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evidenced by exclusion of fluorescein-conjugated F(ab')
anti-human Fg from the zones of contact between the Plts
and these surfaces. (The fluorescein-conjugated F(ab’), anti-
human Fg used in these experiments stained fibrin-coated
surfaces.) In contrast, rhodamine-conjugated PEG of 10 kD
and Fab fragments of mAb 4A5 penetrated into these adhe-
sive zones (Fig. 6, Band D, and data not shown), as observed
when thrombin-stimulated Plts adhered to Fg-coated sur-
faces (Fig. 4, E and F). Thus, protected zones of adhesion
formed between Plts and fibrin-coated surfaces and between
Pits and Fg-coated surfaces exhibited similar permeability
properties.
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Figure 5. Effects of anti-ayw@; and
anti-as0, on the formation of pro-
tected zones of adhesion between
Plts and surfaces coated with Fg and
fibronectin. Plts were incubated in
suspension for 5 min in the presence
of thrombin, and further incubated in
Tyrode’s buffer containing PPACK in
the presence or absence of 5 ug/ml of
the specified antibody for 1 h. The
Plts were then allowed to adhere for
5 min at 37°C to surfaces coated with
both Fg and fibronectin as described
under Materials and Methods. 4 and
B show thrombin-stimulated Plts pre-
incubated in suspension for 1 h at
37°C with no additions and allowed
to adhere to surfaces coated with Fg
and fibronectin. The surfaces with
the attached Plts then were stained
with fluorescein-conjugated F(ab'),
fragments of goat anti-human Fg and
rhodamine-conjugated PEG of 10 kD,
respectively; C and D show thrombin-
stimulated Plts preincubated with
mAb 7E3 (5 pg/ml) in suspension
and then allowed to adhere to sur-
faces coated with Fg and fibronectin.
The surfaces with the attached Plts
were then stained with fluorescein-
conjugated F(ab'), fragments of goat
anti-human Fg (C) or with rhoda-
mine-conjugated PEG of 10 kD (D);
E and F show thrombin-stimulated
Plts preincubated with mAb anti-
asf; (10 pg/ml) and allowed to ad-
here to surfaces coated with Fg and
fibronectin. The surfaces with the at-
tached Plts were stained with fluo-
rescein-conjugated F(ab"), fragments
of goat anti-human Fg (E) or with rho-
damine-conjugated PEG of 10 kD. (F).

Discussion

ADP- and thrombin-stimulated Plts form “seals” with Fg-,
fibrin-, and fibronectin-coated surfaces. These seals deline-
ate protected zones of adhesion between Plts and protein-
coated surfaces and prevent molecules in the surrounding
medium from entering the cell-substrate interface. Stimula-
tion of Plts with thrombin or with low concentrations of ADP
significantly enhances their capacity to form protected zones
of adhesion on Fg-coated surfaces. Because low dose ADP
does not stimulate granule secretion (Kroll and Schafer,
1989; Loike, Silverstein and Silverstein, unpublished data),
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it seems likely that the formation of protected zones of adhe-
sion does not require the release of secretory products from
Plt granules.

The permeability properties of these protected zones of
adhesion depend upon the nature of the protein (ligand) coat-
ing the surface (Table I). Stimulated Plts that spread on either
Fg- or fibrin-coated surfaces exclude molecules of 100 kD
(such as F(ab),) from the area between adherent Plts and the

Figure 6. The entry of different sized
molecules into the zones of contact
between thrombin stimulated Plts and
fibrin-coated surfaces. Fibrin-coated sur-
faces were prepared by adding 20 ul of
a solution of Fg (250 pg/ml) to glass sur-
faces pretreated with 2 ul of a solution
of thrombin (1,000 U/ml). Thrombin- (4
and B) or ADP- (C and D) stimulated
Plts were prepared and allowed to ad-
here to these protein coated surfaces for
S min as described under Materials and
Methods. As indicated in the text, the
proteins on the surfaces were visualized
by incubating them with different fluoro-
chrome conjugated probes. (4) Prepara-
tions containing thrombin-stimulated
Plts stained with fluorescein-conjugated
goat F(ab'), anti-human Fg. (B) Prep-
arations containing thrombin-stimulated
Plts stained with rhodamine-conjugated
PEG of 10 kD. (C) Preparations con-
taining ADP-stimulated Plts stained with
fluorescein-conjugated goat F(ab’), anti-
human Fg. (D) Preparations containing
ADP-stimulated Plts stained with rhoda-
mine-conjugated Fab fragment of 4AS.

substrate, whereas molecules of 50 kD (such as Fab) readily
permeate into these contact zones. In contrast, Plts adherent
to fibronectin-coated surfaces or to surfaces coated with a
mixture of Fg and fibronectin exclude molecules greater than
8-10 kD. Thus, protected zones of adhesion formed between
Plts and fibronectin-coated surfaces are less permeable than
those formed between Plts and Fg- or fibrin-coated surfaces.

The interaction of Plts with matrices other than Fg also is

Table I. Summary of Permeabilities of Protected Zones of Adhesion (PZA)

Size molecule

Percent of cellst forming
PZA that excludes

Matrix Antibody excluded from PZA >100 kD >10 kD
Fg none 100 kD >95 <5
anti-omBs no PZA 0 0
anti-asf3; 100 kD >95 <5
Fibronectin none 8-10 kD >95 70
anti-am3; no PZA 0 0
anti-as3, 100 kD 82 <5
Fg/fibronectin none 8-10 kD >95 75
anti~om,3s no PZA 0 0
anti-os 100 kD 77 <5

* Thrombin-stimulated Plts were preincubated in suspension in the presence or absence of 5 ug/mi of either mAb 7E3 (anti-aumf83) or CP13 (anti-asB,) for 60
min at room temperature. The Plts were then allowed to adhere to the surfaces coated with the indicated proteins as described under Materials and Methods and
in Fig. S. Protected zones of adhesion were determined as described under Materials and Methods. Protein-coated wells containing adherent Plts were stained
with either fluorescein-conjugated F(ab'), fragments of goat anti-human Fg, fluorescein-conjugated F(ab"), fragments of goat anti-human fibronectin, rhodamine-
conjugated 10 kD PEG or rhodamine-conjugated 8 kD PEG as described under Materials and Methods. PZA = protected zones of adhesion.

1 The percent of Plts forming PZA was determined by counting the number of Plts that excluded each probe. Values represent the average (n = 5) percent of

Plts that formed PZA that excluded either 100 kD (F(ab’); or 10 kD (rhodamine-conjugated PEG) probes.
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affected by the presence of fibronectin in the matrix. For ex-
ample, Hynes et al. (1978) reported that in the presence of
fibronectin, unstimulated Plts adhered, spread and clumped
together on collagen-coated surfaces, whereas in the absence
of fibronectin unstimulated Plts adhered poorly and did not
spread or aggregate on these surfaces.

‘We have explored the roles of am3; and asf; integrins in
the formation of protected zones of adhesion by Plts. mAb
7E3, which is directed against the ligand-binding domain of
am3s, prevents Plts from forming protected zones of adhe-
sion on Fg and fibronectin-coated surfaces, indicating that
amB; mediates this interaction. However, the engagement
of asB integrins in addition to au3; was required for stim-
ulated Plts to form very tight (i.e., excludes 8 kD PEG) pro-
tected zones of adhesion on surfaces containing fibronectin
(Table I). Additional work is required to determine whether
formation of these very tight zones of adhesion requires only
the physical interactions of asB3, integrins with fibronectin
on the substrate or whether the engagement of os83; integrin
by fibronectin further activates the Plt cytoskeleton or modu-
lates the adhesive properties of am3s. That the interaction
of fibronectin receptors with substrate bound fibronectin can
activate other integrins on the same cell has been reported
by Wright et al. (1985) who showed that ligation of fibronec-
tin receptors activates CD11b/CD18 on human monocyte-
derived macrophages. Such activation is required for CD11b/
CD18 to promote phagocytosis of C3bi coated particles.

Plts are pot the only cells that form protected zones of
adhesion. We and others (Campbell et al., 1982; Wright and
Silverstein, 1984; Baron etal., 1985; Sandhaus, 1987; Weitz
et al., 1987; Wright et al., 1988; Heiple et al., 1990; and
Rice and Weiss, 1990) have shown that phagocytic leuko-
cytes and osteoclasts form seals with substrates coated with
a variety of proteins including Fg, fibrin, and fibronectin.
Formation of these seals is mediated by a number of plasma
membrane receptors including 52 integrins (Wright and Sil-
verstein, 1984; Wright et al., 1988; and Loike et al., manu-
script in preparation), cmf; and asB, integrins (current
manuscript), and Fc receptors (Heiple et al., 1990; Wright
and Silverstein, 1984).

Protected zones of adhesion formed by Plts may have
significant physiological consequences in at least two situa-
tions: (a) Protected zones of adhesion could provide a
confined space into which Plt secretory products (e.g., a2
antiplasmin, or plasminogen activator inhibitor) are released
and retained when Plts are stimulated to adhere to extracel-
lular matrices. The extent to which these proteins diffuse out
of these zones of adhesion will depend upon the permeability
properties of the zones of adhesion. As we have shown, the
permeability of protected zones of adhesion is determined in
part by the nature of the protein on the surfaces to which cells
adhere. (b) Protected zones of adhesion may restrict access
of plasma proteins and therapeutic agents to at least three
regions in a thrombus. First is the region between Plts and
the subendothelial matrix, which contains collagen, lami-
nin, von Willebrand factor and fibronectin (Sonnenberg et
al., 1988). Our present results suggest that protected zones
of adhesion formed by Plts in the regions of a thrombus that
are rich in fibronectin, such as the subendothelial matrix,
will be vastly less permeable to substances in plasma than
the regions in which Plts interact with one another or with
Fg/fibrin gels. Consequently, thrombolytic agents and plasma
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proteases (e.g., plasminogen/plasmin) of molecular weights
between 50 and 100 kD may be excluded from the zones of
adhesion formed between Plts and the subendothelial ma-
trix. Second is the region between adjacent Plts in the Plt-
rich aggregate termed the “white thrombus.” Plts in this re-
gion bind to one another via Fg bridges. Third is the region
between Plts and the Fg/fibrin meshwork that forms the outer
region of a thrombus. If fibronectin (440 kD) does not pene-
trate into these latter two regions then we expect that the pro-
tected zones of adhesion formed would be permeable to mole-
cules <50 kD but impermeable to molecules >100 kD,
Because protected zones of adhesion may regulate the entry
of proteases into zones of contact of Plts with one another,
or with basement membranes, the permeability properties of
these zones of adhesion deserve consideration in the design
of thrombolytic agents.
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