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Abstract

Addition of fibrinogen to human umbilical vein endothelial cells
in culture resulted in release of von Willebrand factor (vWf)
from Weibel-Palade bodies that was temporally related to for-
mation of fibrin in the medium. Whereas no release occurred
before gelation, the formation of fibrin was associated with dis-
appearance of Weibel-Palade bodies and development of extra-
cellular patches of immunofluorescence typical of vWf release.
Release also occurred within 10 min of exposure to preformed
fibrin but did not occur after exposure to washed red cells, clot
liquor, or structurally different fibrin prepared with reptilase.
Metabolically labeled vWf was immunopurified from the medium
after release by fibrin and shown to consist of highly processed
protein lacking pro-vWf subunits. The contribution of residual
thrombin to release stimulated by fibrin was minimized by pre-
paring fibrin clots with nonstimulatory concentrations of throm-
bin and by inhibiting residual thrombin with hirudin or heating.
We conclude that fibrin formed at sites of vessel injury may
function as a physiologic secretagogue for endothelial cells caus-
ing rapid release of stored vWf.

Introduction

Injury to a blood vessel, which disrupts the endothelial cell lining,
results in rapid adherence of platelets to the exposed suben-
dothelium mediated by von Willebrand factor (vWf)' (1, 2).
Both fibrinogen (3, 4) and vWf (5-7) may support the platelet-
platelet interactions required to form a larger platelet aggregate,
which is then stabilized by fibrin formed after concurrent acti-
vation ofthe coagulation system. The importance ofvWf in the
hemostatic process is reflected by the occurrence of a bleeding
disorder, von Willebrand's disease, due to deficient or defective
vWf (8). The vWf required for hemostasis is found in the sub-
endothelium (9), plasma, platelet a granules (10, 1 1), and en-
dothelial cells, where it is both synthesized (12) and stored (13,
14). Endothelial cell storage is in specific rod-shaped organelles
called Weibel-Palade bodies (13), from which release may be
stimulated in vitro by the ionophore A23 187, phorbol myristate
acetate, or thrombin (15, 16). Also, endothelial cell release may
account for the two to threefold increase in plasma vWf that
occurs rapidly after administration of the vasopressin analog 1-
desamino-8-d-arginine vasopressin (17). vWf is structurally het-
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1. Abbreviation used in this paper: vWf, von Willebrand factor.

erogeneous and can be separated by sodium dodecyl sulfate
(SDS) electrophoresis into a series of disulfide-bonded multimers
with molecular masses from 500,000 to as high as 20,000,000
D (8). In cultured endothelial cells, most constitutively secreted
molecules are dimeric and contain both precursor (pro-vWf)
and processed subunits (I18). In contrast, the vWf released from
Weibel-Palade bodies after stimulation consists ofonly the largest
multimers of mature subunits (I19). The large multimers are more
active in platelet-binding assays (8) and their specific absence
results in type 11A von Willebrand disease (20).

The initial hemostatic response to vascular injury requires
vWf-mediated platelet adhesion and aggregation, and, therefore,
the release of high molecular mass vWf multimers from endo-
thelial cells could facilitate formation of a hemostatic plug. Be-
cause endothelial cells at the site of vessel injury are in contact
with the locally formed fibrin, we have investigated whether fibrin
could induce release of vWf from endothelial cells. Our results
demonstrate that fibrin exposure does cause rapid release ofvWf
from Weibel-Palade bodies and that fibrin, therefore, could act
as a physiologic secretagogue for human endothelial cells.

Methods

Cell culture. Human umbilical vein endothelial cells were isolated and
cultured by a modification of the methods described by Gimbrone and
colleagues (13, 21). Cells obtained from 5 in of umbilical cord were

plated in a single flask or 40-mm Petri dish containing flame-sterilized
cover slips. All cells were primary cultures grown in McCoy's SA medium
(Flow Laboratories, Inc., McLean, VA) containing 20% fetal bovine serum
(HyClone Laboratories, Logan, UT). Cells were labeled with 30 ,Ci/ml
of [35S~methionine (Amersham Corp., Arlington Heights, IL) for 3 d
after they had reached 80-90% confluency.

Cell staining. Cells grown on coverslips were fixed in Dulbecco's
phosphate-buffered saline (pH 7) containing 3.7% formaldehyde and
permeabilized when desired with 0.5% Triton X-100 in the same buffer.
Indirect immunofluorescent staining of endothelial cells for vWf followed
the procedure described previously (13). The primary antibody, rabbit
anti-human vWf, was prepared as described (I13, 22) and the secondary
antibody was goat anti-rabbit IgG conjugated with fluorescein isothio-
cyanate (Miles-Yeda, Elkhart, IN). To quantitate vWf release, a minimum
of 100 stained cells were examined for each experimental point. Those
cells containing Weibel-Palade bodies with no patches of surface vWf
staining were counted as nonreleased. The presence of patches of vWf
on the cell surface was indicative of release, regardless of the Weibel-
Palade content. The rare cells with neither Weibel-Palade bodies nor

patches of surface vWf were not counted.
Clot preparation. Lyophilized human fibrinogen (grade L; Helena

Laboratories, Beaumont, TX) was dissolved in distilled water to a con-

centration of20 mg/ml and dialyzed against Hanks' buffer. The fibrinogen
concentration was determined by measurement of optical density at 280
nm using an extinction coefficient of 15.1 (23). The fibrinogen was diluted
to 1.9 mg/ml in Hanks' buffer, and clots were prepared from 0.7 ml by
adding calcium chloride (160 nM final concentration) and human
thrombin (final concentration 1 X 10-3-4.2 U/ml) (Calbiochem-Behring
Corp., LaJolla, CA) or reptilase (venom of Bathrops atrox) (Wellcome
Reagent Ltd., Beckenham, England) to a final concentration of 1.1 U/
ml. The clots were incubated at 25°C in a moist chamber for 6-18 h,
after which they were incubated for 18 h in 100 ml of McCoy's medium
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with three changes. Clot liquor was obtained by expressing the fluid from
unwashed clots followed by centrifugation at 2300 g for 10 min at 270C
to remove residual particulate fibrin.

Thrombin assay. Thrombin in solution was assayed using the chro-
mogenic substrate H-D-phenylanlanyl-L-pipecolyl-L-arginine-p-nitroan-
ilide (24) as recommended by the manufacturer (Kabi AB, Stockholm)
using the initial rate method. To determine the thrombin content of
fibrin clots, the clot and substrate were incubated at 250C with agitation
and aliquots ofthe fluid removed at intervals for measurement of optical
density at 405 nm. Concentrations were expressed as units of thrombin
per clot, each of which had a volume of 0.3 ml.

Purification of metabolically labeled vWf Radiolabeled endothelial
cells were chased for 6 h with unlabeled medium and then washed three
times with Hanks' buffer. Cells were then incubated in medium or me-
dium plus 0.1% dimethylsulfoxide, which was removed after 10 min for
purification of constitutively secreted vWf. The cells were then submitted
for 10 min to medium containing 10 AM A23187 and 0.1% dimethyl-
sulfoxide or overlaid with a fibrin clot in medium, after which the medium
was removed. Immunopurification of vWf was performed as described
by Wagner and Marder (18) using rabbit anti-human vWf antiserum
(Calbiochem-Behring Corp., LaJolla, CA) preincubated with 40 Mg of
protein A Sepharose (Pharmacia Fine Chemicals, Piscataway, NJ).

Electrophoresis. Immunopurified vWf was electrophoresed after re-
duction on SDS 5% polyacrylamide gels (25) followed by autoradiography.
The amount of protein in individual bands was determined by densi-
tometric scanning (Quick Scan Jr., TLC; Helena Laboratories, Beaumont,
TX). Fibrin clots were dissolved to a final concentration of 2.8 mg/ml
in 0.05 M phosphate buffer (pH 7) containing 10 M urea, 0.5% SDS,
0.7% ethylenediamine tetraacetate, and 5% fl-mercaptoethanol, electro-
phoresed in 7% gels (26), and stained with Coomassie Blue (27).

Blood and purified plasma proteins. After obtaining consent, unan-
ticoagulated whole blood was obtained from healthy volunteers by ve-
nipuncture. To obtain red blood cells, 1 ml of whole blood was diluted
in 15 ml of Hanks' buffer and centrifuged at 2300 g for 10 min at 250C.
The supernatant was discarded and the washing repeated six times. Pu-
rified Factor XIII (Behringwerke A. G., Marburg, FRG) was dissolved
in water to a concentration of 1 U/ml and activated for 30 min with 1
U/ml thrombin in 10 mM CaCI2 at 370C, and the thrombin inhibited
with a 10-fold excess of hirudin. Purified tissue plasminogen activator
was a gift from Desire Collen (Leuven, Belgium).

Results

Adding fibrinogen to cultures of human umbilical vein endo-
thelial cells resulted in the slow formation of fibrin clot over the
cells. Coverslips were removed and cells stained for vWf using
indirect imnmunofluorescence with and without permeabilization
before clot formation (10 min) and after the cells became covered
with clot (3 h). Control cells to which no fibrinogen was added
were processed in parallel. Cells exposed to fibrinogen for 10
min were indistinguishable from controls with vWf in the peri-
nuclear region (endoplasmic reticulum and Golgi apparatus) and
in Weibel-Palade bodies (Fig. 1, a and b) and little vWf was
associated with the external cell surface (Fig. 1, d and e). Only
12% of cells at this time showed any release, which was com-
parable to that in control cultures. In contrast, at 3 h (after clot
formation) 90% of cells had lost their Weibel-Palade bodies (Fig.
1 c) and showed irregular patches of surface staining (Fig. 1, c
andf ). Formation of fibrin over the cells was not necessary for
release, because fibrin clots prepared separately and transferred
onto the cells caused release within 10 min (see below). Cells in
the same dish but not directly underlying the fibrin clot showed
no release, which suggested that cell-fibrin contact and not a
diffusable substance was necessary for release.

A possible explanation for these results is that the formation

of fibrin potentiated the effects ofthrombin present in the culture
medium at concentrations insufficient to cause release by itself.
Therefore, the effects ofthrombin and thrombin inhibitors were
examined in the system. Thrombin at concentrations from 1
X 10- to 1.2 U/ml in culture medium was added to endothelial
cells and the proportion of cells showing any vWf release at 10
min determined (Fig. 2). No significant release occurred at con-
centrations of 5 X 10-3 U/ml and below, while at higher con-
centrations progressively more release was seen up to a concen-
tration of 0.1 U/ml, which caused maximum release.

To minimize their thrombin content, fibrin clots were pre-
pared from fibrinogen using a thrombin concentration of 5
X 10-3 U/ml, the minimum concentration required for adequate
clotting. When placed on cultured endothelial cells in culture
medium, these clots stimulated release of vWf within 10 min
(Fig. 3 b, Table I). To further reduce the effect of thrombin,
clots made in the same way were incubated in 0.25 U/ml hirudin,
a thrombin inhibitor, and hirudin was also included at the same
concentration in the culture medium to which the preformed
clots were added. Although the thrombin content of the clots
after hirudin incubation had decreased by 73%, from 1.5 X l0-3
to 4 X 10-4 U, they still stimulated complete release of vWf
within 10 min. (Fig. 3 e, Table I). Hirudin by itselfin the culture
medium at 0.25 U/ml had no effect on vWf release (Fig. 3 d,
Table I), but this concentration was sufficient to completely in-
hibit release stimulated by 0.1 U/ml of thrombin (Fig. 3 f
Table I).

Heat denaturation was also used to inactivate thrombin.
Thrombin in solution showed a progressive temperature-depen-
dent decrease in activity after incubation at temperatures above
37°C, with no residual activity by chromogenic assay at tem-
peratures of 70°C or above (Fig. 4 a). The decrease in chro-
mogenic activity was paralleled by a decrease in the ability of
the thrombin to stimulate vWf release from endothelial cells
(Fig. 4 b). On the other hand, heated fibrin clots showed no
decrease in ability to stimulate vWf release from endothelial
cells despite incubation at temperatures of up to 100°C for 2 h
(Fig. 4 b). The inability of hirudin or heat denaturation to reduce
the capacity of fibrin clots to stimulate vWf release indicated
that thrombin played little or no role in the process.

After a 10-min exposure of endothelial cells to fibrin, the
effect on vWf storage was reversible with slow reappearance of
Weibel-Palade bodies and disappearance of surface patches of
vWf. Immediately after removal of a preformed clot only 4% of
cells showed any Weibel-Palade bodies, but this increased to
33% by 2 h and 92% at 8 h. In contrast, when fibrin remained
over the cells for 3 h, no reappearance of Weibel-Palade bodies
was seen. The cell surface vWf patches, present in 96% of cells
at the time of fibrin removal, had not decreased by 2 h and were
still present on 40% of cells at 8 h. By 24 h after fibrin removal,
the cells were comparable to controls in both content of Weibel-
Palade bodies and absence of surface staining.

The subunit composition of vWf released by fibrin clots was
compared with that of vWf released by the ionophore A23 187
and that secreted without stimulation from the endothelial cells.
For this purpose endotheliai cells were metabolically labeled for
3 d with [35S]methionine, then chased for 6 h in unlabeled culture
medium, after which the cells were treated for 10 min with
A23 187 or fibrin. Control cells were handled in parallel in the
absence of a secretagogue. vWf secreted constitutively during
the 3-d labeling period and the 10-min experimental period was
immunopurified and analyzed by SDS polyacrylamide gel elec-
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Figure 1. Immunofluorescent localization of vWfin endothelial cells
before and after formation of a fibnin clot in the medium. Human
umbilical vein endothelial cells were grown to 70% confluency, and fi-
brinogen was added to a final concentration of 0.35 mg/ml. The cells
were fixed and stained with anti-vWf antiserumn with (a-c) and with-
out (d-f) permeabilization. (a and d) Untreated control cells. (band

trophoresis after reduction. Similar to vWf released by A23 187,
the protein released by fibrin did not contain pro-vWf subunits
found in the constitutively secreted molecules (Fig. 5). In ad-
dition, the releasate produced by fibrin contained a vWffragment
of approximately Mr 180,000 that was not seen in A23 187 re-
leasates, (Fig. 5). This fragment comprised -.30% of the total

Figure 2. Thrombin-in-
100- duced release of vWf
(iT,~~ ~ ~ ~~~0 from endothelial cells.

_-j 80- Endothelial cells were
incubated for 10 min in

Uj ~~~~~~~~~medium containing the
co~ 60- indicated concentration

Uj"I,

Uj of thrombin. The cells
40

were then fixed, perme-
0 O abilized, and stained for

LU
20 0 vWf by indirect immu-

Figure 1. Immunofluorescence and the
0 w a t percentage of cells show-
0.0001 0.001 0.01 0.11a10 ing patches of released
THROMBIN CONCENTRATION (units/ml) vWf determined.

e) Cells 10 min after the addition of fibrinogen (no clot present). (c
andf) Cells after 3 h, at which time a fibrin clot had formed. The for-
mation of a clot was associated with a marked decrease in the number
of stainable Weibel-Palade bodies (arrows) and appearance of extracel-
lular patches of bright staining typical of vWf release (arrowheads).
Bar, 20 um.

purified vWf, as determined by scanning of the autoradiographs.
Incubation of fibrin clots with the A23 187 releasate in the ab-
sence of cells for 10 min did not produce fragmentation of the
vWf subunit (not shown).

The clot liquor failed to stimulate vWf release (Table II),
indicating that fibrinopeptides A and B, which are cleaved by
thrombin during fibrin formation, were ineffective stimulants.
Tissue plasminogen activator (100 ng/ml) and activated Factor
XIII (1 U/ml) did not stimulate release above background (not
shown). In addition, washed red cells did not cause release (Table
II), suggesting that interaction with a foreign surface is not a
sufficient release stimulus. Addition to endothelial cells of fresh,
unanticoagulated whole blood (2 ml/dish) resulted in a rapid
formation ofa clot within 10 min causing release of vWf(Table
II) with no major change in endothelial cell shape or adherence.
Reptilase, an enzyme derived from the venom ofBothrops atrox,
cleaves only fibrinopeptide A from fibrinogen resulting in a
structurally different clot with minimal Factor XIII cross-linking
(Fig. 6). Clots formed with reptilase failed to stimulate release
from the Weibel-Palade bodies (Table II), indicating that the
specific fibrin structure resulting from thrombin action was nec-
essary for stimulation.
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Figure 3. Effect of hirudin on thrombin and clot-stimulated release of
vWf from endothelial cells. Human umbilical vein endothelial cells
were left unstimulated (a and d) or were exposed to either preformed
fibrin clots (b and e), or 0.1 U/ml thrombin (c andf). Fibrin clots
were prepared using 5 X 10-3 U/ml thrombin and washed for 18 h in
McCoy's medium (b) or McCoy's medium containing 0.25 U/ml hiru-
din (e). Experiments were performed in the absence (a-c) or presence

Discussion

Exposure ofendothelial cells to fibrin resulted in rapid secretion
ofvWf into the medium, association ofvWfwith the endothelial
cell surface, and disappearance of Weibel-Palade bodies from

Table I. Release ofvWffrom Endothelial Cells in Response to
Thrombin or Fibrin in the Presence or Absence ofHirudin

Released cells*

Stimulus 10 min 3 h

None 11 8
Hirudin (0.25 U/ml) 6 12
Thrombin (0.1 U/ml) 81 86
Thrombin (0.1 U/ml) + hirudin (0.25 U/ml) 5 14
Fibrin clot$ 82 100
Fibrin clott + hirudin (0.25 U/ml) 92 99

* All percentages represent the mean of two to eight determinations.
*5 X 10-3 U/ml thrombin used in clot formation.

(d-f) of 0.25 U/ml hirudin in the culture medium. After a 10-min ex-
posure to thrombin or clot, the cells were fixed, permeabilized, and
stained with anti-vWf antiserum. Hirudin alone did not affect the dis-
tribution of vWf (d) in comparison with the control (a). Thrombin
stimulation resulted in bright patches of release (c, arrowheads), and
was completely inhibited by the addition of hirudin (f ). Hirudin did
not inhibit vWf release stimulated by fibrin clots (e) Bar, 20 Mm.

the cytoplasm. The release was stimulated by either preformed
clots or in situ fibrin polymerization after addition of fibrinogen
or blood to the culture medium containing trace amounts of
thrombin. Secretion ofvWf occurred within 10 min after fibrin
exposure, and there was no reappearance ofWeibel-Palade bodies
by 3 h in cells continuously exposed to fibrin. This indicates an
absence of net vWf storage during the period of fibrin exposure
due to either constant release from Weibel-Palade bodies or al-
teration in vWf targeting. Ineffective stimuli included washed
red cells, fibrinogen, tissue plasminogen activator, activated
Factor XIII, and the clot liquor containing fibrinopeptides A
and B (Table II). The requirement for a particular fibrin structure
in mediating release was indicated by the failure of stimulation
by clots made with reptilase, an enzyme that cleaves only fibri-
nopeptide A (28), does not activate the cross-linking enzyme
Factor XIII (29), and results in the formation ofa clot ofdifferent
physical properties and structure (references 28 and 29, Fig. 6).
The ability of fibrin clots heated to 100°C to induce prompt
release indicated that the necessary fibrin structure in the
thrombin-formed clot was heat stable.

The vWf stored in Weibel-Palade bodies is composed of high
molecular mass multimers ofhighly processed protein that does
not contain the pro-vWf subunit in contrast to that secreted
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Figure 4. Effect of heating on thrombin activity and on
the ability of thrombin or fibrin to induce vWf release
from endothelial cells. (A) Thrombin (0.1 U/ml in Hanks'
buffer) was incubated for 2 h at temperatures from 40 to
100IC after which the solutions were equilibrated to 250C
and assayed for activity using a chromogenic substrate.
Each point represents the average of two separate determi-
nations. (B) Fibrin clots were prepared in Hanks' buffer
using a thrombin concentration of 5 X 10-3 U/ml. The
washed clots and a solution of thrombin (0.1 U/ml in
Hanks' buffer) were both incubated for 2 h at tempera-
tures from 40 to 1000C, equilibrated to 370C, and then
placed over 80% confluent endothelial cells for 10 min.
The cells were then fixed, permeabilized, stained by im-
munofluorescence for vWf, and the percentage of cells
showing vWf release determined. All points represent the
average of two experiments. Open squares, data points for
thrombin. Open circles, data points for fibrin stimulation.

constitutively (19). The vWf released by fibrin, similar to
A23 187-released vWf ( 19), did not contain the pro-vWfsubunit
(Fig. 5), indicating that it also originated from the Weibel-Palade
bodies. Fibrin did not cause cell lysis because no pro-vWf sub-
units with immature carbohydrate that comprises one-half the
cellular pool of vWf (18) was detected in the released protein
(Fig. 5). The Mr 180,000 subunit fragment seen in the fibrin-
released vWf (Fig. 3) is of similar size to a major fragment of
M, 176,000 found in cryoprecipitate (22) or normal human
plasma (30). It was not seen after release with A23187 (19) or

after incubation of the A23 187 releasate with fibrin, suggesting
that fibrin exposure led to expression ofan endothelial cell pro-

tease that partially degraded the released vWf.
Thrombin has been shown to bind to endothelial cells (31)

but its activity as secretagogue for vWfis related to its proteolytic
activity rather than occupation of a specific receptor (15, 16)
and is mediated by phospholipid methylation (32). We have
observed a similar thrombin concentration dependence ofvWf

1 2 3 4 Figure S. Comparison of
the subunit composition of
vWf secreted constitutively
with that released by
A23 187 or fibrin. The figure

pro vWf- is a composite of autoradio-

v.f-..
graphs of reduced SDS 5%vWt- _N..W.., polyacrylamide gels of im-

fragnt- munopurified vWf. Endo-
thelial cells were metaboli-
cally labeled with
[3mS]methionine for 3 d.
Lane 1, vWf secreted con-

stitutively during this pe-
riod. After a 6-h chase pe-
riod, the cells were incu-
bated for 10 min in media

without stimulation (lane 2) and then treated with 10 MM A23187
(lane 3) or fibrin (lane 4) for an additional 10 min. Both A23187 and
fibrin stimulated release of vWf from the cells and the released protein
was qualitatively different from that secreted constitutively, because it
did not contain the pro-vWf subunit even after longer autoradio-
graphic exposure than is shown here. In addition, fibrin exposure re-

sulted in the appearance of a vWf fragment ofMr 180,000 (lane 4),
which was not present in the A23 187 releasate (lane 3).

release to that reported by Levine and colleagues (15) (Fig. 2)
and confirm that the thrombin active site is necessary for release
because hirudin treatment was inhibitory (Fig. 3, Table I) and
the chromogenic activity of heat-treated thrombin was closely
paralleled by its ability to release vWf (Fig. 4). However, several
findings indicate that the release seen after exposure to fibrin
was not due to thrombin activity. First, addition of fibrinogen
to endothelial cell cultures without altering thrombin concen-
tration caused release, and the release was temporally correlated
with fibrin gelation (Fig. 1). Second, rapid release occurred after
exposure to preformed fibrin clots made at thrombin concen-
trations below that required for stimulation (Fig. 3). Third, release
was not inhibited by hirudin, while hirudin inhibited release by
higher concentrations of thrombin in solution (Fig. 3), and fi-
nally, heating of fibrin did not prevent release, while this com-
pletely abolished the activity of thrombin (Fig. 4). We do not
exclude the possibility that thrombin at concentrations much
lower than those that cause release free in solution was present
in the treated clots. While this thrombin may have contributed
to the release process, the primary inducer in these experiments
appeared to be fibrin.

Fibrinogen has previously been shown to interact specifically
with endothelial cells. Dejana et al. (33) demonstrated that fi-
brinogen bound to endothelial cells in a saturable and reversible

Table II. Release ofvWffrom Endothelial
Cells in Response to Various Stimuli

Released cells*

Stimulus 10 min 3 h

Whole blood clot* 74 93
Redcells§ 4 11
Clot liquorl 10 15
Fibrin clot made with reptilase' 19 5

* All percentages represent the means of two to seven determinations.
*2 ml of unanticoagulated blood.
Washed red cells from 1 ml blood suspended in 2 ml Hanks' buffer.

"2 ml of fluid expressed from clots prepared with 5 X 10-3 U/Ml
thrombin.
I1 U/ml hirudin was present during stimulation.
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Figure 6. SDS polyacrylamide gel electrophoresis of fibrin prepared
with thrombin or reptilase. Fibrinogen (2 mg/ml) was clotted with rep-
tilase (1.1 U/ml) or thrombin (5 X I0-' U/ml) for 16 h after which
the fibrin was prepared for electrophoresis in 7% acrylamide gels by
solubilization in SDS containing diluent with disulfide bond reduc-
tion. The polypeptide chains are labeled and show uncleaved Bo
chains and mostly monomeric y and a chains in the fibrin prepared
with reptilase.

manner and demonstrated a partial inhibition of binding by
fragment E but not fragment D, implicating a possible binding
site in the amino-terminal portion of the fibrinogen molecule
(34). Dang and colleagues (35) showed that fibrinogen fragment
D caused disorganization of confluent endothelial monolayers
with cellular retraction and projection of pseudopodia. Endo-
thelial cells contain membrane proteins with similar electro-
phoretic mobility and immunological reactivity to the platelet
membrane glycoproteins IIB and IIIA (36, 37), which function
as the platelet fibrinogen receptor during aggregation (38, 39).
In our experiments, exposure of endothelial cells to fibrinogen
in the absence of clotting caused no release, indicating that oc-
cupancy of an endothelial cell membrane fibrinogen receptor
was not a sufficient release stimulus. It is also unlikely that cross-
linking ofthe fibrinogen receptors during fibrin formation caused
the observed release, because fibrin formed with reptilase should
also possess multiple binding sites but was ineffective (Table II).

Endothelial cells secrete several proteins involved in different
aspects of the hemostatic response including vWf, which pro-
motes platelet adhesion and aggregation (8, 12), protein S, which
potentiates the anticoagulant action of protein C (40, 41), and
both plasminogen activators (42, 43) and plasminogen activator
inhibitor (44), which together regulate activation of fibrinolysis.
Therefore, control of endothelial cell synthesis and secretion of
these proteins is of central importance in coordinating the local
hemostatic response to vessel injury. The effects ofthrombin on
endothelial cells are multiple and include induction ofboth pro-
coagulant activities, for example in increasing vWf release (15),
and profibrinolytic activity such as increasing synthesis and se-
cretion of plasminogen activator (43). However, these two dis-
parate effects are temporally separated so that the release ofvWf
occurs rapidly (16, 19, Fig. 3), whereas the increased secretion
of plasminogen activator occurs after several hours (43), thus
promoting delayed clot dissolution and removing fibrin from
the endothelial cell surface.

We now show that fibrin can also modulate endothelial cell
behavior by inducing the release of vWf. Endothelial cells are
exposed to fibrin at sites of inflammation, vascular injury,
thrombosis, and thromboembolism, and the exposure may be
either brief as in formation of the hemostatic plug or prolonged
as in resolution of large vascular thrombi. Kadish and colleagues
(45) showed that prolonged exposure of a confluent endothelial
cell monolayer to fibrin resulted in profound disruption of cel-
lular organization with separation of the monolayer into indi-
vidual migratory cells within 4 h. Our results indicate that, in
addition, exposure of endothelial cells to fibrin induces both
rapid and sustained changes in vWf storage and handling by
endothelial cells, with rapid release of Weibel-Palade body con-
tents and sustained inhibition ofvWf storage.
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