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Inhibition of Human Platelet Aggregation by

Monovalent Antifibrinogen Antibody Fragments

DOUGLASM. TOLLEFSENand PHILIP W. MAJERUS

From the Divisions of Hematology and Oncology, Departments of Internal
Medicine and Biochemistry, Washington University School of Medicine,
St. Louis, Missouri 63110

A B S T R A C T Monovalent goat antibody fragments
(Fab) that were monospecific for human fibrinogen
were isolated by affinity chromatography on fibrinogen-
Sepharose and used as a direct probe for the involve-
ment of fibrinogen in platelet aggregation and the re-
lease reaction. The antifibrinogen Fab inhibited aggre-
gation of washed human platelets induced by thrombin
(0.1-10 U/ml) by 50-95%, but had no effect on ["C]-
serotonin release and only a slight inhibitory effect on
"I-thrombin binding to platelets. Inhibition of aggre-
gation was not observed with nonimmune goat Fab or
rabbit antihuman albumin Fab. About 40,000 "2I-labeled
antifibrinogen Fab molecules per platelet were bound
tightly at saturation to surface fibrinogen molecules.
After washing the platelets once to remove unbound
Fab, aggregation by subsequently added thrombin was
no longer inhibited. The antifibrinogen Fab inhibited
the clotting of fibrinogen by thrombin but did not affect
the rate of fibrinopeptide A release, indicating that the
Fab inhibits clotting by interfering with the polymeriza-
tion of fibrin monomers. Our experiments suggest that
fibrinogen released from platelets is directly involved
in thrombin-induced aggregation of washed platelets,
perhaps through polymerization of fibrin monomers
generated by proteolytic cleavage of released fibrinogen.

INTRODUCTION

Thrombin initiates a series of rapid events in suspen-
sions of washed human platelets. Within seconds after
exposure to thrombin, platelets secrete calcium, sero-
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tonin, adenine nucleotides, and other substances (a
process termed the "release reaction", reference 1), and
undergo a change in shape from flattened disks to
spheres with many pseudopods (2). Aggregation of the
platelets occurs somewhat more slowly but is complete
within several minutes. Thrombin induces these reac-
tions at low concentrations of 1 nMI (0.1 U/ml) or
less, suggesting that thrombin may be an important
mediator of platelet function in hemostasis and
thrombosis (3).

Recently, several aspects of the mechanism by which
thrombin initiates these events have been elucidated.
Thrombin binds reversibly and with high affinity to
about 50,000 receptors on the platelet surface (4),
which suggests that the plasma membrane is the pri-
nmary site of action of thrombin. Thrombin treatment
of intact platelets causes a rapid decrease in adenylate
cyclase activity (5) and a concomitant increase in
phosphorylation of a specific protein of molecular
weight 40,000 (6). Agents that presumably raise the
intracellular concentration of cyclic adenosine 3',5'-
monophosphate inhibit both the phosphorylation induced
by thrombin and the release reaction (6, 7), suggesting
a possible relationship between these processes. A num-
ber of alterations in membrane components after throm-
bin treatment are indicated by changes in the pattern
of proteins iodinated with lactoperoxidase (8) and
in the number and distribution of lectin-binding sites
(9, 10), but the importance of these phenomena in
aggregation and release is unclear. Thrombin inacti-
vated with diisopropyl fluorophosphate is unable to in-
duce release or aggregation (11) even though this
derivative binds to platelets in the same manner as
native thrombin (4), indicating that proteolytic activity
of thrombin is essential. Although several proteins iso-
lated from platelets, including fibrinogen (12), Factor
XIII (13), and thrombosthenin MI (14), have peptide
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FIGURE 1 Immunoelectrophoresis of human:
rum, and plasma vs. goat antihuman fibrinog
Antiserum was placed in the longitudinal
electrophoresis, and the precipitates were all
overnight at room temperature.

bonds susceptible to hydrolysis by throm
these has been shown to be hydrolyzed in
lets during release or aggregation.

Several investigators have proposed
fibrinogen is the substrate for thrombin an
merizing fibrin" plays a central role in
(15-17), but evidence to the contrary h;
reported (11, 18-20). In addition, nume
tories have shown that added fibrinogen is
ADP-induced aggregation but not for thro
aggregation (21-23). This has led previou
postulate that thrombin-induced aggregati
mediated by platelet fibrinogen. In our cu
gation we have tested the hypothesis that
rinogen is involved in release and aggrega
it might be a receptor for thrombin bindint
we prepared antibody fragments (Fab) tI
cifically to human fibrinogen and inhibit th4
tion of fibrin monomers, and we determine
on washed human platelets exposed t
Thrombin-induced aggregation was marke
by the Fab fragments, while [14C]serotonit
unaffected. Binding of "2I-thrombin was
a small extent. These experiments provid
dence that platelet fibrinogen is involved ir
of washed platelets.

METHODS
Materials. Human fibrinogen was purified

by the method of Straughn and Wagner (24)
tion contained 95% clottable protein. Fibrinof
tions were calculated from the absorbance a
suming E,801% = 16.2 (25). Bovine thrombin
was purified and assayed as previously descr
anogen bromide was purchased from Eas
Chemicals Div., Eastman Kodak Co. (Rochc
imidazole (grade III, low fluorescence blank)
from Sigma Chemical Co. (St. Louis, Mo.)
camine was purchased from Pierce Chemical (

Ill.). Concentrations of proteins other than fibrinogen and
F brinogen thrombin were determined by ultraviolet absorption, as-

suming E21%= 10.0.
Preparation of platelets. Platelets were isolated from

Serum human blood and washed as previously described (4). All
experiments were performed with platelets suspended in
isotonic Tris-saline (0.0154 M Tris-HCl, 0.14 M NaCl),
pH 7.5, containing glucose (1 mg/ml). Platelets used in
serotonin release experiments were incubated with ['4C]-
serotonin before washing, and serotonin release was mea-

Plasma sured as described previously (4).
Preparation of human fibrinogen-Sepharose. Sepharose

4B (100 ml settled volume) was activated by the procedure
of Cuatrecasas (26) using 23 g of cyanogen bromide. The

fibrinogen, se-
activated Sepharose was washed quickly on a Buchner fun-
nel with cold isotonic Tris-saline (pH 7.5) and added to

gen antiserum. 740 mg of human fibrinogen in 100 ml of this buffer. The
troughs after mixture was stirred overnight at 4VC, and the beads were

owed to form washed successively with 2 liters each of 0.1 M sodium
carbonate (pH 9.7), 0.1 M glycine-HCl (pH 2.2), and
isotonic Tris-saline (pH 7.5). The coupling efficiency was
87%, yielding 6.4 mg of fibrinogen covalently bound/ml of

bin, none of Sepharose. The fibrinogen-Sepharose was stored at 4°C in
intact plate- isotonic Tris-saline containing 0.2 mg/ml sodium azide and

was washed as above immediately before use to remove any
that platelet fibrinogen hydrolyzed during storage. A single preparation
id that " poly_ was used repeatedly over a period of several months.
d °thatpoly Purification of antifibrinogen antibody. Antiserum pre-

aggregation pared from a goat immunized against human fibrinogen was
vas also been purchased from Gateway Immunosera, Cahokia, Ill. This
~rous labora- antiserum precipitated a single component of human plasma

requed for that corresponded to purified human fibrinogen as deter-
,required or mined by immunoelectrophoresis (Fig. 1). The antiserum

imbin-induced (45 ml) was adjusted to contain 4 mMdiisopropyl fluoro-
1s workers to phosphate, and after 30 min at room temperature, the solu-
on might be tion was applied to a column containing 95 ml of human

t investi- fibrinogen-Sepharose. The column was washed at room

temperature with isotonic Tris-saline (pH 7.5) until the
t platelet fib- A2m, of the effluent was less than 0.040. The column was
,tion and that then eluted in sequence with the following buffers: 0.1 M
g. To do this sodium carbonate (pH 9.7); 1.0 M sodium chloride buf-
ha bind spe fered with 0.015 M Tris-HCl (pH 7.4) ; and 0.1 M glycine-hat bind spe- HCl (pH 2.2). Fractions of each eluate with A40 greater
e polymeriza- than 0.500 were combined and dialyzed against isotonic
d their effect Tris-saline at 40C. The eluates were sometimes concen-
to thrombin. trated by ultrafiltration using an Amicon UM-10 membrane
dly inhibited (Amicon Corp., Scientific Systems Div., Lexington, Mass.).

The eluates were stored at 4°C and were characterized
n release was further as described in Results.

inhibited to Preparation of antifibrinogen Fab fragments. Antifibrin-
le direct evi- ogen antibody (pH 2.2 eluate from fibrinogen-Sepharose;

aggregation see Results) was dialyzed against 0.1 M sodium phosphate
(pH 6.1). After dialysis this solution contained 98 mg of
antibody in 37.5 ml of buffer. The antibody was hydrolyzed
by addition of 0.4 ml of 0.25 M Na2EDTA (pH 7), 0.8 ml
of 0.5 M cysteine, and 0.035 ml of Sigma twice crystallized

from plasma papain (30 mg/ml suspension in sodium acetate). After an

; this prepara- 18-h incubation at 370C under an atmosphere of toluene,
gen concentra- the papain was inactivated by the addition of 4.0 ml of
t 280 nm, as- N-ethylmaleimide (25 mg/ml). The digest was dialyzed
(2,300 U/mg) extensively against isotonic Tris-saline at 4VC, and the
ibed (4). Cy- precipitate that formed was removed by centrifugation. The
tman Organic recovery of soluble protein after this step was 67 mg. The
ester, N. Y.); digest was then applied to a column containing 80 ml of

was obtained fibrinogen-Sepharose, and the column was washed with
and fluores- isotonic Tris-saline to elute the Fc fragments. The Fab

Co. (Rockford, fragments were eluted with 0.1 M glycine-HCl (pH 2.2),

1260 D. M. Tollefsen and P. W. Majerus



dialyzed against isotonic Tris-saline (pH 7.5) at 40C, and
stored at 40C after being concentrated to about 10 mg/ml
by ultrafiltration. The total recovery of protein in the Fab
fraction was 37 mg.

Precipitin reaction. Quantitative precipitin reactions
were carried out according to standard procedures (27).
"I-Fibrinogen (95% clottable after iodination) was used

to quantitate the precipitated fibrinogen.
Preparation of control goat IgG, rabbit antihionan albumnin

IgG, and Fab fragments. Nonimmune goat serum and rab-
bit antihuman albumin antiserum were purchased from
Gateway Immunosera. Each serum (10 ml) was dialyzed
against 0.1 M potassium phosphate (pH 8) and applied to
a 50-ml column of DEAE-cellulose equilibrated with this
buffer. The columns were eluted with this buffer, and the
purified IgG fractions were obtained in the unretained
eluate. About 1 mg of human albumin was precipitated per
mg of IgG prepared from the antialbumin antiserum. Papain
digestions were carried out as described in the preceding
section.

Measuiremient of antifibrinogen Fab binding to platelets.
Fab fragments were iodinated, and binding studies were
carried out as described previously for phlytohemagglutinin
(28).

Platelet aggregation studies. Aggregation was measured
photometrically by the method of Born (29) in a Payton
dual-channel aggregometer. Platelet suspensions (0.45 ml;
5 X 108 platelets/ml in isotonic Tris-saline containing 2 mM
CaCI2) were warmed to 37'C in siliconized 'glass cuvettes
and stirred at 1,100 rpm in the aggregometer. Additional
substances were added totaling 0.05 ml. The recorder was
adjusted to read 0% with a cuvette containing the starting
platelet suspension and 100% with a cuvette containing
buffer only.

Mcasurenietd of thrombin bindinbg to platelets. Bovine
thrombin was labeled with 125I, and binding studies were
carried out as described in a previous report (4). "Non-
specific" binding of "2I-thrombin, which represented less
than 25% of the total thrombin bound, was determined in
incubations containing an excess of unlabeled thrombin and
was a linear function of the "I-thrombin concentration.
Binding data are presented in Fig. 5 after subtraction of
nonspecific binding.

Mcasuiremeint of fibrinopeptides. Fibrinogen was dis-
solved in water and chromatographed on Sephadex G-150
equilibrated with 0.154 M sodium chloride, 0.01 M imida-
zole-HCI (pH 7.0). This procedure removed low molecular
weight material that contributed to the fluorescence back-
ground of the assay. Reaction mixtures contained 150 pg/ml
of fibrinogen, 0.02 M calcium chloride, and 1 U/ml of
thrombin (added last to initiate the reaction) in 0.5 ml
of the above buffer. The reaction was allowed to proceed
at room temperature and was terminated by the addition
of 0.05 ml of 100% trichloroacetic acid (TCA). The mix-
ture was placed on ice, and the precipitate that formed was
removed by centrifugation. An aliquot of the supernate
(0.45 ml) was mixed with an equal volume of 0.4 M so-
dium phosphate (pH 8) containing 0.556 M sodium hy-
droxide to neutralize the TCA. Calcium phosphate precipi-
tated and was removed by centrifugation. A 0.8-ml aliquot
of the supernate, which contained the fibrinopeptides, was
mixed rapidly with 0.2 ml of fluorescamine (3 mg/ml in
acetone) on a Vortex mixer at room temperature (Scien-
tific Industries, Inc., Queens Village, N. Y.) (30). Relative
fluorescence was measured in a Farrand A-4 fluorometer
(Farrand Optical Co., Inc., Valhalla, N. Y.). The blank

was a sample processed in an identical manner except that
thrombin was omitted from the reaction.

To establish that fibrinopeptide A was measured by this
procedure, a portion of the TCA supernate from a 2-min in-
cubation with thrombin was subjected to paper electrophore-
sis as described by Herzig, Ratnoff, and Shainoff (31).
Duplicate electropherograms were stained for arginine (32)
and for amino groups (by dipping the paper in 3 mg/ml
fluorescamine in acetone). A single spot migrating as fib-
rinopeptide A was detected by both stains.

RESULTS
Purification of antihunan fibrinogen antibody. To

test the effects of antibodies to fibrinogen on the reac-
tion of thrombin with platelets, it was necessary to

separate the antibodies from serum proteins that in-
hibit thrombin. Goat antiserum (45 ml) was chromato-
graphed on a column of human fibrinogen-Sepharose as
described in Methods (Fig. 2). The affinity column was
eluted first with 0.1 M sodium carbonate (pH 9.7).
This eluate contained 39.7 mg of protein, and after
dialysis against isotonic Tris-saline (pH 7.5), it pre-
cipitated 0.9 mg of "«I-human fibrinogen/mg of eluted
protein at the equivalence point of a quantitative pre-
cipitin curve. Although antibody was present, this elu-
ate contained several contaminating proteins demon-
strated by polyacrylamide gel electrophoresis in sodium
dodecyl sulfate and was therefore discarded. The sec-
ond eluate, obtained with 1.0 M sodium chloride, 0.015
M Tris-HCl (pH 7.4), did not contain any detectable
protein. The final elution with 0.1 M glycine-HCl (pH
2.2) removed 198 mg of protein that was homogeneous
by sodium dodecyl sulfate gel electrophoresis run in the
absence of reducing agents and had a mobility on stan-
dard inmmunoelectrophoresis similar to that of control
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FIGURE 2 Affinity chromatography of goat antifibrinogen
antiserum. Antiserum (45 ml) was treated with diisopropyl
fluorophosphate as described in Methods and applied to a
95-ml column of human fibrinogen-Sepharose equilibrated
with isotonic Tris-saline (pH 7.5). The column was washed
with this buffer and eluted as shown.

Inhibition of Platelet Aggregation 1261



0.4 BBD LDH BSA THR MYO

-

I; ;

E
0
IN

0.11

5 10 15
ELUTION VOLUME(ml)

FIGURE 3 Chromatography of antifibrinogen antibody and
Fab fragments on Sephadex G-150. Samples containing
about 1 mg of protein in 0.5 ml were applied to a 0.9 X 28-
cm column of Sephadex G-150 and eluted with isotonic Tris-
saline (pH 7.5). The void volume and included volume
were determined with blue dextran and ['"I]sodium iodide,
respectively. Protein standards and their molecular weights
were: rabbit muscle lactate dehydrogenase (132,000); bo-
vine serum albumin (69,000) bovine thrombin (39,000);
and sperm whale myoglobin (17,800). (0), antifibrinogen
antibody (pH 2.2 eluate from fibrinogen-Sepharose; see Fig.
2). (0), antifibrinogen Fab isolated from papain digest by
affinity chromatography.

goat IgG. The dialyzed eluate contained antibodies that
precipitated 1.5 mg of "I-fibrinogen/mg of eluted pro-
tein. No additional protein was eluted from a portion
of the fibrinogen-Sepharose by 8 M urea.

Preparation of antifibrinogen Fab fragments. Plate-
lets contain a large amount of fibrinogen, comprising
about 10% of the total platelet protein (33). Fibrino-
gen located on the exterior surface of washed platelets
would constitute a potential substrate in the initial
thrombin-platelet interaction. In preliminary experi-
ments using the isolated antifibrinogen antibodies la-
beled with "I, we determined that the antibodies bound
to intact platelets, indicating the presence of platelet
surface fibrinogen. Furthermore, these antibodies caused
a slow release of ["C]serotonin from platelets at con-
centrations greater than 250 Ag/ml, which was con-
sistent with previous experiments indicating that anti-
bodies to platelet surface antigens stimulate release
(34). In an attempt to produce a probe for fibrinogen
that would not stimulate release, we prepared monova-
lent Fab fragments from the purified antifibrinogen
antibody by papain digestion, and the Fab fragments
were isolated from the reaction mixture by affinity

chromatography on fibrinogen-Sepharose (see Meth-
ods). In contrast to the intact antibody, the Fab frag-
ments no longer induced the release reaction. The pro-
tein eluted from fibrinogen-Sepharose was identified as
antihuman fibrinogen Fab fragments by the following
criteria: (a) The protein had a molecular weight of
48,000 determined by Sephadex G-150 chromatography
(Fig. 3) relative to standard proteins (35). (b) The
protein was bound completely to fibrinogen-Sepharose
but no longer precipitated fibrinogen, although as seen
in Fig. 3, approximately 4% of the protein eluted from
Sephadex G-150 in the position of intact antibody. (c)
The protein inhibited the precipitation of 'I-fibrino-
gen by intact antihuman fibrinogen antibodies. For ex-
ample, with a ratio of fibrinogen to intact antibody
equal to the equivalence point of the precipitin reaction
(see above), a fivefold molar excess of Fab blocked

precipitation by 93%.
Binding of antifibrinogen Fab to platelets. The

binding of "I-antifibrinogen Fab to intact platelets
was saturable as shown in Fig. 4 (equilibrium of bind-
ing was achieved within 5 min). Greater than 95% of
the labeled Fab could be displaced by a 50-fold excess
of unlabeled antifibrinogen Fab (not shown), sug-
gesting that the binding was specific. Moreover, non-
immune goat Fab fragments did not bind to platelets
at similar concentrations. Purified human fibrinogen at
a 10-fold greater concentration (200 /g/ml) than the
total platelet fibrinogen present in our assay system did
not cause 'I-antifibrinogen Fab fragments to bind to
Millipore filters (Millipore Corp., Bedford, Mass.),
thus excluding the possibility that the observed binding
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FIGURE 4 Binding of 'I-labeled antifibrinogen Fab to in-
tact platelets. Each incubation included 0.5 X 108 platelets
and the specified amount of Fab (32,000 cpm//Ag) in 0.5 ml
of isotonic Tris-saline (pH 7.5). After 30 min at room
temperature the incubations were terminated by Millipore
filtration as previously described (28), and the filters were
counted. Parallel incubations without platelets were used to
determine nonspecific binding of Fab to the filters, and these
values were subtracted.
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was due to fibrinogen released from platelets during the
30-min incubation. Multiple additional washes of the
platelets before incubation with the labeled antifibrino-
gen Fab did not result in appreciably less Fab bound,
indicating that the surface fibrinogen molecules are
associated tightly with the platelet.

The amount of antifibrinogen Fab bound at satura-
tion was calculated (36) from the intercept on the ordi-
nate of a double reciprocal plot of the binding data
(Fig. 4 inset); this value was 0.34 jug/l08 platelets. If
we assume uniform labeling of the Fab fragments and
a molecular weight of 48,000, we can estimate that
about 40,000 Fab fragments were bound to each platelet
at saturation. Since we have no information concerning
the stoichiometry of binding of the Fab to platelet sur-
face fibrinogen, it is impossible to calculate the number
of surface fibrinogen molecules corresponding to the
Fab molecules bound. The maximum, however, would
be 40,000 surface fibrinogen molecules per platelet (or
about 10% of the total platelet fibrinogen) if each
fibrinogen binds only one Fab molecule. It is likely that
the amount of surface fibrinogen is in fact less than
this. In other experiments we demonstrated that all of
the "1I-Fab could bind to platelets when repeated addi-
tions of platelets to Fab were performed. This suggests
that all of the antigenic determinants of plasma fibrin-
ogen are present on platelet surface fibrinogen and
available to antibody and that the observed binding was
not due to a minor population of Fab molecules directed
toward an antigen other than fibrinogen.
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FIGURE 5 Effect of antifibrinogen Fab on binding of '"'I-
thrombin to platelets. Each incubation included 0.5 X 10'
platelets and the specified amount of thrombin (1,800 cpm/
mU) in 0.5 ml of isotonic Tris-saline (pH 7.5). 30-min
incubations were performed as described previously (4).
Nonspecific binding was determined in parallel incubations
containing platelets and excess unlabeled thrombin, and the
data are presented after subtraction of this nonspecific bind-
ing. (0), no Fab added. (0), 180 /Lg/ml antifibrinogen
Fab added 5 min before thrombin.
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FIGURE 6 Effect of antifibrinogen Fab on thrombin-induced
release of ["4C]serotonin from platelets. Platelets were
loaded with ['4C]serotonin as previously described (4).
Each incubation included 0.5 X 108 platelets in 0.5 ml of
isotonic Tris-saline (pH 7.5). After a 5-min preincubation
with the Fab, thrombin was added at the concentrations
indicated to initiate the reaction. After a 10-min incubation
with thrombin, the reaction was terminated by Millipore
filtration (4). Release is expressed as the percentage of
serotonin retained in the platelets compared to control in-
cubations without thrombin. (0), no Fab added. (O), 100
pig/ml antifibrinogen Fab added.

Effect of antifibrinogcen Fab on ..5I-thrombin, binding
to platelets. To determine whether surface fibrinogen
serves as a thrombin receptor, we tested the effect of
antifibrinogen Fab on the binding of "2I-thrombin to
intact platelets. Binding was measured over a wide
range of thrombin concentrations (0.0013 to 2.6 U/ml)
in the presence of the Fab. A saturating concentration
of the antifibrinogen Fab had little effect on thrombin
binding up to about 0.02 U/ml of thrombin (Fig. 5)
but inhibited binding by about 30% at 1 U/ml (Fig. 5
inset).

From the experiment described above (Fig. 4), we
observed that approximately 40,000 antifibrinogen Fab
molecules were bound per platelet at saturation with
an apparent dissociation constant of 25 Ag/ml (deter-
mined from the intercept on the abscissa of Fig. 4 in-
set). If fibrinogen comprised all 50,000 thrombin-bind-
ing sites (4), one Fab molecule could bind per throm-
bin-binding site. Assuming competitive binding between
thrombin and the Fab, one would predict an 8.2-fold
increase in the apparent dissociation constant for
thrombin in the presence of 180 Ag/ml of antifibrinogen
Fab (the concentration used in Fig. 5).' Inhibition of
this magnitude was not observed, arguing against this
simple hypothesis.

'Calculated from the relationship 1/Kp= 1/Km (1 +i/K,),
where K, = apparent dissociation constant for thrombin
binding in the presence of antifibrinogen Fab; Km= ap-
parent dissociation constant for thrombin binding in the
absence of the Fab; K4 = apparent dissociation constant for
antifibrinogen Fab binding; and i = concentration of anti-
fibrinogen Fab.
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FIGURE 7 Effect of antifibrinogen Fab
release of ['4C]serotonin from platelets
conducted as in Fig. 6 for varying perio
addition of thrombin. Fab, when present
before thrombin. (*), 0.02 U/ml th
U/ml thrombin+ 100 /hg/ml antifibrino,
U/ml thrombin. (0), 0.1 U/ml thrombi
fibrinogen Fab.

As we have previously reported (i
thrombin binding are complex in tt
platelets for thrombin decreases as
bound. This could be explained eith
cooperative interaction among receptc
kind or by multiple receptor sites wi
ties for thrombin. The inhibition of
by antifibrinogen Fab seen at higher
trations could reflect a subpopulation
ing sites that are, in fact, fibrinogen.

Effect of antifibrinogen Fab on t0
reaction. At a concentration of a
that is saturating with respect to surf;
Fab had no effect on either the rate
['4C]serotonin release induced by v
tions of thrombin (Figs. 6 and 7). 1
fibrinogen antibody, the antifibrinoger
not cause release (data not shown).

Effect of antifibrinogen Fab on p1t
Platelet aggregation was measured
technique using a platelet aggregomet
Thrombin produced the aggregation
Fig. 8A with platelets suspended in i
(pH 7.5) in the presence of 2 mM
The lower limit of thrombin for maxii
this system was about 0.1 U/ml.

Thrombin-induced aggregation xw
hibited by antifibrinogen Fab fragmen
degree of inhibition based on the
density produced by exposure to thr
varied with platelets from different
concentration of the Fab (100 Ag/m
tion was obtained in two of the six
inhibition in all six donors. By increo
centration, greater inhibition could

tained. The inhibition by antifibrinogen Fab could not
be overcome by thrombin concentrations as high as
10 U/ml.

As Born has pointed out (37), the aggregometer is
relatively insensitive to the formation of small aggre-
gates (up to about 10 platelets each). To determine
whether aggregates of this size were forming in the
presence of the Fab, platelets were removed from the
aggregometer cuvette and examined by phase-contrast

microscopy in a hemocytometer. No aggregates were
observed among platelets taken from the experiment

n thrombin-induced shown in Fig. 8B (after 15 min of exposure to throm-
3. Incubations were bin in the presence of the antifibrinogen Fab) or from
ids of time after the other experiments in which a similar degree of inhibi-
t, was added 5 min tion was obtained, and the count of single platelets was
rombin. (L), 0.02 not reduced compared with control suspensions. In
gen Fab. ( 0), 0. 1
in + 100 /g/ml anti- cases where less inhibition was obtained (four of the

six donors), a few large aggregates were observed in
fields composed predominantly of single platelets. Vir-

4), the kinetics of tually all of the platelets were aggregated by thrombin

iat the affinity of in the absence of the Fab.

more thrombin is Control experiments were done to establish the speci-
er by a negative ficity of the inhibition produced by the antifibrinogen

or sites of a single Fab. Nonimmune goat Fab fragments had no effect on

ith different affini- aggregation at protein concentrations greater than that

thrombin binding required to produce complete inhibition by the anti-

thrombin concen- fibrinogen Fab. Similarly, antihuman albumin Fab

of thrombin-bind- from rabbits had no effect (Fig. 8C). Thus, it appears
that fibrinogen is involved in thrombin-induced aggre-

he platelet release gation of washed platelets.
Lntifibrinogen Fab ADP did not aggregate washed platelets prepared as
ace fibrinogen, the described above. When platelets were washed according

or the extent of to the procedure of Ardlie and Han and suspended in

,arying concentra- modified Tyrode's buffer (17), aggregation was ob-

Unlike intact anti- tained with 1 AM ADP, but only after the addition of

a k..b o1itcelf A;A purified human fibrinogen at a final concentration of
-1 r aD Dy lUbCll UIU

atelet aggregation.
by a photometric

ter (see Methods).
response shown in
sotonic Tris-saline

calcium chloride.
mal aggregation in

was markedly in-
its (Fig. 8B). The
change in optical
ombin for 10 min
donors. At a fixed
1), > 90% inhibi-
donors and > 50%
asing the Fab con-
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FIGURE 8 Effect of antifibrinogen Fab on platelet aggre-
gation. Aggregation was measured photometrically as de-
scribed in Methods. Addition of thrombin (final concen-
tration 1.0 U/ml) at the arrow was preceded by a 5-min
incubation with the Fab fragments. A, no Fab added. B,
100 jug/ml antifibrinogen Fab. C, 100 jug/ml an-ihuman
albumin Fab.
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0.2 mg/ml. Antifibrinogen Fab (0.2 mg/ml) completely
inhibited aggregation induced by ADP under these con-
ditions. The requirement for exogenous fibrinogen in
ADP-induced aggregation has been characterized by
others (21-23). Since ADP does not cause the release
of fibrinogeni from platelets (1), the antifibrinogen Fab
plresitlualy mibiibited aggregation by binding to the
exogenious fibriniogeni molecules. In contrast, exogenous
fibrinogen is not required for thrombin-induced aggre-
gation, and inhibition of thrombin-induced aggregation
by aantifibrinogeni Fab fragments must be due to inter-
action of the Fab with endogenous platelet fibrinogen.

Although fibrinogen appears necessary for aggrega-
tion of platelets by thrombin or ADP, it is not required
for passive agglutination of platelets. For example, E-
phvtohlemagglutinin from. kidney beans caused agglu-
tination of platelets (9) ; however, exogenous fibrin-
ogen was not required for this reaction in washed
platelets, and antifibrinogen Fab did not block this ag-
glutination reaction (data not shown).

Platelet aggregation after preincubation with anti-
fibrinogeni Fab. The above experiments suggested that
fibrinogen is required for platelet aggregation but did
not distinguish whether the effect of antifibrinogen Fab
was on surface fibrinogen or on fibrinogen released
from platelet granules. The following experiment was
carried out to distinguish between these two possibili-
ties. Platelets (5 X 109 in 10 ml of isotonic Tris-saline)
were incubated for 10 min at room temperature with
1 mg of antifibrinogen Fab. The platelets were then
centrifuged at 2,250 g for 15 min to remove unbound
Fab fragments, resuspended in isotonic Tris-saline, and
used in the aggregation experiment described in Fig.
9. There was no apparent difference in thrombin-in-

z

I
0

1.0 U/ml Thrombin

0 _

25

50

75 _

0 2 4 6 8 10
T ME(min)

FIGURE 9 Effect of preincubation of platelets with anti-
fibrinogen Fab on platelet aggregation. Platelets were incu-
bated with Fab fragments and washed once as described in
the text, and they were then resuspended at a concentration
of 5 X 108 platelets/ml in isotonic Tris-saline (pH 7.5) con-
tained glucose (1 mg/ml) and 2 mM calcium chloride.
Thrombin (final concentration 1.0 U/ml) was added at the
arrow. A, preincubated and washed platelets. B, preincubated
and washed platelets + 100 ug/ml antifibrinogen Fab added
5 min before thrombin.

TABLE I

Effect of Antifibrinogen Fab Fragments on the Clotting
Time of Human Fibrinogen

Addition Clotting time

pgjml S

None 16.4
Antifibrinogen Fab 100 25.0
Antifibrinogen Fab 200 42.6
Antifibrinogen Fab 400 >120
Nonimmune Fab 400 16.8

Reaction mixtures contained 150 ,g/ml of purified human
fibrinogen (21), 0.02 M CaCl2, and the Fab fragments in
0.5 ml of 0.154 NI NaCI, 0.01 M1 imidazole-HCl (pH 7.0).
After a 5-min preincubation, thrombin was added at a final
concentration of 1 U/mI to initiate the clotting reaction. In-
cubations were conducted at room temperature.

duced aggregation between the platelets preincubated
with antifibrinogen Fab (Fig. 9A) and control platelets
centrifuged and resuspended in the same manner, al-
though addition of the original concentration of anti-
fibrinogen Fab (100 ,;g/ml) to control or preincubated
platelets (Fig. 9B) caused 90% inhibition of aggrega-
tion. From additional experiments using "I-antifibrin-
ogen Fab, we determined that less than 10% of the
bound Fab was removed during the washing procedure.
In addition, virtually all of the remaining Fab was
still bound to the platelets after thrombin treatment.
These experiments indicate that excess antifibrinogen
Fab must be present at the time of release to block ag-
gregation, suggesting that released fibrinogen is re-
quired for aggregation.

Effect of antifibrinogen Fab on fibrinogen clotting
and fibrinopeptide release. We studied the effect of
the antifibrinogen Fab on clotting of fibrinogen by
thrombin to determine how the Fab might affect the
functional properties of fibrinogen. Antifibrinogen Fab
fragments prolonged the clotting time of human fibrino-
gen exposed to thrombin, while Fab fragments prepared
from nonimmune goat IgG had no effect (Table I).
The prolongation of clotting time could have resulted
either from interference with the proteolytic conversion
of fibrinogen to fibrin monomers (resulting in the re-
lease of fibrinopeptides A and B) or from interference
with the polymerization of fibrin monomers to form a
visible clot. As shown in Fig. 10, the kinetics of fibrino-
peptide release were identical in incubations with or
without the antifibrinogen Fab. Since the peptides were
quantitated with fluorescamine, a reagent that reacts
with primary amino groups (30), only fibrinopeptide A
was detected in this experiment. Since others have
found that removal of fibrinopeptide A alone is suf-
ficient to cause clotting (38). we infer that the anti-
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FIGURE 10 Effect of antifibrinogen Fab fragments on the
release of fibrinopeptide A from human fibrinogen. Incuba-
tions containing 150 ,ug/ml of fibrinogen and 1 U/ml of
thrombin were conducted as in the experiment in Table I.
Reactions were terminated by the addition of TCA, and
the soluble peptides were detected with fluorescamine (see
Methods). (@), no Fab added (clotting time 17 s). (0),
400 Jhg/ml antifibrinogen Fab added (clotting time > 2
min).

fibrinogen Fab inhibits clotting by interfering with
the polymerization of fibrin monomers rather than by
inhibiting proteolysis of fibrinogen by thrombin.

DISCUSSION

Platelet fibrinogen appears to be directly involved in
the thronmbin-induced aggregation of human platelets in
vitro. This conclusion is based on the observation that
monovalent Fab fragments prepared from purified anti-
human fibrinogen antibodies inhibit aggregation of
washed platelets in response to thrombin, while non-
immune or antihuman albumin Fab fragments do not
have an inhibitory effect (Fig. 8). Measurement of the
kinetics of ["4C]serotonin release (Figs. 6 and 7) indi-
cate that the release reaction is unaffected by the pres-
ence of the antifibrinogen Fab. Thus, the inhibitory
effect of the Fab on aggregation is not secondary to
inhibition of the release reaction.

Haslam has proposed that thrombin-induced aggre-
gation depends on the release of ADP from the plate-
lets, since an enzyme system capable of removing ADP
from the incubation medium inhibits aggregation (39).
It is well established that ADP and serotonin are re-
leased together from platelets under a variety of stimuli
(1), and we can assume, therefore, that ADP release
is not affected by the antifibrinogen Fab. It follows
that released ADP cannot be the sole mediator of
thrombin-induced aggregation.

Platelet fibrinogen comprises about 10% of the total
protein content of platelets (33). It cross-reacts im-
munologically with plasma fibrinogen, and although
there is disagreement as to the structural identity of
platelet and plasma fibrinogens (12, 40), recent evi-
dence would suggest that they are probably structurally
identical (40). Fibrinogen can be detected both on the

surface of intact platelets (Fig. 4) and in platelet
granules (33) from which the fibrinogen is released
along with other granular constituents during the re-
lease reaction induced by thrombin (1). When plate-
lets are preincubated with antifibrinogen Fab at a level
sufficient to saturate the surface fibrinogen molecules
and are then washed once to remove unbound Fab, we
observe no inhibition of aggregation induced by subse-
quently added thrombin (Fig. 9). This finding suggests
that the Fab inhibits aggregation by binding to the fib-
rinogen released from platelets and that surface fibrino-
gen is unable to sustain aggregation of washed platelets.

Wehave shown that the antifibrinogen Fab prepara-
tion used in these experiments inhibits the clotting of
fibrinogen by thrombin (Table I), and since the rate
of proteolytic cleavage of fibrinogen to release fibrino-
peptide A is unaffected by the Fab (Fig. 10), we infer
that the Fab binds to fibrin monomers and interferes
with their polymerization. The antifibrinogen Fab could
thus inhibit platelet aggregation by inhibiting the poly-
merization of fibrin monomers generated from platelet
fibrinogen. This suggestion should be regarded as tenta-
tive, however, until it can be shown that fibrin mon-
omers are actually formed during aggregation. Alterna-
tively, the Fab might prevent some function of the
intact fibrinogen molecule, such as polymerization with
itself or with fibrin monomers, which is essential for
aggregation of the platelets. A role for fibrin monomer
polymerization has been suggested also by Ardlie and
Han (17) and by Niewiarowski, Regoeczi, Stewart,
Senyi, and Mustard (16). These investigators have re-
ported that under certain conditions the addition of
polymerizing fibrin to platelets causes aggregation, al-
though various other cells, including leukocytes and
fibroblasts, are also clumped under similar conditions
(41).

A small fraction of platelet fibrinogen is located on
the platelet surface (see Results and Fig. 4), where it
might take part in the initial interaction of thrombin
with platelets. Antifibrinogen Fab fragments at a level
sufficient to saturate the surface fibrinogen molecules
have no effect on ['4C]serotonin release (Figs. 6 and
7) and only slightly inhibit "low affinity" binding of
"I-thrombin (Fig. 5). These results suggest that
surface fibrinogen is not the thrombin receptor for the
release reaction. However, it is apparent that the Fab
fragments do not bind to certain sites on the fibrinogen
molecule, including the site at which thrombin cleaves
fibrinogen to release fibrinopeptide A, and therefore the
above results do not unequivocally exclude possible
involvement of fibrinogen as a thrombin substrate im-
portant in inducing the release reaction or as a re-
ceptor for thrombin binding. Other independent evi-
dence also suggests that fibrinogen is not the thrombin
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substrate in induction of release, since several snake
venoms that coagulate fibrinogen or that release fibrino-
peptide A or B, or combinations of these venoms, do
not induce the release reaction in platelets (11, 18, 19).

In summary, our data suggest a direct involvement of
released platelet fibrinogen in thrombin-induced aggre-
gation of human platelets and are consistent with a
model for platelet aggregation wherein polymerization
of fibrin monomers serves to crosslink platelets into
an aggregated mass. Thus "released" fibrinogen may be
converted to fibrin monomers both in solution and on
the platelet surface, and these monomers may then poly-
merize to form an aggregate. Whether the surface
fibrinogen detected on resting platelets could partici-
pate in this process remains uncertain. These conclusions
pertain only to the aggregation of washed platelets
studied by the usual in vitro technique, which depends
critically on temperature, stirring conditions, and other
physical parameters. Certain clinical studies, however,
suggest that platelet fibrinogen might also have an
important function in vivo. For example, in a patient
with Glanzmann's thrombasthenia who had a prolonged
bleeding time, Zucker, Pert, and Hilgartner found re-
duced platelet fibrinogen even though the plasma fibrino-
gen level was normal (42). This patient's platelets under-
went a normal release reaction in vitro but did not
aggregate in response to thrombin or other aggregating
agents and thus resembled normal platelets inhibited,
in our experiments, by antifibrinogen Fab fragments.
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