sSCD40L to activated platelets is blocked by mutations in
the KGD sequence and by antibodies to auf3. Binding occurs
to platelets that lack CD40, but not to platelets that lack 3, all
of which suggests that sCD40L can bind to activated oupf3 on
platelets and that the KGD sequence is involved (88). Consistent
with a role in thrombus formation, CD40L~~ mice show delayed
occlusion following vascular injury and decreased thrombus
stability (88). Loss of the gene encoding CD40 has no appar-
ent effect (88). Infusion of sCD40L into CD40L~/~ mice reverses
the phenotype observed after FeCls-induced vascular injury,
but sCD40L with an altered KGD sequence does not. Notably,
platelet aggregation is normal in CD40L~/~ platelets, although
growth of platelet plugs on collagen-coated surfaces under shear
is affected (88, 93). All of this suggests that the effects of CD40L
on platelets are mediated by a3, not CD40, and that plate-
let behavior in the relatively low-shear conditions present in an
aggregometer cuvette may not fully reflect the events that are
relevant to thrombus stability.

Sema4D and its receptors. Semaphorins are a large family of structur-
ally related proteins (94, 95). Like Eph kinases and ephrins, sema-
phorins are best known for their role in the CNS, but individual
family members have been found elsewhere, including hematopoi-
etic cells. Semaphorins have in common a 500-amino acid residue
extracellular “sema” domain that forms a 7-bladed propeller struc-
ture (96). Sema4D, or CD100, is a 150-kDa type 1 glycoprotein that
forms a disulfide-linked homodimer. Each subunit has an N-termi-
nal sema domain, an Ig domain, a lysine-rich stretch, a transmem-
brane domain, and a cytoplasmic tail with consensus tyrosine and
serine phosphorylation sites whose role is unclear. Sema4D is best
known for its role in lymphocyte biology. Soluble sema4D released
from activated lymphocytes inhibits immune cell migration, acts
as a costimulator for CD40-induced B cell proliferation and Ig
production, and induces release of proinflammatory cytokines by
monocytes (97-100). Sema4D~~ mice are viable but show defective B
cell development, impaired T cell activation, and blunted immune
responses (101). Two receptors have been identified for sema4D:
plexin-B1, a high-affinity receptor expressed on endothelial cells
(102, 103),and CD72, which is expressed on lymphocytes (104-106).
Plexin-B1 was recently shown to elicit proangiogenic responses and
signaling in endothelial cells (102, 107, 108).

We have recently identified sema4D on the surface of human
and mouse platelets (109). Platelet activation causes progressive
loss of intact sema4D and the shedding of its disulfide-linked
exodomain. Shedding is sensitive to metalloprotease inhibitors
(110). These results suggest that at least some of the sema4D
expressed in platelets is initially located on the cell surface and
that platelet activation leads to cleavage of the protein by a plate-
let-associated metalloprotease, releasing a larger fragment and
leaving a smaller fragment behind in the membrane. Western
blots show that platelets also express CD72 and, therefore, may be
capable of responding to as well as releasing sema4D (110). The
rate at which sema4D is shed from activated platelets, like the rate
of CD40L shedding, lags behind the rate of platelet aggregation.
This suggests that at least some of the shed sema4D exodomain
should be protected in the gaps between platelets, while the restis
washed downstream where it can bind to endothelial cells.

Gas6 and its receptors. Growth arrest-specific gene 6 (Gas6) is a
75-kDa secreted protein related to protein S. Like protein S and
other proteins whose synthesis requires vitamin K as a cofactor,
Gas6 contains y-carboxylated glutamic acid residues that allow
Volume 115 3389
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it to bind to negatively charged phospholipids in a Ca**-depen-
dent manner (111). Gas6 is expressed in a number of tissues,
including vascular smooth muscle, and levels of expression
are upregulated following vascular injury. In mouse platelets,
Gaso6 is found in the a-granules (112, 113). Upon activation by
thrombin, ADP, or collagen, Gas6 is secreted from rat platelets
(112). Gas6 is a ligand for the related receptor tyrosine kinases
Axl, Sky, and Mer (114, 115), all of which are expressed on plate-
lets (113). Like other growth factor receptors, Axl family mem-
bers have been shown to stimulate PI3K and phospholipase Cy
(111). A reasonable hypothesis is that secreted Gas6 could bind
to receptors on the platelet surface and cause signaling that
would promote platelet plug formation and stability, perhaps
while binding to negatively charged phospholipids on adjacent
platelets. Consistent with this hypothesis, platelets from Gas67~
mice were found to have an aberrant response to agonists in
which aggregation begins but ends prematurely (113). Further-
more, although the tail bleeding time of the Gas67/~ mice was
normal, the mice were resistant to thrombosis (113), as are mice
lacking any 1 of the 3 Gas6 receptors. Platelets from the recep-
tor-deleted mice also failed to aggregate normally in response
to agonists (116-118). Biochemical studies showed that Gas6
signaling promotes 33 phosphorylation and, therefore, clot
retraction (117).

Collectively, these results are consistent with a role for secreted
Gas6 in promoting integrin outside-in signaling and helping to
perpetuate and stabilize platelet plug formation. Most granule
secretion occurs after the onset of aggregation, and Gas6 secreted
into the confined spaces between platelets might achieve high
local concentrations and cause receptor activation. However, a
number of issues remain to be settled before this hypothesis can
be fully accepted. In particular, the biology of the Gas6 system
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