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Abstract

Platelet adhesion to monomeric collagen types I and III, which
were purified from human umbilical arteries, was studied in a

perfusion chamber under well defined flow conditions. For this

purpose, glass coverslips were coated with 20-30 'sg/cm2 of

collagen types I and III by spraying a solution of these

collagens with a retouching air brush. Platelet deposition
increased with the time of perfusion. Adhesion to both collagen
types was similar in the first 3 min, but increased platelet
deposition occurred on collagen type III after 3 min due to

thrombus formation. Adhesion at a shear rate of 800 s-' was

strongly impaired with plasma of a patient with von Willebrand's
disease or with fibronectin-free plasma. Addition of purified
fibronectin to fibronectin-free plasma restored adhesion to the

level obtained with normal plasma. Platelet deposition in

normal plasma increased with increasing shear rates. Platelet

deposition in VWD-plasma was normal at 490 s-', but there

was no increase at higher shear rates. Platelet deposition in

fibronectin-free plasma was diminished at all shear rates

studied from 490 to 1,300 sO.
Perfusion with a human albumin solution (HAS) to which

purified Factor VIII-von Willebrand factor complex (FVIII-
VWF) and fibronectin had been added gave similar platelet

deposition as with normal plasma. Preincubation of collagen

with FVIII-VWF and perfusion with HAS containing fibronec-
tin, or, conversely, preincubation with fibronectin and perfusion
with HAS containing FVIII-VWF, also resulted in adhesion

similar to that observed in normal plasma. Similar adhesion

was also observed after preincubation with both FVIII-VWF

and fibronectin and subsequent perfusion with HAS alone.

Sequential preincubations with first FVIII-VWF and then

fibronectin, or with first fibronectin and then FVIII-VWF

followed by perfusion with HAS, also gave a similar adhesion

as observed with normal plasma.

These data indicate that platelet adhesion to monomeric

collagen types I and III is dependent on both FVIII-VWF and

fibronectin. FVIII-VWF is only required at relatively high

shear rates; fibronectin also at relatively low shear rates. Their
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complementary role in platelet adhesion suggests separate

binding sites for FVIII-VWF and fibronectin on collagen.
Platelet deposition on preformed fibrils of collagen types I

and III was also studied. Initial adhesion expressed as per-

centage surface coverage was similar to that found with mo-

nomeric collagen, but thrombus formation was much enhanced.

Adhesion on fibrillar collagen at 800 s-5 was impaired in

VWD-plasma and fibronectin-free plasma, and was restored

by addition of purified fibronectin to fibronectin-free plasma.
When perfusions were performed with HAS, only addition of

FVIII-VWF was required for optimal adhesion to fibrillar

collagen; addition of fibronectin had no effect. These data are

in contrast to the studies with monomeric collagens described

above, in which the addition of both FVIII-VWF and fibronectin

was required. These data are also in contrast to the observation

that in plasma both FVIII-VWF and fibronectin are required
for optimal adhesion to fibrillar collagen.

Introduction

Adhesion of blood platelets to perivascular collagen is one of
the first steps in the formation of a hemostatic plug (1). Direct

observations of hemostatic plug formation in bleeding time
skin wounds of patients with von Willebrand's disease (VWD)'
indicated an abnormality of this step (2). The role of Factor

VIII-von Willebrand factor complex (FVIII-VWF) in platelet

adhesion was further substantiated in perfusion studies in an

annular perfusion chamber in which abnormal adhesion of

platelets to subendothelium of a rabbit aorta, human renal, or

umbilical artery was found with blood deficient in FVIII-VWF

(3-6). Perfusion studies in which collagen fibrils were exposed
to blood of a patient with VWD indicated that FVIII-VWF

was directly implicated in the adhesion of blood platelets to

collagen (7), but more detailed studies were not yet performed.
As a second protein involved in platelet adhesion or

spreading to collagen, fibronectin has been proposed (8-10).
Its role has been disputed by others (11, 12), and no direct
evidence for a major role of fibronectin in the adhesion of
blood platelets to collagen is currently available.

We have studied the platelet deposition on collagen purified
from human umbilical arteries under standardized flow con-

ditions. We present evidence that FVIII-VWF as well as

fibronectin are required for optimal platelet interaction.

Methods

Isolation of collagens. Collagen types I and III were isolated from
human umbilical arteries by pepsin digestion (13). Separation of the

collagen types was achieved by the method of ChandraRajan (14).

1. Abbreviations used in this paper: FVIII R:Ag, Factor VIII related

antigen; FVIII R:RCF, Factor VIII related ristocetin cofactor activity;

FVIII-VWF, Factor VIII-von Willebrand factor complex; HAS, human

albumin solution; VWD, von Willebrand's disease.
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Purity and identity were assessed by electrophoresis on reduced and
nonreduced 5% SDS-polyacrylamide gels. Only collagen a, P, and y
bands were observed when 10 jug of protein was applied to the gel.
Collagen a, (I) and a2 (I) bands (ratio 2:1) had apparent molecular
weights of 129,000 and 115,000, respectively, using globular protein
molecular weight standards; a, (III) co-migrated with a, (I) under
reducing conditions. The collagen type III preparation was contaminated
with <5% collagen type I as assessed by densitometric scanning.

Preparation of collagen fibrils. Collagen was dissolved at 1 mg/ml
in 50 mM acetic acid and dialyzed against 20 mM Na2HPO4 at 4VC
for 48 h to reconstitute native type fibrils (15). The completion of
fibril formation was checked turbidimetrically in a spectrofotometer at
313 nm (16). The collagen fibrils were collected by centrifugation (30
min, 30,000 g, 40C) and resuspended in 20 mM Na2HPO4. The
collagen concentration in the fibrillar suspension was determined by
hydroxyproline analysis.

Preparation offibronectin-free plasma and purification offibronectin.
Fibronectin was isolated from normal human plasma by affinity
chromatography on gelatin-Sepharose (17). Gelatin-Sepharose 4B was
prepared by coupling gelatin (E. Merck, AG, Darmstadt, Federal
Republic of Germany) to CNBr-activated Sepharose 4B (Pharmacia
Fine Chemicals AB, Uppsala, Sweden), according to the manufacturer.

Plasma (200 ml) was passed over the gelatin-Sepharose column
(2.6 X 16 cm, equilibrated with 0.05 M Tris-HC1, pH 7.4) and collected;
the first and last fractions were discarded to minimize dilution. This
fibronectin-depleted plasma contained no detectable (<3 Mg/ml) fibro-
nectin in an electroimmunoassay (18) with rabbit anti-human fibronectin
antiserum (Cappel Laboratories, Cochranville, PA) and purified fibro-
nectin as a standard. The level of Factor VIII related antigen (FVIII
R:Ag) was unchanged, while Factor VIII related ristocetin cofactor
activity (FVIII R:RCF) decreased a little, but was in the range of 0.65-
0.80 U/ml after passage over the gelatin-Sepharose column. The
fibronectin-free plasma was stored frozen at -70°C.

For the purification of fibronectin, the gelatin-column was washed
with I M NaCl in 0.05 M Tris-HCl, pH 7.4, followed by I M urea in
the same Tris-buffer. Fibronectin was eluted with 6 M urea, 0.1 M
citric acid, pH 4.7 (19). The buffers contained 0.1 mM phenylmethyl-
sulfonylfluoride, I mM benzamidine, 5 mM E-aminocaproic acid, 10
mM EDTA, and 0.02% (wt/vol) sodium azide. The pooled peak
fractions were dialyzed at 4°C against Krebs-Ringer buffer (4 mM
KC1, 107 mM NaCl, 20 mM NaHCO3, 2 mM Na2SO4, pH 7.4)
supplemented with 19 mM trisodium citrate and 2.5 mM CaCl2.

Fibronectin was also purified under nondenaturing conditions (20).
The gelatin-sepharose column was first washed with I M NaCl in 0.05
M Tris-HCI, pH 7.4, and then with 0.2 M arginine in the same buffer.
Finally fibronectin was eluted with I M arginine in 0.05 M Tris-HCl,
pH 7.4.

The fibronectin solutions were stored at 4°C and used for experi-
ments within I wk. Electrophoresis on 5% SDS-polyacrylamide gel
after reduction with 2-mercaptoethanol showed >95% homogeneity.
This fibronectin preparation contained <1.0 mU FVIII R:Ag/mg
protein as determined with an enzyme-linked immunosorbent assay,
(21). The fibronectin preparations were also analyzed on 5% nonreduced

gels. Zone I (450,000-mol wt dimers) and zone II (190,000-235,000
mol wt) fibronectin bands as well as high molecular weight multimers
were present (22). Densitometric scanning showed 77% zone I, 18%
zone II, and 5% multimers in a fibronectin preparation purified in the

presence of urea. A preparation purified in the presence of arginine
showed 86% zone I, 9% zone II, and 5% multimers.

Purification ofFVIII-VWF. FVIII-VWF was purified from human
cryoprecipitate by a modification of the method described by Van
Mourik and Mochtar (23). Cryoprecipitate was dissolved in Michaelis
buffer (28.5 mM sodium acetate, 28.5 mM sodiumbarbital, and 116
mM sodium chloride, pH 7.35) that contained 5 mM trisodium citrate,
10 mM benzamidine, 10 mM e-aminocaproic acid, and 10 mM EDTA.
The solution was applied to a column of Sepharose CL-4B (Pharmacia
Fine Chemicals AB, Uppsala, Sweden). Elution was carried out with

dextran-barbital buffer (17.2 mM barbital, 2.8 mM sodiumbarbital,
125 mM NaCI, and 3.3% [wt/vol] dextran, mean molecular weight of
40,000) that contained 5 mM trisodium citrate, 10 mM E-aminocaproic
acid, and I mM benzamidine, pH 7.0.

The FVIII-VWF protein in the void volume fractions was precipi-
tated by dialysis against 1.6 M ammoniumsulfate, pH 7.0, at 4VC. The
purified protein has been characterized extensively before (24). Before
use, the precipitated protein was dissolved in Krebs-Ringer buffer, pH
7.35, with 19 mM citrate, 2.5 mM CaCI2, and 4% (wt/vol) human
albumin (Behringwerke AG, Marburg, Federal Republic of Germany).
Fibronectin was not detectable (<3 gg/ml) using an electroimmuno-
assay (18).

Perfusion chamber. For studying platelet interaction with purified
components under standardized flow conditions, a rectangular perfusion
chamber was constructed. The construction of this parallel-plate per-
fusion chamber and its Theological properties had been described
elsewhere (25). A glass microscope coverslip was coated with the
component of interest and inserted into the perfusion chamber. Wall
shear rates were calculated with the formula used by Muggli (26).

Coating coverslips with collagen. Glass microscope coverslips
(18 X 18 mm, Menzelglaser, Braunschweig, Federal Republic of
Germany) were soaked overnight in 80% ethanol and rinsed with
deionized water. Collagen (I mg/ml in 50 mM acetic acid) was sprayed
onto the glass coverslips with a retouching airbrush (Badger model 100
IL, Badger Air-Brush Co., Franklin Park, IL), connected to a nitrogen
cylinder operating at a pressure of one atmosphere (26). The fine
collagen droplets dried instantly on the glass surface at room temper-
ature; 83±9% (mean±SD, n = 8) of the applied amount of collagen
was deposited on the glass surface, as determined by weighing the
coverslips with a micro-balance before and after spraying.

Staining of the coated coverslips with Coomassie Brilliant Blue
showed a uniform collagen distribution. The same coating was obtained
when preformed collagen fibrils were sprayed. The spraying procedure
could possibly denaturate the collagen on the glass surface. The same

spraying technique was previously used by Muggli et al. (26) and
resulted in a reproducible platelet deposition.

Preincubation of collagen-coated coverslips with FVIII-VWF and/
orfibronectin. Four coverslips coated with collagen type I or type III

(30 ug/cm2) were placed in a plastic dish filled with 2 ml Krebs-Ringer
buffer, pH 7.35 (with 2.5 mM CaCl2 and 19 mM citrate), that
contained either FVIII-VWF (I U FVIIIR:RCF/ml) or fibronectin (200
,ug/ml) or both. As a control, collagen was incubated with buffer only.
After 30 min at room temperature the protein solution was removed.
The coverslips were rinsed once with Krebs-Ringer buffer (with CaCl2
and citrate) and kept under buffer, to prevent drying and denaturation,
until perfusion.

Preparation of perfusates. Blood from normal donors was antico-
agulated with '/,0 vol 110 mM trisodium citrate. Platelets were obtained
by centrifugation (10 min, 200 g, 200C) and washed in Krebs-Ringer
as previously described (5). After the first washing, platelets were
incubated with 10 MM aspirin (5) and labeled with I"'In (27) by adding
10 uCi/ml "'In-oxinate (Byk-Mallinckrodt, C.I.L., B.V., Petten, The
Netherlands). The incubation with aspirin was to prevent platelet-
platelet interaction and has been reported to have no effect on
adherence (26, 28). Platelets were resuspended in plasma or a 4% (wt/
vol) human albumin solution (HAS) in Krebs-Ringer buffer, pH 7.35,
that contained 19 mM citrate, 2.5 mM CaC12, and 5 mM a-D-glu-
cose (5).

Plasma was either normal plasma or plasma from classic VWD
patients (FVIII R:RCF < 0.06 U/ml) or fibronectin-free plasma. As
VWD plasma substitute, we also used the supernatant plasma remaining
after cryoprecipitation (cryosupernatant plasma, FVIII R:RCF < 0.06
U/ml). The perfusate (15 ml) was reconstituted by adding washed red
cells to the resuspended platelets (hematocrit, 0.4; platelet count, 114
X 106/ml, final concentration).

Perfusion. The perfusates were prewarmed at 370C for 5 min and
recirculated through the perfusion chamber under a nonpulsatile steady
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flow (29). The whole system was maintained at 370C in a waterbath.
The chamber was prefilled with prewarmed 0.2 M Tris-HCl, pH 7.4.
After perfusion, the system was rinsed with 25 ml of 0.2 M Tris-buffer,
pH 7.4; the coverslip was removed, rinsed once with buffer, and the
platelet deposition was determined by counting "'In-radioactivity in a
gamma counter. For morphometric analysis, the coverslips were fixed
and stained as previously described (25). The platelet coverage on
collagen was evaluated by light microscopy at 1,000 times magnification
with an eye piece micrometer (E. Leitz, GmbH, Wetzlar, Federal
Republic of Germany) in the ocular (25). About 1,000 intersection
points at 10-,gm intervals along a line perpendicular to the flow were
scored for the presence or absence of platelets. The intersections with
platelets were given as percentage of total and expressed as percentage
surface coverage. Evaluations were also performed with the light
microscope connected to an image analyzer (Quantimet 720, Imanco,
Royston, United Kingdom). For every coverslip, 10 fields selected at
random were evaluated at 1,000 times magnification. Each field (0.028
mm2) consisted of 500,000 image points. Similar results were obtained
with both evaluation methods.

Other assays. Protein concentration was determined by the dye-
binding method of Bradford (30). Collagen was determined by hydrolysis
of a sample in 6 N HCl during 3 h at 130'C and subsequent deter-
mination of free hydroxyproline residues (31). The amount of collagen
was obtained by multiplying the amount of hydroxyproline by 7.64
(32). The concentration of FVIII-VWF was determined with the
ristocetin cofactor assay by agglutination of formalin fixed normal
platelets in a Payton dual channel aggregometer (33, 34). The concen-
tration was expressed in units per milliliter, in which one unit is
defined as the activity of 1 ml of a pool of frozen citrated plasma from
40 healthy donors. SDS-polyacrylamide gel electrophoresis was per-
formed on 5% gels with the discontinuous system described by Laemm-
li (35).

Statistical analysis. Statistical significance of differences between
means was evaluated with t test.

Results

Platelet deposition on monomeric collagen
Time and concentration dependence. Platelet deposition on
nonfibrillar monomeric collagen type I and type III increased
with the duration of the perfusion (Fig. 1). During the first 3
min, platelet deposition was more or less similar on both
collagen types, but increased platelet deposition was seen on
collagen type III after 3 min. Comparison of surface coverage
data and "'Indium counting indicated that thrombus formation
was minimal in the first 3 min (25). The increased platelet
deposition on collagen type III after 3 min was probably due

to thrombus formation. For these reasons, a standard perfusion
time of 3 min was chosen.

Studies on the dependence of adhesion on the quantity of
collagen types I and III (nonfibrillar) showed an optimal
platelet deposition at 30 and 20 'sg/cm2, respectively (Fig. 2).
At higher amounts of collagen, the platelet deposition decreased
slightly, ihough was not statistically significant.

Role of plasma proteins. The role of plasma proteins in
platelet deposition on monomeric collagen types I and III was
studied by comparing the platelet deposition in HAS, in
normal plasma, and in plasma lacking FVIII-VWF (VWD-
plasma, cryosupernatant plasma) or fibronectin. The results in
Table I show that platelet deposition with plasmas lacking
either FVIII-VWF or fibronectin was minimal, and in the
same range as found with HAS.

When the concentration of fibronectin was varied by
adding different amounts of purified fibronectin to fibronectin-
free plasma, the platelet deposition was similar to that in
normal plasma at 200 ug/ml (Fig. 3). The fibronectin prepa-
ration which we used here was purified under denaturating
conditions using 6 M urea (see Methods). Mosher and Johnson
(36) previously reported that exposure of concentrated fibro-
nectin solutions to denaturating agents produced disulfide-
bonded multimers which could have a higher biological activity.
We therefore also tested the effect of fibronectin purified under
nondenaturating conditions with I M arginine (see Methods).
With both fibronectin preparations added at 200 and 500 ,g/
ml, platelet deposition was similar to that observed in normal
plasma (Table II).

Shear rate dependence. The effect of FVIII-VWF on platelet
adhesion to subendothelium was reported to be more pro-
nounced at higher wall shear rates (38). We therefore studied
the effect of various wall shear rates on platelet deposition on
collagen (Fig. 4). In normal plasma platelet deposition on
monomeric collagen type III increased with the shear rate. At
a wall shear rate of 490 s'l, platelet deposition in VWD-
plasma was the same as in normal plasma, but no increase
occurred at higher shear rates, whereas in normal plasma,
platelet deposition became almost three times as high at higher
shear rates. Fibronectin-free plasma showed a decreased platelet
deposition at all wall shear rates which were tested, and also
at the lowest shear rate of 490 s-' (P < 0.005).

Preincubation of collagen with FVIII-VWF and/or Jibro-
nectin. Monomeric collagen type III was preincubated with
FVIII-VWF (1 U/ml) or fibronectin (200 ug/ml) or buffer

Figure 1. Time course of
platelet deposition on colla-
gen type 1 ([o]; 30 yg/cm2)
and collagen type III ([.];
20 j4g/cm2). The collagens
were applied in nonfibrillar
form. Perfusions were per-
formed at a shear rate of
800 s-' with normal
plasma. The platelet depo-
sition, representing the ab-
solute number of platelets
on the surface, was deter-
mined from the "'In-radio-
activity. Values represent
mean±SEM (n = 4-8).
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Figure 2. Platelet deposition on collagen type III (A, n = 4) and
collagen type I (B, n = 4-13) with various (nonfibrillar) amounts of
collagen on the surface. Perfusions were carried out with normal
plasma for 3 min at 800 s-'. Values are mean±SEM.
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Table I. Platelet Deposition on Collagen;
Influence ofPlasma Proteins

Platelet deposition

"'In-platelets X 105/cm2

Perfusate Collagen type I Collagen type III

Normal plasma 16.5±2.6 (8) 17.4±2.8 (9)

Cryosupernatant plasma 3.0±0.8 (7)* ND

VWD-plasma 6.3±0.9 (4)t 4.5±1.0 (6)§

Fibronectin-free plasma 1.7±0.3 (13)* 3.3±1.4 (6)§

HAS 2.4±0.3 (10)* 1.9±0.3 (6)*

Platelet deposition on collagen type I and type III. Collagen was ap-
plied in a soluble form at a concentration of 30 Ug/cm2. Perfusions
were performed for 3 min at a wall shear rate of 800 s-' with the
indicated plasmas. Values are the mean±SEM; the number of deter-
minations are indicated in parentheses. P-values are compared with
normal plasma.
*P < 0.001.

t P < 0.025.
§ P < 0.005.
ND, not determined.

only. Subsequently, perfusions were performed with HAS to
which purified FVIII-VWF or fibronectin or both were added

(Table III). When collagen was preincubated with buffer,
addition of FVIII-VWF and fibronectin to the perfusate with
HAS restored the platelet deposition to the level obtained with
normal plasma. Addition of FVIII-VWF or fibronectin alone

resulted in only a slight increase in platelet deposition as

compared with perfusion with HAS.
Preincubation of collagen with FVIII-VWF and perfusion

with HAS containing fibronectin gave a platelet deposition as

in normal plasma. Conversely, preincubation with fibronectin
and perfusion with HAS containing FVIII-VWF resulted also

in a platelet deposition as obtained in normal plasma.
Sequential preincubations were then performed in which

collagen type III was first preincubated with fibronectin and

then with FVIII-VWF, or the reverse. Collagen was also

preincubated with both proteins together. Subsequently, per-
fusions were performed with HAS. The results are also shown
in Table III. The platelet deposition found when collagen was

preincubated with first fibronectin and then FVIII-VWF was

similar to the deposition found when both proteins were

present in HAS or to the deposition after perfusion with
normal plasma. Platelet deposition after preincubation with

first FVIII-VWF and then fibronectin was slightly lower than

with normal plasma, but significantly higher than preincubation

25

20-

15

10

Figure 3. Effect of fibronec-
tin concentration on plate-
let deposition on collagen
type I (mean±SEM; n
= 4-13). Perfusions were

performed with fibronectin-
free plasma with different
amounts of purified fibro-
nectin added. Perfusion
time, 3 min; shear rate, 800
s-'. Collagen, 30 Mg/cm2
(nonfibrillar).

Table If. Effect ofFibronectin Purification Procedure
on Platelet Deposition on Collagen Type III

Platelet deposition

Perfusate "'In-platelets X 10'/cm2

Normal plasma 36.1±9.9

Fibronectin-free plasma 7.6±1.5

6 M urea 1 M arginine

Fibronectin-free plasma + fibronectin

200 ,g/ml 39.3±9.0 39.1±4.1

500 ;&g/ml 38.3±10.3 33.7±4.0

Platelet deposition on collagen type III (nonfibrillar), 30 ,ug/cm2
(mean±SEM; n = 4). Perfusions were performed for 3 min at a shear
rate of 800 s-' with normal plasma, fibronectin-free plasma, or fibro-
nectin-free plasma containing 200 or 500 ,g/ml purified fibronectin.
Fibronectin was purified under either denaturating (6 M urea) or
nondenaturating (1 M arginine) conditions as described under
Methods.

with FVIII-VWF or fibronectin alone. Finally, preincubation
with FVIII-VWF and fibronectin together followed by perfusion
with HAS gave a platelet deposition as in normal plasma.

Similar experiments were also performed with monomeric
collagen type I. Preincubation with fibronectin or FVIII-VWF
alone followed by perfusion with HAS resulted in a low platelet
deposition; however, when the preincubation was performed
with both proteins together, a platelet deposition as in normal
plasma was obtained (data not shown).

Platelet deposition on fibrillar collagen

Comparison with monomeric collagen. The deposition of blood
platelets on fibrillar and nonfibrillar collagen types I and III

were compared after 3 min perfusion with normal plasma at

a wall shear rate of 800 s-'. The total platelet deposition was

determined by "'Indium counting, and the percentage of the
surface covered with platelets was evaluated by en face mor-

phometrical estimation. The results are shown in Table IV. In

a previous study on adherence of blood platelets to the
subendothelium of human renal arteries, a good correlation
was found between the percentage surface coverage and the
number of deposited platelets in 105/cm2 when a monolayer
of platelets was present (6). Comparison ofen face morphometry
with radioactivity counting gives thus indirect information
about platelet aggregate formation (25).

,, 20-

- 1

Le-

c 5

I-

10

200 400 600 800 1000 1200 1400

WALL SHEAR RATE s-1

Figure 4. Platelet deposition on collagen type III (mean±SEM;
n = 6-9). Effect of shear rate. Perfusions were performed with NP
(.), VWD-plasma (o), and fibronectin-free plasma (A). Perfusion
time, 3 min; collagen, 30 Ag/cm2 (nonfibrillar).
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Table III. Platelet Deposition on Collagen Type III;
Preincubation with FVIII-VWF and/or Fibronectin

Platelet deposition

Preincubation Perfusate "'In-platelets X 10l/cm2

Buffer Normal plasma 14.7±2.9

HAS 1.9±0.3*
HAS + FVIII-VWF 3.0±0.9*

HAS + FN 3.0±0.4*

HAS + FN + FVIII-VWF 12.0±2.3

FVIII-VWF HAS 4.4±0.9t

HAS + FVIII-VWF 6.4±1.8§
HAS + FN 10.9±1.1

FN HAS 5.0±0.3t
HAS + FVIII-VWF 15.3±3.3

HAS + FN 6.8±0.8*

FN + FVIII-VWF HAS 14.5±2.8

I FN

2 FVIII-VWF HAS 12.5±1.8

1 FVIII-VWF

2 FN HAS 9.0±1.1

Collagen type III (nonfibrillar, 30 ;eg/cm2) was preincubated with
FVIII-VWF (I U/ml) and/or fibronectin (200 ,g/ml) or buffer only
for 30 min at room temperature. The last two experiments were se-
quential preincubation in which collagen was first preincubated with
fibronectin, rinsed with buffer, and then preincubated with FVIII-
VWF, or in reverse order. After the preincubations, perfusions were

performed with platelets in HAS or in HAS supplemented with
FVIII-VWF (1 U/ml) and/or fibronectin (200 jig/ml) for 3 min at

1,300 s-1.
Values represent means±S.E.M. (n = 6). FN, fibronectin.
* P < 0.005.

tP< 0.01.
§ P < 0.05, compared with perfusion with normal plasma.

For the nonfibrillar soluble collagen types I and III, the
platelet deposition found by "'Indium counting corresponded
reasonably well with the percentage surface coverage (Table

Table IV. Platelet Deposition on Fibrillar
and Nonfibrillar Collagen Types I and III

% Surface
Collagen type "'In-platelets X lO'/cm2 coverage

Collagen type I 21.0±1.9 (8) 14.8±1.2 (6)

Collagen type I (fibrillar) 64.2±3.8 (6) 16.9±0.4 (3)

Collagen type III 10.6±0.9 (6) 9.6±1.1 (6)

Collagen type III (fibrillar) 73.1±3.9 (4) 20.7±1.3 (3)

Glass coverslips were sprayed with collagen type I or type III, which
were applied in either soluble (in 50 mM acetic acid) or fibrillar form
(prepared by dialysis against 20 mM Na2HPO4, at 4°C for 48 h).
Collagen concentration was 30 jig/cm2, and perfusions were per-
formed with platelets in normal plasma for 3 min at a wall shear rate
of 800 s-'. The total platelet deposition was determined from "'In-
radioactivity and the percentage surface coverage was determined by
en face morphometrical evaluation after fixation and staining, as de-
scribed under methods. Values represent mean±SEM, with the num-
ber of experiments in parentheses.

IV). This indicates that hardly any thrombi were present. On
fibrillar collagen, however, the total platelet deposition was

much higher than the percentage surface coverage, which
indicated the presence of thrombi. This was confirmed by light
microscopy (Fig. 5). On the nonfibrillar collagens, only single
platelets or small groups of single platelets were visible (Fig. 5,
A and B). On the fibrillar collagens, much larger platelet
clumps were seen (Fig. 5, C and D).

Time and concentration dependence. The platelet deposition
on fibrillar collagen types I and III increased with the time of
perfusion (Fig. 6). During the first 5 min, the rate of platelet
deposition was very similar on both collagen types. On collagen
type I there was no increase in platelet deposition after 5 min.
On collagen type III, the platelet deposition still increased after
5 min, but at a lower rate.

Studies of the dependence of platelet adhesion on the
amount of collagen showed that the platelet deposition on

fibrillar collagen type I and type III reached a similar plateau
level at 10 and 20 tig/cm2, respectively (Fig. 7).

Role of plasma proteins. Platelet adhesion (i.e., initial

attachment and spreading) to fibrillar collagen was evaluated

as percentage surface coverage by en face morphometry. As

with nonfibrillar collagen (Table I), the role of plasma proteins
in platelet adhesion to fibrillar collagen was studied by com-

paring the adhesion in HAS, normal plasma, VWD-plasma,
and fibronectin-free plasma.

The results in Table V show that with plasmas lacking
either FVIII-VWF or fibronectin, platelet adhesion was strongly
impaired towards the low level obtained with HAS. Platelet
adhesion could be restored by adding purified fibronectin to
fibronectin-free plasma.

Preincubation with FVIII-VWF and/or fibronectin. Analo-
gous to the preincubation experiments with nonfibrillar collagen
type III (Table III), we also performed these experiments with
fibrillar collagen type III. The fibrillar collagen was preincubated
with either FVIII-VWF or fibronectin or both. Subsequently
perfusions were performed with platelets in HAS that contained
either FVIII-VWF or fibronectin. The results are shown in

Table VI. In contrast to nonfibrillar collagen type III, only
FVIII-VWF, and not fibronectin, was required. The surface
coverage was the same whether the perfusion was performed
with normal plasma or with HAS containing FVIII-VWF.
When fibrillar collagen was preincubated with FVIII-VWF,
there was no requirement for FVIII-VWF or fibronectin in the
perfusate, and perfusion with HAS alone resulted in surface
coverage as obtained with normal plasma.

These results differ from those in Table V, where platelet
adhesion to fibrillar collagen type III was impaired in fibro-
nectin-free plasma. The possibility exists that the reactivity of
fibrillar collagen results in activation ofthe platelets and release
of fibronectin from the a-granules (37). In HAS, this released
fibronectin could support adhesion, but couldn't support it in
fibronectin-free plasma; this was possibly due to competition
with other plasma proteins.

To further address this, we performed perfusions with
fibronectin-free VWD-plasma, which is deficient in both FVIII-
VWF and fibronectin. The results in Table VII show that in
this plasma adhesion was negligible. Addition of FVIII-VWF
or fibronectin alone did not restore the adhesion, but addition
ofboth proteins resulted in adhesion similar to normal plasma.
Thus, in the plasma milieu, both FVIII-VWF and fibronectin
are clearly required to support adhesion to fibrillar collagen.
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Figure 5. Morphology (en face) of platelet deposition on coverslips coated with fibrillar or nonfibrillar collagen types I and III (30 Ag/cm2).
Perfusions were performed with normal plasma for 3 min at a wall shear rate of 800 s-'. After perfusion the coverslips were fixed and stained as
previously described (25). (A) Nonfibrillar collagen type I; (B) nonfibrillar collagen type III; (C) fibrillar collagen type I; and (D) fibrillar collagen
type III. x 1,000.

Discussion

Platelet interaction with human collagen types I and III,
purified from human umbilical arteries, was studied in a

rectangular perfusion chamber under flow conditions as in
small arteries. These collagen types were applied to glass
coverslips in two forms by spraying either triple-helical soluble
collagen monomers or preformed fibrils. Spraying resulted in
a reproducible and uniform coating with a defined collagen
density.

Drying the collagen on the surface may have resulted in
denaturation. To avoid this, glass or other surfaces can be
coated with collagen by physical adsorption from solution (39,
40) or chemical coupling (41, 42). We also prepared collagen
surfaces by these procedures. In preliminary experiments, the
platelet deposition on these collagen surfaces was similar to

the deposition on sprayed collagen. More detailed studies are

currently in progress.
The platelet deposition on monomeric and fibrillar collagen

types I and III were compared (Table IV, Fig. 5). With

nonfibrillar collagen on the surface, predominantly single
platelets were attached, whereas with fibrillar collagen extensive
thrombus formation occurred. Platelet aggregate formation on
slides coated with collagen fibrils and exposed to flowing blood
was previously reported by Muggli et al. (26). Thrombus
formation was also observed when subendothelium was treated
with a-chymotrypsin to expose collagen fibrils to flowing
blood (43).

In order to examine whether and how FVIII-VWF and
fibronectin contributed to platelet-collagen interaction, mo-

nomeric and fibrillar collagen types I and III were exposed to

perfusates with VWD-plasma or fibronectin-free plasma. With
both these perfusates, the platelet deposition on nonfibrillar as

well as fibrillar collagen was strongly impaired to the low level
obtained with HAS (Tables I and V). This indicates that FVIII-
VWF and fibronectin are both necessary for optimal platelet
adhesion to collagen.

Addition of purified fibronectin to fibronectin-free plasma
normalized platelet adhesion. The fibronectin preparations
used were purified under either denaturating or nondenaturating
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Figure 6. Time course of platelet deposition on fibrillar collagen type
I (A) and type III (B) applied at 20 yg/cm2. Perfusions were per-
formed with normal plasma at 800 s-'. The total platelet deposition
was determined from the "'In-radioactivity (o). The percentage sur-

face coverage (o) was evaluated by en face light microscopy after
fixation and staining. Values are mean±SEM (n = 4).

conditions. Mosher and Johnson (36) reported on the formation
of disulfide bonded multimers with a higher biological activity
in certain assays, when concentrated fibronectin solutions were
exposed to denaturating agents. With both purification proce-
dures we obtained fibronectin preparations that contained no
more than 5% multimers, and which had the same biological
activity in restoring the platelet deposition when added to
fibronectin-free plasma (Table II).

The reduced adherence to subendothelium in VWD is
shear rate dependent and more pronounced at higher wall
shear rates (38). Consistent with this, platelet deposition on
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FIBRILLAR COLLAGEN, pglcm2

Figure 7. Concentration dependence for platelet deposition
on fibrillar collagen type I (A) and type III (B). Perfusions
were with normal plasma for 3 min at 800 s-'. Values
represent mean±SEM (n = 4).

Table V. Platelet Adhesion on Fibrillar
Collagen; Influence ofPlasma Proteins

Platelet adhesion (% surface coverage)

Perfisate Collagen type I Collagen type III

Normal plasma 7.7±0.8 5.9±1.3

HAS <1.0* <L10

VWD-plasma 1.3±0.5* <1.0*
Fibronectin-free plasma <1.0* <L.t
Fibronectin-free plasma

+ fibronectin (300 jig/ml) 7.1±0.7 3.6±0.6

Platelet adhesion on fibrillar collagen types I and III. Preformed fi-

brils were applied to glass coverslips at 20 ug/cm2. Perfusions were

performed with the indicated plasmas for 3 min at 800 s-'. In the

case of fibronectin-free plasma, also purified fibronectin was added at

a concentration of 300 ug/ml. The percentage surface coverage was

determined by en face light microscopy after fixation and staining
(see Methods). Values are the mean±SEM (n = 4). P values are com-

pared with normal plasma.
P < 0.001.

fP <0.01.

purified collagen type III also increased with the wall shear
rate in normal plasma, but not in VWD-plasma (Fig. 4). In

fibronectin-free plasma, platelet deposition was decreased at

all shear rates that were tested. Platelets in VWD-plasma
exhibit normal aggregation in response to collagen (44). Such
platelet aggregation studies are performed at low shear rate,

Table VI. Platelet Adhesion on Fibrillar Collagen Type III;
Preincubation with FVIII-VWF and/or Fibronectin

Platelet adhesion

% Surface
Preincubation Perfusate coverge

Buffer Normal plasma 12.1±1.6 (7)

HAS < 1.0 (8)*
HAS + FVIII-VWF 12.5±1.6 (7)
HAS + FN <1.0 (8)*
HAS + FN + FVIII-VWF 14.7±2.0 (7)

FVIII-VWF HAS 18.4±3.0 (7)

HAS + FN 18.5±3.2 (7)

FN HAS <1.0 (8)*
HAS + FVIII-VWF 16.3±2.4 (8)

FN + FVIII-VWF HAS 13.9±2.0 (6)

Fibrillar collagen type III (20 ;sg/cm2) was preincubated with FVIII-
VWF (1 U/ml) and/or fibronectin (200 ig/ml) or buffer only for 30
min at room temperature. Perfusions were performed for 3 min at

1,300 s-' with platelets in HAS. The HAS perfusates were supple-
mented with FVIII-VWF (1 U/ml) or fibronectin (200 yg/ml) or

both. After the perfusions, the coverslips were fixed and stained and
the percentage surface coverage determined by en face morphometri-
cal evaluation. The values represent the mean±SEM with the num-
ber of determinations in parentheses. P-Values are compared with
normal plasma. FN, fibronectin.
*P<0.001.
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Table VII. Platelet Adhesion on Fibrillar Collagen Type III;

Effect ofFVIII-VWF and Fibronectin in Plasma

Platelet adhesion

Perfusate % Surface coverage

Normal plasma 7.6±0.5

Fibronectin-free VWD-plasma < 1.0*

+ FVIII-VWF 3.3±1.9t

+ FN < 1.0*

+ FVIII-VWF + FN 11.7±2.8

Coverslips were coated with fibrillar collagen type III, 20 4g/cm2. Per-

fusions were performed for 3 min at 1,300 s-'. VWD-plasma
(FVIIIR:RCF < 0.06 U/ml) was depleted of fibronectin by gelatin-Se-

pharose affinity chromatography. This fibronectin-free VWD-plasma

was supplemented with either purified FVIII-VWF (1 U/ml) or fibro-
nectin (200 yg/ml) or both. Values are mean±SEM (n = 4). P-Values

are compared with normal plasma. FN, fibronectin.
*P < 0.01.
P < 0.05.

where there is no requirement for FVIII-VWF, as is also

evident from our results. Platelet aggregation in response to

collagen has also no requirement for fibronectin. Fibronectin
may even inhibit platelet aggregation by collagen (12). In

contrast to this, we still found a requirement for fibronectin
at 490 so', the lowest shear rate tested here. The requirement
at yet lower wall shear rates is currently under investigation.

The finding that optimal deposition on collagen types I

and III is mediated by FVIII-VWF and fibronectin was further

substantiated by experiments in which nonfibrillar collagen

types I and III were preincubated with these proteins (Table
III). The adsorption of FVIII-VWF to different collagen types

has been reported (45, 46). Fibronectin also binds to the

various collagen types (17), and the binding site on collagen

type I has been identified (47, 48). The collagen-binding site

on fibronectin is also known (49). Preincubation of both

collagen types with first FVIII-VWF and then fibronectin or

preincubation with these proteins in reverse order showed a

similar platelet deposition. The absence of a preferred order

in the adsorption to collagen makes it unlikely that FVIII-
VWF binds to collagen via fibronectin, or the reverse. Recent

data from endothelial cell culture studies have suggested that

a direct interaction occurs between FVIII-VWF and fibronectin
because these proteins codistributed in the subendothelial
matrix (50). Our data do not rule out such interaction, but

they indicate that both FVIII-VWF and fibronectin from

plasma interact directly with collagen and are then able to

support platelet adhesion.
These preincubation experiments were also performed with

fibrillar collagen type III (Table VI). In contrast to nonfibrillar

collagen, there was only a requirement for FVIII-VWF and

not for fibronectin. These results were obtained when perfusions
were performed with HAS, but when plasma was used there

was a dependence on both proteins, as is evident from Tables
V and VII. These data seem contradictory, but the possibility
exists that the platelets are activated by fibrillar collagen and

release fibronectin from the a-granules (37). This released

fibronectin can bind to the platelet membrane (51) or to

collagen (52), and support platelet adhesion in HAS. In

fibronectin-free plasma, platelet adhesion is not supported by

released fibronectin, possibly because of competition with

other plasma proteins.
Fibronectin is known to be involved in the attachment

and spreading of many cell types on collagen substrata (53).

The involvement of fibronectin in the adhesion of platelets to

collagen was first suggested by Hynes et al. (54). Later, several

investigators have observed that fibronectin may promote the

spreading of platelets on collagen-coated surfaces (9, 10).

Bensusan et al. (8) has proposed that fibronectin on the surface

of platelets acts as the receptor for collagen, but this has not

been confirmed by others (11). Platelets contain fibronectin in

their a-granules and release it upon stimulation with thrombin

or collagen (37). After activation, saturable binding of fibro-

nectin to the platelet membrane occurs (51). These results

suggest a possible role for fibronectin in platelet-collagen

interaction. Booyse et al. (55) has reported on the effect of

porcine plasma and FVIII-VWF and human fibronectin on

the interaction of porcine platelets with culture-produced

subendothelium. The combined action of FVIII-VWF and

fibronectin was required for maximal platelet-subendothelium
interaction and spreading. A possible role for fibronectin as a

spreading factor was suggested. From the data presented here

it is clear that for optimal platelet interaction with collagen in

flowing blood both FVIII-VWF and fibronectin are required.
The absence of a requirement for fibronectin and FVIII-

VWF in inducing platelet aggregation by collagen and the

implication of FVIII-VWF and fibronectin as spreading factors

together with our data here lead to the following working
hypothesis. The initial interaction of platelets with collagen

has no requirement for other proteins, but the spreading of
platelets on the collagen surface is not optimal. Platelets will

thus remain attached at low shear rates but not at high shear
rates. Fibronectin may enhance spreading sufficiently to let

platelets remain attached at intermediate shear rates. Another

protein, FVIII-VWF, is required at high shear rates to give the

enhanced spreading for platelets to remain attached (6). The

role for FVIII-VWF as a spreading factor on subendothelium
at high shear rates was recently disputed by Turitto et al. (56),
who implicated a role for FVIII-VWF in the initial contact

phase. Studies with collagen-coated slides recently implicated
FVIII-VWF in both initial attachment and spreading (57).

Whatever the exact mechanism of platelet attachment to

collagen, FVIII-VWF and fibronectin are clearly involved. The

attachment site for platelets on collagen is probably a mosaic

of fibronectin and FVIII-VWF molecules together with binding
sites to collagen itself, which ensures a tight junction with the

platelet membrane.
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