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Fibronectin Expression on the Platelet
Surface Occurs in Concert With
Secretion
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Thrombin stimulation of human platelets causes increased cellular adhesive-
ness for other platelets (aggregation) and surfaces and increased surface ex-
pression of platelet fibronectin antigen. Aggregation occurs concurrently
with secretion. In these studies, the threshold thrombin dose for surface ex-
pression of fibronectin, as measured by binding of F(ab’)2 antifibronectin,
was similar to that for serotonin secretion. Moreover, both processes oc-
curred at similar rates, and inhibition of secretion was associated with in-
hibition of antifibronectin binding. Thus a hypothesis is proposed in which
adhesive proteins within platelet granules become expressed on the platelet
surface as a direct consequence of the secretory process. This cluster of
adhesive proteins may then contribute to increased cellular adhesiveness.
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Alterations of adhesive properties of cells play a crucial role in the struc-
tural organization and host defense mechanisms of multicellular organisms.
Fundamental to the hemostatic function of platelets is their transition from a
nonadhesive to an adhesive state. In vitro, platelets can be triggered by various
stimuli to adhere to each other (platelet aggregation) or other surfaces (platelet
adhesion, and these cells thus serve as a model for investigating the regulation
of cellular adhesion.

Platelets adhere to each other in response to the agonist ADP in the presence
of fibrinogen which may involve the induction of specific fibrinogen receptors
[1-4]. Thrombin also increases platelet-adhesive properties even in the absence
of plasma fibrinogen. In the case of thrombin, a close kinetic relationship exists
between secretion and increase in adhesive properties [5]. Secreted ADP and
prostaglandin generation may contribute to altered platelet adhesiveness in-
duced by thrombin; however, considerable evidence using ADP scavengers,
ADP-deficient platelets and indomethacin-treated platelets (6] suggests the ex-
istence of “‘other’’ pathways of platelet aggregation associated with secretion.

In view of recent evidence implicating the fibronectins (fn) in influencing
cellular adhesiveness [7], we have studied the effects of thrombin on the dis-
tribution of platelet fn antigen to understand better the thrombin-induced alter-
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ations in platelet-adhesive properties. Thrombin induces secretion of platelet fn
{8, 9] and increases piatelet surface fn [10]. In the present studies we have ex-
amined the relationship between thrombin-induced secretion and the expression
of fn on the platelet surface in detail.

MATERIALS AND METHODS
Preparation of F(ab')2 Anti-Fn

Plasma fn was purified by gelatin Sepharose affinity chromatography and
characterized as described previously [9]. Anti-fn was raised in goats and was
absorbed by passage through gelatin-Sepharose and a Sepharose column to
which plasma depleted of fn was coupled. This antiserum produced a single arc
of identical mobility to purified plasma fn on immunoelectrophoresis, and
formed no line when reacted against fn depleted plasma in Ouchterlony im-
munodiffusion. In addition, it did not form a precipitin line with purified factor
VII-related antigen (the generous gift of Dr. T.S. Zimmerman, Scripps Clinic)
and did not bind radiolabeled fibrinogen in a double antibody radicimmunoas-
say system. Control F(ab’)2 fragments of affinity-purified anti-fn were produced
from this antiserum and characterized as previously described [10]. F(ab')2
fragments were prepared from the IgG fraction isolated by DEAE-cellulose
chromatography of preimmunization bleedings. Both preimmune and immune
F(ab’)2 were radiolabeled using a modified chlorimine T technique to specific
activities of from 1 to 5 uCi/ug.

Platelet Isolation

Platelet-rich plasma was prepared and labeled with 3H-serotonin as previ-
ously described [11]. Following this, the platelets were pelleted by centrifu-
gation at 1,000g for 20 min and resuspended in a modified Tyrode’s buffer
containing 2 mM Mg** at pH 6.5. The suspension was then gel-filtered on
Sepharose 2B equilibrated with modified Tyrode’s buffer pH 7.4. The concen-
tration of isolated platelets was estimated by counting in a hemocytometer and
adjusted to the indicated cell concentration. When the cells were pelleted by
centrifugation, no fn was detected in these supernatants by radioimmunoassay
[9], indicating a carryover of <50 ng/ml of soluble plasma fn.

Binding of F(ab’)2 Anti-Fn to Resting Platelets

Platelet suspensions in modified Tyrodes’s solution pH 6.5 were gel-
filtered in the presence or absence of PGE, (1 ug/ml) and theophylline (1 mM)
both from Sigma, St. Louis. The cells at 2 x 108/ml were incubated for 30 min
with 15 nM %I goat F(ab’)2 anti-fn (~10-fold molar excessof the total platelet
fn available), and the bound were separated from the free by centrifugation
through 20% sucrose in polypropylene microfuge tubes as described [2]. To
evaluate the effects of thrombin treatment, a platelet suspension prepared in
the absence of inhibitors was incubated with 15 nM 25 F(ab’)2 anti-fn for 30
min after addition of 2 units/ml purified human thrombin (the generous gift of
Dr. John Fenton). The specificity of this binding assay has been previously
validated by demonstrating that '?’I-labeled F(ab’)2 fragments from preimmune
serum resulted in negligible binding as did '**I-labeled F(ab’)2 anti-fn to which
excess purified fn had been added [10].
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Comparison of Effects of Thrombin on Platelet Surface Fn Antigen and
Serotonin Secretion

To compare secretion to the expression of fn on the platelet surface, sus-
pensions of tritiated serotonin-labeled washed human platelets at 10°/ml in
modified Tyrode’s solution pH 7.4 were incubated thrombin or buffer. At
selected time intervals, an equal volume of freshly prepared 1% paraformal-
dehyde in 0.02 M phosphate pH 7.4 were added, and the resultant mixture was
held on ice for 1 hour. Following this, the formaldehyde was neutralized by
addition of 20 mM NH,CI 30 mM Tris, 120 mM NaCl pH 7.4 (at least 3 vol-
umes), and the cells were centrifuged at 1,000g for 20 min and resuspended at 5
x 10® cells/ml in 0.1 M Tris, 0.15 M NaCl, 1% bovine serum albumin, 1 mM
phenylmethylsulfonylfluoride, pH 7.4. These cells were incubated with 15 nM
F(ab’)2 anti-fn at room temperature, and binding was determined as described
above. To estimate serotonin release, 100-ul aliquots of the supernatant from
the pelleted fixed platelets were mixed with 1 ml of 8 phase, and radioactivity
was measured in a liquid scintillation spectrometer. Fibronectin release was
measured using the previously described radioimmunoassay [9]. Binding and
release were corrected for background levels observed in the absence of
thrombin, and percentage release was calculated as described previously [9].
Percentage maximal release or binding were calculated by assigning results ob-
tained at 5 units thrombin/ml! a value of 100%.

RESULTS
Absence of Fibronectin Antigen From the Surface of Resting Platelets

We have previously found variable levels of surface fn antigen in washed
human platelets as measured by immunofluorescence or by binding of affinity
purified F(ab’)2 anti-fn [10]. Nevertheless, when the cells were prepared in the
presence of prostaglandin E; (1 ug/ml) and theophylline (1 mM), surface fn as
measured by binding of F(ab’)2 anti-fn was negligible (Table I). When these

TABLE 1. Influence of Inhibitors on Expression of Fibronectin on
the Platelet Surface

Platelet treatment Anti-fn bound (pg)
No inhibitors 88
1 mM Theophylline 8
and 1 ug/ml PGE,
Thrombin 429

Two-milliliter platelet suspensions in Tyrode’s solution pH 6.5 in
the presence or absence of PGE,; and theophylline were washed
by gel filtration. These cells at 2 x 10%/ml were incubated for 30
min with 15 nM '#**[-labeled goat F(ab’)2 anti-fn and bound F(ab’)2
was separated from free by centrifugation through sucrose. For
thrombin treatment, a platelet suspension prepared in the ab-
sence of inhibitors was incubated with 15 nM '*] F(ab’)2 anti-fn
for 30 min after addition of 2 units/ml purified human thrombin.
Use of ']-labeled F(ab’)2 fragments from preimmune serum re-
sulted in negligible binding as did '*I-labeled F(ab’)2 anti-fn to
which excess purified fn had been added. Results are the means
of duplicates that varied by <15%.
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cells were stimulated with thrombin there was a marked increase in F(ab’)2
anti-fn binding, reflecting the increased surface expression of fn antigen [10].
Thus fn antigen was not detected on the surface of resting platelets isolated in
the presence of inhibitors of their activation.

Relationship of Thrombin Dose to Serotonin Release and Surface Fn
Expression

To study the relationship between thrombin dose, secretion, and fn ex-
pression on the cell surface, suspensions of washed human platelets were stim-
ulated with varying doses of purified human thrombin and subsequently fixed in
0.5% paraformaldehyde. The expression of fn on the platelet surface was de-
tected by the uptake of radiolabeled F(ab’)2 affinity-purified anti-fn, and secre-
tion was monitored by release of preabsorbed tritiated serotonin. At low doses
of thrombin (0.01 and 0.025 units/ml), secretion and expression of fn on the
platelet surface were not detected (Fig. 1). The same threshold dose of throm-
bin (0.05 units/ml) induced both secretion and expression of surface fn, indi-
cating a close response relationship between thrombin dose required to trigger
secretion and that required to trigger the expression of fn on the platelet sur-
face. In addition, varying doses of ADP (up to 50 M) and epinephrine (up to
100 #M) triggered neither serotonin release nor increased anti-fn uptake under
these conditions. These agents did induce binding of radiolabeled fibrinogen [2],
confirming that the cells were stimulated (data not shown).
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Fig 1 Relation of thrombin dose to anti-fibronectin binding and secretion Suspensions of tntiated
serotonin-labeled, washed platelets were incubated with varying doses of purified human thrombin
at 37°C for 10 pun and then fixed 1n 0 5% paraformaldehyde Serotonin release and anti-fn binding
were measured as described in Matenals and Methods (0————o, anti-fn binding, ®——«—9,
serotomin release) Means of duplicates, experiment repeated three times with similar results
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Kinetic Relationship Between Serotonin Release and Fn Expression

To examine the Kinetic relationship between thrombin-induced secretion
and expression of fn on the platelet surface, cells were stimulated with throm-
bin at 22°C and fixed at varying time points, and serotonin secretion and bind-
ing of anti-fn were evaluated for each time point. At 5 sec neither serotonin
secretion nor expression of fn had occurred; by 10 sec both processes were
initiated. Moreover, anti-fn binding reached maximal values concurrently with
serotonin release, 45 sec after thrombin addition. Fn was released after a long
lag, and its release proceeded more slowly than serotonin release. When this
experiment was repeated at a 10-fold increase in cell number, anti-fn binding
was again maximal at 45 sec, but an 8-fold increase in bound ligand was ob-
served. Thus, the plateau of anti-fn binding was not due to depletion of ligand.

Effect of Inhibitors of Secretion on Thrombin-Induced Expression of Fn
Antigen

The previous experiments indicated a kinetic and dose-response relation-
ship between thrombin-induced secretion and anti-fn binding. To correlate
these parameters further, inhibitors of thrombin-induced secretion were em-
ployed. As shown in Table II, there was a close correlation (r = 0.93) between
extent of thrombin-induced serotonin release and anti-fn binding in the pres-
ence or absence of PGE,, theophylline, or a combination of the two drugs.
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Fig. 2. Relationship of kinetics of secretion to expression of fibronectin antigen. Tritiated
serotonin-labeled platelets in suspension were stimulated with 0.5 units/ml purified human thrombin
at room temperature for various times before fixation in 0.5% paraformaldehyde as described as
Methods. Percent serotonin secretion (¢&————=), anti-fn binding (0————o), and percent fn
release (m-—————m) were assayed as described in Methods. Means of duplicates, experiments re-
peated five times with similar results.
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TABLE 11. Effect of Inhibitors of Secretion on Surface Expression of Fn Antigen

Stimulus Inhibitor a-fn-bound (picograms)  Serotonin release (percent)
None none 21639 0
Thrombin none 1712+ 161 87.7+1.2

1 mM Theophylline 1361176 59.9+1.4

PGE, (tug/mli) 1210+ 192 52.8+1.0

PGE, + theophylline 70034 2.7+0.1

10® 3H-Serotonin-labeled platelets in 200 ul Tyrode’s solution were preincubated for 10 min at 37°C
with the indicated inhibitor. The cells were stimulated with thrombin (0.5 units/ml), and anti-fn
binding was measured after 30 min. To assay serotonin release, the cells were treated identically,
and at 30 min an equal volume of 1% formaldehyde was added. Then the cells were centrifuged,
supernatants were counted for released *H, and percent release was calculated as noted in
Methods. Means = SEMs of triplicates.

DISCUSSION

The direct participation of a protein in cellular adhesion requires a re-
lationship of the protein to the cell surface. In our previous studies, using im-
munofluorescence or the uptake of 12°I F(ab’)2 of anti-fn, we observed variable
binding to ‘‘resting’’ platelets. In the present study, we have attempted to eval-
uate critically the presence of cell surface-associated fn and have found that,
when platelets were prepared in the presence of agents that inhibit platelet ac-
tivation, anti-fn binding to the platelet was reduced to negligible levels. Since at
least one platelet stimulus (thrombin) can induce expression of fn on the
platelet surface [10], the possibility is suggested that the origin of surface fn on
the ‘‘resting’’ platelet is due to low level activation during washing. Although
the alternative possibility that the inhibitors induce shedding of fn cannot be
alternative possibility that the inhibitors induce shedding of fn cannot be
excluded, the inability of other workers to detect platelet-surface fn by lacto-
proxidase surface labeling {12}, immunofluorescence [13], and subcellular frac-
tionation [8] is consistent with its absence on the resting platelet. The absence
of platelet-surface fn would argue against its direct functioning as the collagen
receptor of platelets [14], and is consistent with any fn-mediated platelet-
adhesive properties being associated with an activated state.

In this study we have found that platelet secretion is an event that is as-
sociated with cell-surface expression of fn. First, we have compared the
thrombin dose required to trigger platelet secretion as measured by serotonin
release with that required to trigger expression of fn on the cell surface and
have found the two processes occurred at similar thrombin doses. Second, two
stimuli that did not trigger secretion did not trigger increased binding of anti-fn.
Third, when secretion was inhibited, there was inhibition of anti-fn binding.
Thus these data support the concept that platelet fn (and perhaps other platelet
proteins) are expressed on the surface of thrombin-stimulated platelets in a
process directly related to platelet secretion.

In previous studies [10], fn antigen on the platelet surface was observed to
undergo an apparent redistribution in which immunofluorescent staining be-
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came progressively more compact and brighter. The immunofluorescent stain-
ing, however, was not clearly discernible until approximately 10 min after
thrombin addition at 37°C, a time long after initiation of secretion. The rapid
quantitative appearance of cell-surface fn demonstrated in this study is more
compatible with its direct participation in thrombin-induced aggregation or al-
tered platelet adhesiveness.

Anti-fn binding reached a maximum concurrently with serotonin secretion,
but well before any plateau in fibronectin release. A 10-fold increase in cell
number resulted in an 8-fold increase in anti-fn binding, indicating that when
this plateau occurred there was a substantial excess of unbound radiolabeled
anti-fn. Thus the plateau in binding represents a true maximum in fn antigen
expression. The plateau in fn surface expression indicates an equilibrium be-
tween those processes that increase surface fn (eg, fusion of secretory granule
membranes with the plasma membrane and rebinding of secreted fn) and those
processes resulting in loss of surface fn (eg dissociation of fn from fusion sites
and from rebinding sites). We have recently found that plasma fn binds to
thrombin-stimulated platelets and that binding requires ~20 min to reach
equilibrium with an apparent Kd = 3 x 107 M and 120,000 sites per platelet at
saturation [15]. If plasma and platelet fn bind similarly, the relatively slow up-
take of exogenous fn suggests that rebinding of fn is initially not rate-
determining in the thrombin-induced expression of fn on the platelet surface.
Rather, it appears that the maximal expression of surface fn in washed platelets
may be governed initially by the rates of secretory granule fusion and dis-
sociation of fn from granule fusion sites. The subsequent consolidation and re-
distribution of fn to a state detectable by immunofluorescence may be involved
in the secondary stabilization of platelet—platelet or platelet-surface interactions
or in platelet disaggregation.

Considerable evidence indicates that fn is contained in platelet alpha
granules [8, 9]. We have presented data indicating that alpha granule secretion
occurs by compound exocytosis [11], which involves the consolidation of alpha
granule proteins into a common compound granule prior to secretion. In the
case of fn, a portion is retained possibly on the inner surface of the compound
granule membrane or rebound to a site other than that of membrane fusion.
The data presented herein indicate a close relationship between the expression
of platelet surface fn and the secretory event favoring the former possibility.
Other platelet granule proteins such as fibrinogen and thrombospondin may
contribute to altered platelet adhesiveness, and similarly, thrombin stimulates
increased expression of these proteins on the platelet surface [16, 17]. The
close relationship between platelet secretion and increased expression of a
granular protein on the cell surface suggests the possibility that compound
granule fusion with the cell membrane forms a domain of plasma membrane to
which are bound a variety of proteins with adhesive properties. This domain
may also contain granule proteins with procoagulant activities such as coagula-
tion factor V [18]. Moreover, this domain may thus mediate the increased adhe-
siveness and procoagulant activity of thrombin-stimulated platelets. The recent
observation that deficiency of these adhesive proteins in alpha granule-deficient
platelets is associated with an abnormal aggregatory response to thrombin [19]
lends support to this concept.

DFHCS:37



98:3JSSCB Ginsberg and Plow
ACKNOWLEDGMENTS

Supported by grants AM 00720, AM 27214, and HL. 16411 from the Na-

tional Institutes of Health. We thank Monica Bartlett for preparation of this
manuscript.

REFERENCES

1.

N AN

—
[ e e |

1.
. Phillips DR, Agin PP: Biochim Biophys Acta 352:218-227, 1974.
13.

14.

15.
16.
17.
18.
19.

Mustard JF, Packham MA, Kinlough-Rathbone RL, Perry DW, Regoeczi E: Blood 52:453-466,
1978.

. Marguerie GA, Plow EF, Edgington TS: J Biol Chem 254:5357-5363, 1979.

. Bennett JS, Vilaire GJ: Clin Invest 64:1393-1401, 1979.

. Peerschke E, Zucker M, Grant RA, Egan JJ, Johnson MM: Blood 55:841-847, 1980.

. Charo IF, Feinman RD, Detwiler TC: J Clin Invest 60:866-873, 1977.

. Kinlough-Rathbone RI., Packham MA, Reimers HJ, Cazenave JP, Mustard JF: J Lab Clin Med

90:707-717, 1977.

. Yamada K, Olden K: Nature 275:179-185, 1978.

. Zucker MB, Mosesson MW, BroekmanlJ, Kaplan KL: Blood 54:8-12, 1979.

. Ginsberg MH, Painter RG, Birdwell C, Plow EF: J Supramol Struct 11:167-174, 1979.
. Ginsberg MH, Painter RG, Forsyth J, Birdwell C, Plow EF: Proc Natl Acad Sci USA

77:1049-1053, 1980.
Ginsberg MH, Taylor L, Painter RG: Blood 55:661-668, 1980.

Hynes RO, Ali [U, Destree AT, Mautner V, Perkins M, Senger E, Wagner DD, Smith KK:
Ann Ny Acad Sci 312:317-342, 1978.

Bensusan HB, Koh TL, Henry KG, Murray BA, Culp L.: Proc Natl Acad Sci USA 75:5864—
5868, 1978.

Plow EF, Ginsberg MH: J Biol Chem 256 (in press).

George JN, Lyons RM, Morgan RK: J Clin Invest 66:1-9, 1980.

Chao FC, Campo S, Kenney DM: Blood 55:187-194, 1980.

Miletich JP, Majerus D, Majerus P: J Clin Invest 62:824-831, 1978.

Gerrard JM, Phillips DR, Rao GH, Plow EF, Walz DA, Ross R, Harker [LA, White JG: J Clin
Invest 66:102-109, 1980.

38:DFHCS





